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Abstract: Juvenile sockeye salmon (Oncorhynchus nerka) in Lake Washington experience very high growth rates, but
the mechanisms regulating their growth rates are poorly understood. The potential for food quality limitation of growth
was tested using a coupled bioenergetics and mass balance model. Sockeye and zooplankton prey species were
analyzed for their fatty acid composition. Ratios of phosphorus to carbon (P:C) for both sockeye and zooplankton were
obtained from the literature. Based on sockeye stomach contents and zooplankton weights, diets of zooplankton
biomass were calculated and monthly values of specific fatty acids and P:C ratios in the diet were derived. An increase
in highly unsaturated fatty acids, especially in the liver, was observed with increased fork length up to smoltification
size, with a subsequent decrease in smolts and kokanee. Measurements of docosahexaenoic (DHA) in daphnids were
significantly lower than in cyclopoids. Model predictions suggest that sockeye are not limited by the availability of
phosphorus or eicosapentaeinoic acid (EPA) in their diet but may experience limited growth because of DHA deficien-
cies. Thus, the ability and efficiency of sockeye at elongating 18:3 ω3, 18:4 ω3, and EPA to DHA may be of critical
importance to lacustrine growth and production.

Résumé : Les jeunes saumons rouges (Oncorhynchus nerka) du lac Washington ont des taux de croissance très élevés,
mais les mécanismes qui contrôlent ces taux restent mal connus. Nous avons évalué la possibilité d’une limitation de la
croissance par la qualité de la nourriture en couplant une étude énergétique et un modèle de bilan de masse. La
composition en acides gras a été déterminée chez les saumons et leurs proies dans le zooplancton. Les rapports
phosphore:carbone (P:C) du saumon et du zooplancton ont été tirés de la littérature. L’étude des contenus stomacaux
des saumons et de la masse du zooplancton nous a permis de calculer la biomasse du zooplancton dans le régime
alimentaire et d’obtenir les mesures mensuelles des acides gras spécifiques et du rapport P:C dans le régime. On
observe une augmentation des acides gras hautement insaturés, particulièrement dans le foie, à mesure de
l’accroissement de la longueur à la fourche jusqu’à la taille de la transformation en saumoneaux; ces acides gras
diminuent ensuite chez les saumoneaux et les kokanis. Les concentrations d’acide docosahexanoïque (DHA) sont
significativement plus basses chez les daphnies que chez les cyclopoïdes. Les prédictions du modèle font croire que les
saumons rouges ne sont pas limités par la disponibilité du phosphore ou de l’acide eicosapentanoïque (EPA) dans leur
régime, mais que leur croissance peut être restreinte par manque de DHA. Ainsi, la capacité et l’efficacité du saumon
rouge à allonger les acides gras 18:3 ω3, 18:4 ω3 et l’EPA en DHA peuvent être des facteurs déterminants de la
croissance et de la production dans le lac.

[Traduit par la Rédaction] Ballantyne et al. 22

Introduction

The constraints imposed on the growth of organisms by the
availability of resources have long been the focus of study in
ecology (Tilman 1982). Researchers investigating factors gov-
erning consumer growth (Gulati and DeMott 1997) have revi-

talized this focus of research in the aquatic sciences. How-
ever, almost all research in ecology that has been conducted
on food quality has focused on the phytoplankton–zooplank-
ton interface. Few studies have attempted to apply principles
describing lower-trophic level processes to subsequent higher-
trophic level consumers, such as fish (Nakashima and Leggett
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1980; Kraft 1992). Results from bioenergetics analyses of
several freshwater fish populations feeding on a variety of
prey revealed that all fish considered grew below optimal lev-
els, but more interestingly, their growth was never predicted
to be limited by nitrogen (N) and seldom limited by phospho-
rus (P) (Schindler and Eby 1997). A study of fatty acid com-
position among various fish species from lakes of differing
trophic state found higher ω3 fatty acid content in fish sam-
pled from relatively oligotrophic lakes with phytoplankton as-
semblages dominated by diatoms rich in ω3 fatty acids
(Ahlgren et al. 1996). However, the potential for growth limi-
tation because of essential fatty acid content has never been
explored using bioenergetics models.

There is a wealth of knowledge on nutritional physiology
of fish with respect to fatty acids in the aquaculture litera-
ture. For example, Yu and Sinnhuber (1979) fed coho salmon
(Oncorhynchus kisutch) artificial feeds with varying fatty
acid content and found that the optimal dietary ω3 fatty acid
content for maximum growth was between 1 and 2.5% dry
weight. Coho consuming diets containing a percentage of ω3
fatty acids beyond this range experienced reduced growth.
Higher growth rates have been observed in rainbow trout
(Oncorhynchus mykiss) and chum salmon (Oncorhynchus keta)
when supplied with diets rich in the long-chained ω3 fatty
acids eicosapentaenoic acid (20:5 ω3 or EPA) and docosa-
hexaenoic acid (22:6 ω3 or DHA) (Takeguchi and Watanabe
1982). EPA and DHA, collectively referred to as highly un-
saturated fatty acids (HUFA), are important nutrients for
salmonid growth. Physiological studies have revealed that
ω3 fatty acids are required for proper development of eye and
brain tissue within developing rainbow trout (Bell and Tocher
1989). However, few studies have examined wild salmonid
populations feeding on natural diets.

Sockeye salmon (Oncorhynchus nerka) were selected as
the subject of this study for several reasons. First, they have
high concentrations of ω3 fatty acids (Higgs et al. 1995) and
it has been suggested that they may in some systems experi-
ence phosphorus-limited growth (Schindler and Eby 1997).
Second, they have evolved a unique “adfluvial” life history,
whereby young fry remain in nursery lakes to develop for 1–
2 years before seaward migration, which greatly facilitates
studies of their early development. However, the growth
rates and residence times in these lakes vary tremendously;
individuals that grow quickly leave the lake after only 1
year, whereas others grow more slowly and remain in the
lake for 2 years (Weatherley and Gill 1995). Finally, accord-
ing to Eggers (1982), sockeye in Lake Washington are obli-
gate planktivores and feed almost exclusively on zooplankton
throughout their lacustrine development, which greatly sim-
plifies the analysis of prey items in their diet.

Extensive research has been conducted on the sockeye pop-
ulations of Lake Washington (Woodey 1972; Beauchamp et
al. 1989). Sockeye were first introduced to the Lake Washing-
ton system in 1935 and have proliferated since the 1960s
(Edmondson 1994). Lake Washington is renowned for pro-
ducing large sockeye smolts relative to other nursery lakes
and the early departure of these smolts after only 1 year
(Eggers 1978). The explanation provided by Eggers (1978)
is that “the large size achieved by Lake Washington sockeye
is due to a long growing season as well as a high rate of

growth”. Although this describes the proximate mechanisms,
it fails to describe the ultimate nutritional and physiological
factors that may enhance or restrict sockeye growth in Lake
Washington.

The purpose of this research is to test the hypothesis that
sockeye salmon in Lake Washington experience growth limita-
tion because of content of phosphorus or specific essential fatty
acids in their diet. A permutation of the basic mass balance
model as proposed by Nakashima and Leggett (1980) was cou-
pled with a bioenergetics model for sockeye (Beauchamp et al.
1989) to explore the possibility that sockeye experience limited
growth resulting from dietary constraints. This analysis will as-
sess the degree to which food quality, in terms of phosphorus,
EPA, and DHA, limit sockeye growth in Lake Washington.

Materials and methods

Field sampling
Samples for both zooplankton and sockeye were collected

concurrently from Lake Washington throughout the April
1999 to September 1999 growth season. Zooplankton were
sampled from 0- to 20-m depth using a 250-µm zooplankton
net. Zooplankton taxa were identified to genus and enumer-
ated. Lake Washington has five Daphnia species (D. ambigua,
D. galeata, D. thorata, D. schodleri, and D. pulicaria), of
which D. pulicaria is the most abundant. Daphnia spp. were
only distinguished to genus as they vary little in size and have
similar feeding behaviors and elemental composition (Hessen
and Lyche 1991; Brett et al. 2000). Daphnia spp. were, how-
ever, separated based on the presence or absence of eggs and
were analyzed separately. The other prey taxa collected were
Cyclops spp., which consisted of two species (C. bicuspidatus
and C. vernalis) with the former being the dominant, as well
as Epischura nevadensis and Diaptomus ashlandi. Other prey
taxa such as the pelagic Bosmina longirostris and the benthic
Neomysis mercedis were present at such low levels in zoo-
plankton tows that they probably constitute a small portion of
the sockeye diet in Lake Washington. Furthermore, of 688 ju-
venile sockeye salmon stomach samples collected, only three
contained Neomysis mercedis, thus Neomysis mercedis consti-
tute less than 1% of the sockeye diet (Jennifer Anson, Depart-
ment of Zoology, University of Washington, Seattle, WA
98195, U.S.A., unpublished data). Eggers (1982) identified
six zooplankton taxa in the diet of Lake Washington sockeye:
Cyclops, Diaptomus, Bosmina, Diaphanosoma, Epischura,
and Daphnia. Ivlev electivity indices

Ei = (ri – pi)/(ri + pi)

were calculated based on Eggers’ (1982) data, where ri is the
percent of prey in the diet and pi is the percent of prey in the
environment. The proliferation of Daphnia in Lake Washing-
ton, which occurred in 1976 (Edmondson 1994), coincided
with a decline in Diaphanasoma. Thus, Diaphanasoma is
probably less important in the diet of sockeye today and was
excluded from further analysis. Subsequently, Daphnia con-
stitute an even greater proportion of the sockeye diet today as
inferred from stomach content data. Sockeye were collected at
night using a beach seine. Fork length was measured and
flesh samples were taken from dorsal muscle and liver tissue.
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All samples were freeze-dried and weighed, and an inter-
nal standard of 21:0 was added, as this fatty acid is not com-
monly found in nature. They were then sonicated, extracted
three consecutive times, and methylated (Kattner and Fricke
1986) before injection into a gas chromatograph (HP6890)
equipped with a programmable temperature vaporizer-injector
(PTV) for measuring samples of low concentration. A fused
silica DB-WAX capillary column, manufactured by J&W
Scientific (Folsom, Calif.), with a length of 30 m, a diameter
of 320 µm, and a thickness of 0.25 µm was installed. Injected
samples were subject to the following oven temperature re-
gime: 5 min at 40°C, then heated to 150°C at a rate of
10°C/min, then kept at 150°C for 5 min, further heated to
220°C at a rate of 2°C/min, and finally kept at 220°C for
20 min. Sample peaks were detected using a flame ioniza-
tion detector. Retention times were verified with a quantita-
tive mixture of fatty acids (No. 625024, Alltech, Australia)
and area curves compared between standards and samples
for 18:3 ω3, EPA, and DHA showed less than 5% variability.

An analysis of variance (ANOVA) was conducted on fatty
acid concentrations among the prey genera followed by a
Tukey test to identify significant differences between prey
types.

Bioenergetics modeling
The basic mass balance model as it applies to food quality

includes parameters describing growth (GQ), consumption
(CQ), egestion (EQ), and excretion (UQ), where Q represents
the food quality parameter (i.e., phosphorus or fatty acids)
and is expressed accordingly:

(1) GQ = CQ – EQ – UQ

However, as fatty acids can be readily converted to triacyl-
glycerols and stored as a major fuel source (Stryer 1981),
they are probably not excreted but rather metabolized. Thus,
essential fatty acids are first incorporated into growing tis-
sues and then, if supplied in excess, are utilized as an energy
source. The mass of fatty acids that can be metabolized (MQ)
in fish can then be written as

(2) MQ = CQ – GQ – EQ

The mass of consumed fatty acids or phosphorus that are as-
similated can be written as CQ·AEQ, where AE represents
the assimilation efficiency. The assimilation efficiency of
0.93 (Bell and Sargent 1992) for polyunsaturated fatty acids
in a similar salmonid (O. keta) was used as an estimate of
AE for sockeye. The average assimilation efficiency for
phosphorus of 0.74 (±0.06) (Nakashima and Leggett 1980)
was used because it represents the potentially limiting ele-
ment to sockeye growth, based on the stoichiometric rela-
tionship between carbon and phosphorus in their diet. Thus,
eq. 2 can be rewritten as

(3) MQ = (AEQ·CQ) – GQ

Therefore by solving eq. 3 for MQ we can calculate the
amount of surplus fatty acids that may be allocated to energy
stores and predict whether growth limitation is experienced
when feeding on an actual diet of varying prey types. Like-
wise, eq. 3 can be evaluated for the possibility of growth
limitation resulting from the relative availability of phospho-

rus to carbon (P:C). Thus, a fish with a high P:C ratio could
experience phosphorus-limited growth on a diet with a rela-
tively low P:C ratio. This suggests that as the term for food
that can be metabolized (MQ) approaches zero with in-
creased specific growth rate, surplus fatty acids or phospho-
rus are reduced, resulting in growth limitation. The main
assumption of this model is the conservation of mass, mean-
ing that fatty acids and phosphorus do not change following
consumption. Although ω3 fatty acids cannot be synthesized
by fish de novo and are thus considered to be essential, there
is evidence that certain species can elongate 18 carbon chain
ω3 fatty acids after consumption (Buzzi et al. 1996; Ruyter
et al. 2000a). However, the actual rates and metabolic costs
of elongation have not yet been measured in salmonids.

Because of the allometric (Peters 1983) and thermal scal-
ing of metabolism (Weatherley and Gill 1995), the mass bal-
ance model (eq. 3) must be coupled to a bioenergetics model
to evaluate changes in consumption and metabolism at vari-
ous growth rates and thermal regimes. The original bio-
energetics model refined by Hewett and Johnson (1991) and
later used in concert with mass balance equations (Kraft
1992) is as follows:

(4) Consump = Growth + Respstandard + Respactivity

+ Respdigestion + Egestionfecal + Excretionurine

This bioenergetics model can be distinguished from the orig-
inal mass balance equation (eq. 1) by the presence of the
respiration terms for standard, activity, and digestion, which
are strongly influenced by temperature. The other important
distinction is that this model functions in units of energy (J)
as opposed to the mass balance equations (eqs. 1–3), which
function in units of mass (g·g wet weight (wet wt.)–1). Spe-
cific equations and parameter values for the sockeye bio-
energetics model can be found in Table 1.

Energy densities (J·g wet wt.–1) for all prey species and
sockeye were also required as inputs to the model, along
with measurements of fatty acid content and P:C ratios for
each of the prey species (Table 2). Stomach contents for
Lake Washington sockeye were collected during the day and
night at monthly intervals for the period 1994–1998 (Jennifer
Anson, Department of Zoology, University of Washington,
Seattle, WA 98195, U.S.A., unpublished data). Stomach con-
tents were identified to genus and enumerated. From these
data, monthly averages of zooplankton consumed were con-
verted to biomass, based on zooplankton weights averaged
over the sockeye growing season. Finally, monthly weighted
averages for P:C ratios, EPA, DHA, and energy density were
calculated and input to the model. It is also important to
mention that the model, through a series of algorithms, fits a
growth curve based on the energy density of the prey. The
trajectory of this growth curve is reflected in Pmax, or the
proportion of maximum consumption, based on temperature
and the initial and final wet weights of the fish. Thus, by
maximizing consumption (i.e., Pmax = 1.0), maximum
growth rates were predicted for comparison with observed
growth rates. Moreover, all dietary parameter inputs to the
model are in terms of wet weight because measurements of
fish biomass are in wet weight.

Data on sockeye growth in Lake Washington were obtained
from Woodey (1972) and these data were corroborated by
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more recent observations (T. Quinn, School of Aquatic and
Fishery Sciences, University of Washington, Seattle, WA
98195, U.S.A., unpublished data) (Fig. 1). Initial and final
weights for each month were then used as inputs to the
model. Specific growth rates (g) were also calculated for
each month interval according to eq. 5 for comparison with
predicted growth rates:

(5) g = [ln(Wt) – ln(Wi)]/t

where Wi represents the initial weight, Wt the final weight,
and t is the length of each month in days.

Temperature regimes were obtained for 20-m depth (D.E.
Schindler, Department of Zoology, University of Washing-
ton, Seattle, WA 98195, U.S.A., unpublished data) and input
to the model. The depth of 20 m was decided on as an inter-
mediate depth between sockeye seasonal distribution esti-
mates by Beauchamp et al. (1999) of 15–18 m and Eggers
(1978) of 20–40 m. In the winter months, sockeye tend to
aggregate in the shallower littoral zones of the lake; how-
ever, during this time of year Lake Washington is isothermal
and there is little difference between surface temperatures
and temperatures at 20 m. Thus, the annual temperatures at
20 m are reasonably representative of temperatures experi-
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Equations and parameters Description and units Values

Consumption (C)
C = CmaxPmax f(T)
f(T) = KA – KB

where
KA = (CK1·L1)/(1 + CK1(L1 – 1))
L1 = e(G1(T – CQ))

G1 = (1/(CTO – CQ))·ln((0.98(1 – CK1))/(CK1·0.02))
KB = (CK4·L2)/(1 + CK4(L2 – 1))
L2 = e(G2(CTL – T))

G2 = (1/(CTL – CTO))·ln((0.98(1 – CK4))/(CK4·0.02))
CA Intercept: mass dependence of maximum consumption (Cmax) (g·g–1·day–1) 0.303
CB Coefficient: mass dependence of Cmax –0.275
CQ Temperature for CK1 (°C) 3
CTO Optimum temperature for Cmax (°C) 20
CTL Temperature for CK4 (°C) 24
CK1 Proportion of Cmax at temperature CQ 0.58
CK4 Proportion of Cmax at temperature CTL 0.5
Respiration (R)
R = RA·WRB* f(T)·ACT
f(T) = e(RQ⋅T) and ACT = e(RTO·VEL)

VEL = WRK4

S = SDA(C – E)
RA Intercept: R (g O2·day–1) 0.00143
RB Coefficient: mass dependence of R –0.209
RQ Coefficient: R with respect to temperature 0.086
RTO Coefficient: R with respect to swimming speed (U) 0.0234
ACT Intercept: U (cm·s–1) 9.9
RK4 Coefficient: mass dependence of U 0.13
BACT Coefficient: U with respect to temperature 0.0405
SDA Specific dynamic action 0.172
S Proportion of energy lost to SDA
W Fish mass (g) Monthly values (see Fig. 1)
Egestion (E)
E = PF·C
PF = ((PE – 0.1)/0.9)
PE = EA·TEB·eEG

EA Intercept: proportion egested 0.212
EB Coefficient: E with respect to temperature –0.222
EG Coefficient: proportion of maximum consumption (Pmax) with respect to E 0.631
Excretion (U)
U = UA·T UB·eUG(C – E)
UA Intercept: proportion excreted 0.0314
UB Coefficient: U with respect to temperature 0.58
UG Coefficient: Pmax with respect to U –0.299

Table 1. Equations and parameter values for the bioenergetics model obtained from Beauchamp et al. (1989) and references therein.
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enced by sockeye throughout their lacustrine growth. A
fourth-order polynomial was fit to the temperature data at
20-m depth to predict daily temperatures for input to the
model. Simulations were also run at optimal temperature
(15°C), which is the temperature of maximum growth, pro-
vided a maximum ration of food (Brett et al. 1969) and opti-
mal lake temperatures (≤15°C) for comparison. Model
simulations were run for the 13-month lacustrine growth pe-
riod from March to the following May, and the potential for
growth limitation resulting from dietary availability of the
fatty acids EPA and DHA as well as phosphorus was evalu-
ated.

Results

Field sampling
By comparing the biomass estimates of prey taxa in the

sockeye diet (Fig. 2) with the Ivlev electivity indices (Fig. 3),
it is apparent that although Epischura may be selected for,
their contribution in terms of biomass to the total diet is
comparatively small. Furthermore, the copepods Cyclops
and Diaptomus constitute a large portion of the diet biomass,
especially in the winter months, despite their negative

electivity indices. More importantly, however, Daphnia con-
stitute approximately 90% of the biomass in the diet of Lake
Washington sockeye throughout their growing season (June–
November).

There was very little variability in the amount of α-linolenic
acid (ALA, 18:3 ω3) among all prey types (Fig. 4a) and the
EPA content of all prey types measured was also very simi-
lar (Fig. 4b). The highest variability in measurements of
EPA was observed in Diaptomus and Cyclops. The highest
total ω3 content was observed in Cyclops (Fig. 4d). Accord-
ing to the ANOVA, there were no significant differences in
EPA, ALA, or total ω3 contents among the different prey
types. Zooplankton DHA content was more variable among
prey types compared with the other fatty acids measured,
with the highest intrageneric variability observed within Cy-
clops (Fig. 4c). High variability of DHA concentrations in
Cyclops was probably the result of a small sample mass

© 2003 NRC Canada
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Fatty acidsa (±SD) Bioenergetics parameters

EPA content
(mg·g wet wt.–1)

DHA content
(mg·g wet wt.–1)

P:C
(by weight)

Energy density
(J·g wet wt.–1)

Daphnia 0.70 (±0.04) 0.02 (±0.03) 0.018b 2281c

Daphnia with eggs 0.84 (±0.31) 0.21 (±0.31) — 2281c

Epischura 1.04 (±0.24) 1.40 (±0.27) 0.023d 3004c

Cyclops 0.60 (±0.70) 3.05 (±2.87) 0.013e 3028c

Diaptomus 1.08 (±0.97) 0.63 (±0.48) 0.007e 3075c

Oncorhynchus nerka (liver) 3.67 (±1.76) 5.45 (±2.20) — = 5.234 + 7.75W f

Oncorhynchus nerka (dorsal) 1.22 (±0.21) 3.20 (±0.83) 0.024g = 5.234 + 7.75W f

Note: Values of eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are reported as wet weight and standard deviations
(SD). P:C = ratio of phosphorus to carbon; wet wt. = wet weight.

aAll fatty acid values obtained in present study.
bBrett et al. (2000).
cEnergy densities are averages from representative genera from Cummins and Wuycheck (1971).
dElser et al. (2000).
eHessen and Lyche (1991), Fig. 1.
fEquation for sockeye of ≤196 g wet weight, where W represents wet weight (Beauchamp et al. 1989).
gValue calculated from 0.3648% P, wet weight (Donaldson 1967), and 14.69% C, wet weight (present study).

Table 2. Inputs to the bioenergetics and mass balance models.

Fig. 1. Historical weight data from Woodey (1972) for sockeye
(Oncorhynchus nerka) in Lake Washington compared with more re-
cent data. The data were fit using a 4th-order polynomial equation.

Fig. 2. Composition of sockeye (Oncorhynchus nerka) diet in
Lake Washington. Based on stomach content data that were
transformed into monthly averages and multiplied by the follow-
ing individual weights (± standard deviation) in µg to obtain per-
cent biomass of each prey genus in the diet: Epischura, 36.6
(±10.10); Daphnia, 35.3 (±12.80); Bosmina, 1.0 (±1.56); Cy-
clops, 4.8 (±.04); Diaptomus, 4.7 (±1.33).
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(210–304 µg) analyzed for fatty acids. Significant differ-
ences in DHA content among prey groups were substanti-
ated by the ANOVA and the subsequent Tukey test (p =
0.05), which were attributed to the disparate levels of DHA
in Daphnia and Cyclops. Daphnia were practically devoid of
DHA, whereas the highest observed concentrations of DHA
were in Cyclops. Because of the shift in prey taxa consumed
during the sockeye growth season, pronounced fluctuations
in the relative amounts of dietary DHA and P:C ratios are
experienced (Fig. 5). The diet of sockeye during winter is
dominated by copepods and characterized by low P:C ratios
and high DHA, whereas Daphnia are more prevalent in the
diet during summer months resulting in high P:C ratios and
low DHA content. Because there is relatively low variability
among prey in EPA content, the content of EPA in the diet
remains fairly constant throughout the year.

Sockeye dorsal muscle contained approximately half the
amount of fatty acids as the liver tissue (Fig. 6a). The con-
tent of EPA and DHA were higher in sockeye liver tissue
(Fig. 6b) than contents found in most of the prey types, ex-
cept Cyclops, which had very high levels of DHA. There
was also an increasing trend in all of the fatty acids until a
fork length of about 110 mm, after which the fatty acid con-
tent declined. This trend was the most pronounced in the
liver tissue. Resident kokanee liver and dorsal tissue samples
had relatively low essential fatty acid content.

Bioenergetics modeling
Observed growth was consistently below the predicted

maximum growth rate for all simulations. However, observed
growth did approach maximum potential growth rates in the
month of June. Predicted maximum growth greatly exceeded
observed growth in the first April of lacustrine development.
This could be an artifact of field sampling bias that may
have undersampled fish <50 mm in fork length; thus, result-
ing in an underestimate of newly emergent fry growth rates
(Woodey 1972). Growth limitation resulting from dietary
EPA was not predicted during any month (Fig. 7a). This is

evidenced by the fact that observed growth was always less
than predicted EPA-limited growth. Moreover, the predicted
EPA-limited growth always exceeded maximum growth,
suggesting growth limitation resulting from EPA content is
highly unlikely.

In contrast, the results for the other essential fatty acid
DHA suggest that sockeye in Lake Washington may experi-
ence limited growth resulting from the DHA content of their
diet much of the year (Fig. 7b). Based on these simulations
growth appears to be limited by dietary DHA in all months
except April, when DHA-limited growth coincides with opti-
mal growth, and in the winter months, when observed growth
is negligible. To test this assertion, we conducted a sensitiv-
ity analysis of the bioenergetics model by rerunning the sim-
ulations using the maximum observed measurements of
DHA in Daphnia spp. (0.76 mg·g wet wt.–1) and maintaining
all other variables constant. These simulations were run for
the months of greatest reported growth limitation (May–
August). The results were consistent with our initial findings
and indicate that even if we consider the scenario in which
sockeye are feeding on the most nutritious Daphnia
spp. available (i.e., individuals with the highest DHA con-
tent) they are still predicted to experience growth limitation
because of insufficient DHA in their diet. Therefore we may
conclude that sockeye in Lake Washington are predicted to
experience DHA-limited growth, even if we consider the un-
certainty of our parameters.

Model predictions of growth based on ratios of P:C in the
diet of sockeye were similar to those for EPA and revealed
no apparent limitation (Fig. 7c). At no point during the year
did sockeye growth in Lake Washington appear to be limited
by the amount of phosphorus in their diets. Suboptimal tem-
peratures (i.e., temperatures <15°C) experienced by sockeye
appeared to have little effect on their growth. Differences in
predicted growth for the three temperature scenarios, ambi-
ent (at 20 m), optimal lake temperature (≤15°C), and optimal
temperature (15°C), were negligible. Therefore, if we parti-
tion out the limitation effects of lake temperature, food quan-
tity, and food quality, in terms of DHA content, we can see
how much each one of these factors potentially inhibits the
growth of sockeye in Lake Washington during different
months of the year (Table 3). Based on this comparison, it is
evident that food quality, in terms of DHA, is potentially
limiting to sockeye growth from May to November and that
during the winter months suppressed growth may be due to
insufficient food quantity.

Discussion

The results of this study suggest that sockeye growth rates
in Lake Washington may be limited by food quality, espe-
cially the DHA content, of their diet. This is due to the dis-
proportionate amount of DHA in sockeye compared with
their prey. Sockeye are rich in DHA and their diet is com-
posed mostly of Daphnia, which are deficient in DHA. Taxa
considered to be lacking in phosphorus and of low nutri-
tional value, such as Cyclops, had an abundance of EPA and
the highest levels of DHA and yet are not heavily preyed
upon by sockeye. Conversely, Daphnia, which are relatively
rich in phosphorus, contained little EPA and were practically
devoid of DHA. This is especially true for Daphnia without
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Fig. 3. Ivlev electivity indices calculated for the five dominant
genera in Lake Washington sockeye (Oncorhynchus nerka) diet.
Positive indices suggest that a prey item is selected for relative
to its ambient abundance and negative indices suggest that a prey
item is selected against. Calculations based on data collected
from 1974–1975 (Eggers 1982).

J:\cjfas\cjfas60\cjfas6001\F02-166.vp
Thursday, January 30, 2003 2:36:51 PM

Color profile: Disabled
Composite  Default screen



eggs. This disparity in the relative amounts of phosphorus
with respect to essential fatty acids in copepods and clado-
cerans may have implications for the growth of other fresh-
water planktivorous fish, particularly taxa with high somatic
DHA content. Furthermore, fatty acids appear to play a met-
abolic role in the physiological changes associated with
smoltification as accumulations of fatty acids increase mark-
edly up to smolt size (~120 mm), especially in the liver, and
then subsequently decline.

Based on the Ivlev electivity indices, sockeye select for
the phosphorus-rich Daphnia spp., which contain very little
DHA, especially those without eggs, and avoid the relatively
phosphorus-deficient copepods (Cyclops spp. and Diap-
tomus), which have a higher DHA content. One may infer
from this result that phosphorus is an important constraint on
sockeye growth and they avoid this constraint by selecting the
most phosphorus-rich zooplankton available. However, there

are many confounding behavioral and physiological factors
affecting this predator–prey interaction. For instance, Daph-
nia spp. have a slower swimming response, rendering them
much more vulnerable to sockeye predation than copepods,
which are more adept at evading predators (Vinyard et al.
1982). In addition, egg-laden Daphnia may be more con-
spicuous to predators and less adept at evading predation;
further, Daphnia bearing eggs appear to have slightly higher
levels of DHA. Thus for behavioral reasons it is logical that
sockeye would select for Daphnia irrespective of their phos-
phorus or DHA content. Daphnia are also the most abundant
prey taxa present in the lake during the spring and summer and
their spatial distributions coincide with sockeye; therefore,
they are frequently encountered.

In the analysis conducted by Schindler and Eby (1997), one
of the few fish species predicted to experience phosphorus-
limited growth was sockeye feeding exclusively on cope-
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Fig. 4. Box-and-whisker plots of (a) 18:3 ω3 (ALA, alpha-linolenic acid), (b) EPA (eicosapentaenoic acid), (c) DHA (docosahexaenoic
acid), and (d) total ω3 content of sockeye (Oncorhynchus nerka) prey types with sample sizes listed on the x axis (w/ eggs = with
eggs). The lines through the boxes show the median, the outer edges correspond with the 25th and 75th percentiles, and the whiskers
represent the 10th and 90th percentiles. Asterisks (*) identify prey types with significantly different contents of DHA. The sample size
(N) appears on the x axis. Each sample consisted of 50–100 individual zooplankton.
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pods. According to their analysis, Lake Washington sockeye
were not growth limited because their diet was dominated
by phosphorus-rich Daphnia spp. Their results are corrobo-
rated by those of the present analysis, which was conducted
at a greater resolution (i.e., monthly intervals), with much

more descriptive diet data and using prey ratios of P:C.
Although the diet of sockeye in Lake Washington consists
primarily of the phosphorus-poor Diaptomus for 5 months
during their lacustrine development, this is during winter
months when growth is suppressed by low prey abundance
and phosphorus demands are low.

The assimilation efficiency of polyunsaturated fatty acids
in salmon is quite high (0.93) relative to the assimilation ef-
ficiency of other elements, such as nitrogen (0.80; Brett and
Groves 1979) and phosphorus (0.74; Nakashima and Legget
1980). This marked difference could be interpreted as a
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Fig. 5. Seasonal amounts of P:C (triangles), EPA (eicosa-
pentaenoic acid; squares), and DHA (docosahexaenoic acid; dia-
monds) in the sockeye (Oncorhynchus nerka) diet based on
weighted averages of zooplankton from the diet.

Fig. 6. Content of specific fatty acids in (a) the dorsal muscle
and (b) liver tissue of sockeye salmon (Oncorhynchus nerka)
from Lake Washington. Specific fatty acids are 18:3 ω3
(diamonds), 18:4 ω3 (squares), EPA (eicosapentaenoic acid;
triangles), and DHA (docosahexaenoic acid; circles). Kokanee
are the nonanadromous form of sockeye.

Fig. 7. Specific growth rate scenarios plotted for actual observed
growth, maximum growth at optimal consumption, and (a) EPA
(eicosapentaenoic acid) limitation, (b) DHA (docosahexaenoic
acid) limitation, and (c) phosphorus limitation (P:C); respective
limitation indicated with an × on each panel; open circles =
observed; dashes = maximum. All simulations were conducted for
the 13-month period of lacustrine development of sockeye salmon
(Oncorhynchus nerka) in Lake Washington.
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greater evolved affinity for polyunsaturated fatty acids in the
diet compared with nitrogen or phosphorus or that polyun-
saturated fatty acid molecules are more easily metabolized.
However, as polyunsaturated fatty acids are utilized to form
cell membranes, as precursors for important metabolites, and
as an energy source, this high assimilation efficiency is not
surprising. Moreover, as many polyunsaturated fatty acids
are unable to be synthesized endogenously, their high assim-
ilation efficiency would be expected.

The growth curve of sockeye is quite unusual. Unlike
most vertebrates that experience their greatest exponential
growth immediately after birth, sockeye experience their
highest growth rates after smoltification upon reaching the
ocean (Weatherley and Gill 1995). The a priori explanation
of this is that there is a greater abundance of food in the ma-
rine environment. However, if we compare the content of
EPA and DHA in the freshwater prey of sockeye with that of
their marine prey (Table 4), a clear disparity emerges. As ev-
idenced here, freshwater prey species have substantially less
highly unsaturated fatty acids than their marine counterparts,
especially the freshwater insects, which have less EPA and
virtually no DHA. In contrast, marine species, such as
euphausids, mysids, and molluscs, are extremely rich in EPA
and DHA. This disparity between the essential fatty acid con-
tent of marine and freshwater prey may explain the observation
that freshwater fish are more adept at elongating precursors to
form EPA and DHA than are marine fish (Watanabe 1982).

It is also thought that sockeye have a lower food conver-
sion efficiency in fresh water (20.6%) compared with the food
conversion efficiency (27.0%) during their marine growth
(Brett 1995). When sockeye are growing at their greatest
specific growth rate in Lake Washington, they are feeding al-
most exclusively on Daphnia; however, the essential fatty
acid content of Daphnia is relatively low compared with
other freshwater prey and very low compared with marine
prey taxa. These two lines of evidence, in conjunction with
the bioenergetics modeling results, suggest an alternative hy-
pothesis to limited growth of sockeye in the freshwater envi-
ronment, perhaps the allocation of carbon to growth is
governed by how much carbon is available in the form of es-
sential fatty acids.

According to the model simulations presented, sockeye
are DHA limited to such an extent that they must be pro-
vided with an alternative source of DHA to grow at the ob-
served growth rates. Sockeye can avoid DHA limitation by
either complimenting their diet with other zooplankton spe-
cies that are richer in DHA or through the elongation of the
shorter length fatty acids linolenic (18:3 ω3) acid and EPA
(20:5 ω3). The former scenario is not likely in Lake Wash-
ington as sockeye are feeding almost exclusively on Daph-
nia in the spring and early summer. It is generally believed
that freshwater fish species are more adept at elongating
shorter chain essential fatty acids than marine fish species,
which may lack the necessary enzymes and desaturases for
elongation (Watanabe 1982). This is true of the marine spe-
cies Scophthalamus maximus (turbot; Ghioni et al. 1999),
which is much less efficient at elongating ω3 fatty acids than
Atlantic salmon (Salmo salar), although both of these spe-
cies were limited in their ability to biosynthesize DHA from
shorter carbon chain precursors. The conversion of EPA and
linolenic acid to longer chain DHA in rainbow trout
(O. mykiss) has been definitively confirmed by using
radiotracer (14C) studies (Buzzi et al. 1996). It is quite possi-
ble that luxury uptake and subsequent elongation of EPA,
which was not found to be limiting to sockeye growth, may
account for the DHA required to sustain observed growth
rates. However, trout fed on diets rich in ω3 fatty acids had
20 times more DHA in their hepatocytes at the conclusion of
the experiment, implying that trout had much more DHA
that could be metabolized when it was supplied in their diet
than when dependent on elongation. The inefficiency in the
conversion of shorter essential fatty acids has been verified
in Atlantic salmon, in which it is thought that the rates of
elongation may be insufficient to meet the metabolic needs
of growth. Moreover, Atlantic salmon raised on diets defi-
cient in essential fatty acids often suffer from pale swollen
livers and fin erosion (Ruyter et al. 2000b). Although elon-
gation is known to occur in salmonids, there appear to be
metabolic costs associated with the elongation of existing
fatty acids, and higher growth rates in salmonids are still ob-
served when these HUFA are supplied directly in the diet
(Takeguchi and Watanabe 1982; Ruyter et al. 2000b). Fur-
ther efforts should be made to quantify the elongation effi-
ciency of these essential fatty acids with respect to
salmonids.

The gradual increase in essential fatty acids in the liver of
sockeye throughout their development leading up to smolti-
fication and the subsequent decline is indicative of the physio-
logical demands associated with smoltification. The relatively
low concentrations of essential fatty acids among kokanee
may be indicative of fat stores being utilized by fish over-
wintering in the lake. Among the essential fatty acids, steari-
donic acid (18:4 ω3) was observed to fluctuate the most. As
this fatty acid is one of the precursors for elongation to form
EPA and DHA, as well as an intermediate in the oxidation of
HUFA to lesser fatty acids yielding energy, it is not surpris-
ing that this particular fatty acid fluctuates most with sockeye
size.

The catabolism of lipids yields 9 kcal·g–1 compared with
carbohydrates and proteins, which yield only 6 kcal·g–1, thus
lipids constitute the most efficient means of storing energy
(Stryer 1981). For this reason lipids provide the energy for
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Temperature, % Quantity, % DHA, %

April 6 94 0
May 12 0 88
June 0 26 74
July 0 0 100
August 0 0 100
September 0 0 100
October 0 0 100
November 0 0 100
December 13 21 66
January 0 21 79
February 0 44 56
March 2 11 87
April 7 93 0

Table 3. Percentage of limitation resulting from lake tempera-
ture, food quantity, and food quality (docosahexaenoic acid,
DHA) to growth of sockeye in Lake Washington.
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many metabolic functions and should be considered one of
the major currencies of bioenergetics. The total lipid con-
tained in the liver of some fishes has been used to accurately
predict their recruitment (Marshall et al. 2000). More exten-
sive research should focus on the importance of lipids in the
physiological ontogeny of fish species with an emphasis on
essential fatty acids.

Based on the results of this study, we can prioritize the fac-
tors most likely limiting sockeye growth. We may conclude
that food quality, especially the DHA content of the diet, may
limit sockeye growth for a good portion of their lacustrine de-
velopment, depending on their ability to elongate shorter chain
length unsaturated fatty acids. Furthermore, a high P:C ratio in
the diet of sockeye makes it improbable that growth is ever
limited by phosphorus. The second most important factor in
the limitation of sockeye growth in Lake Washington is food
availability. During the winter months, sockeye may be grow-
ing at suboptimal rates because they are not feeding near
maximum consumption (i.e., low food abundance). Finally,
we may conclude that even though sockeye aggregate at
depths where they experience less than ideal temperatures for
growth, these temperatures do not substantially limit their
growth. Thus, the avoidance of piscivorous predators such as
northern pikeminnow (Ptychocheilus oregonensis) and cut-
throat trout (Oncorhynchus clarki) in addition to prey distri-
bution are probably more important in controlling the vertical
distribution of sockeye in Lake Washington than is tempera-
ture.
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