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ABSTRACT:

Anilysis ot6rr6;and'6riN isotope values for f ive spe-
cies of Pacific salrtion indicate that they form a rophic
hieralthy on the high seas. On the basis of an anaiysis
of thesE'btable"ir6tJpe-*tios, chinook salmon feed at
rhe upiier end of'ri; folil chain and pink salmon at the
lower tild,'in the sequence'Ripti -' socke'|b - coho *
chinook, with chinqok and pink,'salmon separated by
ca. '0.8-of h;trophi.c' i level. Chum'salmon occupy a
peculiar' position j, with-. lo-1y, 6iiC ualoer' r.rd high b i 5N

values, possibly ieflecting'in unusubl diet that includes
large amounrb ..gf Bgfdtinous aoqpfqnkton (salps,
ctenopho;:s, and medusie). Chum appear to occupy a
unique trophic pobition, at,a, trophic level nearl,T as
high as that of 

'chinook, 
bu-t at the end of a: different

branch of.the food chali i. ' l f  true, the potential for
rophodynam i. .o.1i.ii it i"n'w i th othei sal'mon spec ies
is small. Our r.r,.rltr'lirgg;si ihag th. grearest pfteirtial
for trophodynamic tompeiirion 6ccws ri,ithin th-e
pink-sockeye-coho ge{gpihg. ,A similai analySis, ri-
sricred to five stocki'6f Nonh American sockel)ii,
shows that four wideli separated'stocks have 'iimilar

heavy isotope compolitions but t\rat the separation be-.
tween these stock! is still stattstlially signi6cant.' fhe'
Chilko srock is srikingly different, however; iuggest-
ing thar.it is locatcd in the c'entral Gulf of Alaska,.a
region of intense upwelling. Circumstantial evidence
supponing the pobsibility that the Chilko and other
sockeye stochs are geogrdphically sepatated within the
Gulf of Alaska is revibwed.' . ' .
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INTRODUCTION

Whether or not'the production of Pacific salmon can
be limited during the pelagic phase of their life histo-
ries is beginning to be seriously debated, as salmon
population sizes retum to abundances near those
present at the start of the twentieth centgry. However,
a satisfacrory answer as to whethet the carrying capac-
ity of the North Pacific Ocean is limited for Pacific
salmon will require an understanding of the relative
trophic positioning of the different salmon species, as
well as knowledge of the changing productivities of the
ecosystem (Pearcy, 1992).

Despite the need to retum to freshwater to spawn,
the six North American species of Pacific salmon (ge-

nus Oncorhlnchru) form the dominant 6sh fauna
within the subarctic domain of the nonh Pacific Ocean
(Ware and McFarlane, 1989). Within this vast region
these species (sockeye, O. nerlra; chum, O. keta; pink,
O. gorbusclra; coho, O. krsatch; chinook, O. rha-
wytscha; and steelhead, O. m/rils) are differentially
distributed, but to a large extent their oceanic distribu-
tions overlap (Burgner et al., 1992; Godfrey et al.,
1975; Major et al., 1978; Margolis et al., 1966; Neave
et  a l . ,  1976;  Takagi  et  a l . ,  I98 l ) .

Almost all somatic gtowth (>99olo) occurs during
life in the ocean for Pacific salmon, and many stocks
and species of salmon complete most of their life his-
tory on the high seas. The food of salmon during the
high seas phase of the life history has been studied most
intensively durlng the summer (review by Brodeur,
1990). Howeverr many sromach cohtent analyses are
based on salmon sampled in the coastal zone, an area
charactedzed by substantially different physical pro-
ctsses end much higher densities of both salmon and
their prey thnn is typical of the oceanic Nonh Pacific.

Stomach content analyses rellect what an animal
has most reccntly eaten and not hecessarily the long-
tcfln accuthuletion of food. Pacific salmon prey on a
wide range of organisms, including copepods, euphau-
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siids, squids, and myctophids or other small fishes.
There are dietary differences berween species, as well
as differences for the same species when studied in
offshore and coastal regions (Beacham, 1986; Brodeur,
1990; LeBrasseur, 1972). For example, both maturing
coho and pink salmon feed on squids and fishes, but
pink salmon tend to consume smaller prey items when
offshore, including euphausiids and amphipods (lto,

1964; Ogura et al., 1990). In conrtast, the guts of
chum salmon in offshore regions fregueptly te.nd to be
packed with a well-digested white granular marerial,
which appears ro be at . least pardy composdd of
ctenophores and lellyfish (Black. and Low, 1983;
Pearcy et al., 1988). The conrribution of this material
to the diet is unclear and may in fact be underesti-
mated because of its rapid rate of digestion (Arai,

1988).
Our current understanding of the relative trophic

positioning of salmon is insuflicient to allow firm con-
clusions 

". 
to th. dependence of Pacific salmon on

different parts of the food spectnrm during the oceanic
phase of their life history or the degree to which differ-
ent species may compete for the same resources. How-
ever, given the relative abundance of salmon in the
subarctic domain, it is possible that the tgophic posi-
tion of these animals may be separared in order to
reduce competition.

Differential rates at which rhe naturally occurring
heavy isotopes llC and l5N are sequest"ered in tissues
(Minagawa and Wada, 1984) allow an al[emative ap-
proach to examining the trophodyqamic position of
Pacific salmon. The successive concen(ration of
heavier isotopes as primary'production moves up the
food chain allows an indication of the rrophic level of
the food that salmon prey qpon and is independent of
some of the restrictions imposed by stor-nach content
analysis. In general, 6l5N values increase by about
1.3-5.3%o per trophic level in marine environments,
independent of habitat (Minagawa and Wada, 1984;
lUada et al., 198?), while 6rrC values increase by i-
2%o per trophic level. This leads ro approximately a
3: 1 slope for the 6r5N::6trc .relationship in marine
ecosystems (Wada et al., 198?).

The isotopic composition qf muscle tissue integrate
dietary changes qvsl x:perid of a few weeks (Tieszen

et al., 1983). Isotopic analysis of salmon flesh should
therefore provide a broader picture of .the trbphic rti-
sources upon which salmon depgnd, one that -may
avoid some of the intcrpretive difficulties caused by
differences in the rates at which organisms are di-
gested. For example,'Monteiro et al. (1991) dgmgn-
strated that the 6liC isotope values for Southem Ben-
guela anchovy is consistent , with a predominantly

zooplanktivorous rather than herbivorous diet. This
conclusion contradicts earlier assumptions that the
high-standing biomass of pelagic 6sh stocks in upwell-
ing areas is mainrained by direct feeding on phyto-
plankton.

In addition to examining the relative rrophic posi-
tioning of salmon species, our second objective is to
examine how isotope values vary between different
popdlations of the same species. Paci6c salmon retum
to their birthplace with great fidelity. However, some
stocks of salmon are believed to largely remain in
coastal waters, while other stocks undertake extensive
oceanic migrations. As the degree of isotopic enrich-
ment of 6rtN tends to differ in different regions of the
North Pacific (Saino and Hattori, 1987), stock-specific
differences in migration routes or in dietary preferences
could be re{lected in identifiable differences in heavy
isotope values.

Blackboum (1987) hypothesized that the interan-
nual variation in the migration timing of Fraser River
sockeye stocks may be caused by different stocks occu-
pying different parts of the Gulf of Alaska. Differences
in retum times might therefore reflect the amount
of time required to retum from residence in different
regions of the eastem North Pacilic, as well as rhe
influence of oceanic transport in different years
(Thomson er al., 1992). Support for the theory that
different sockeye stocks have different centers of distri-
bution came from the correlation between sea surface
temperatures in specific regions of the Culf and the
variation in sockeye retum times. As the region of
maximurn correlation differed between stocks (Black-

boum, 1987), some indirect evidence exists for the
theory.

To examine this hypothesis, we collected tissue
samples from the spawning grounds of four sockeye
stocks from Fraser River, British Columbia, and one
stock from Bristol Bay, Alaska. The distribution of
British Columbia sockeye is known from tagging stud-
ies to be largely confined to the Gulf of Alaska (Margo-

lis et al., 1966). In contrast, Bristol Bay sockeye are
chiefly distribured in the Bering Sea and rhe central
North Pacific, although the distribution is known to
extend easrward to overlap with that of British Colum-
bia sockeye in the Gulf of Alaska (French and Bakkala,
1974). Differences in diet or geographic distribution
might therefore be reflected in differences in heavy
'iscitope 

composition, as the Bering Sea and coastal
'regions 

of the north Pacific are shallow, highly produc-
iive areas with relatively high rates of nirogen recy-
cling. ln contrast, the central Gulf of Alaska and the
'open 

North Pacific are pelagic regions where the con-
tribution of recycled nitrogen to the food chain is



lower because the amount of newly upwelled nitrate is

larger (Anderson et al" 1969)'

MATERIALS AND METHODS

SamPles

A Canadian observer aboard the Russian research ves-

ra -t rwRo collected tissue samples from salmon

.-augi, in the central North Pacihc in late spring 1991

ifll-il. w.dges of muscle tissue weighing berween 10

and 30 g were removed from the dorsal musculature

*t, o.t*.t"t to the head and frozen at - 20'C until

".,alvrir. 
The species, fork length' sex' sampling local'

ity (iatitude and longitude), and stomach content were

r..t.J.a for each ,"in.,ot'' The subsamples selected for

;;;;" analysis included roughlv equal numbers of

both sexes and both the largest and smallest individ-

u"i, ,"*pl.d of each speciei as well as samples from

individuals of approximately average body .size' 
The

;;;oi;J;.t. thus chosen to maximize the likelihood

oi a.r".rirrg trends in isotopic sequestering with the

obr...r.d .r"-.i"bl.r. Because the identification of imma-

ture Pacific salmon on the high seas can be quite diffi'

cult even for experienced '"*plt's, the species identifi'

.^i"" 
"f 

all high seas samples used in the analysis

reported here were confirmed by enzyme electrophore'

,ir. Rtt initial identifications proved to be..correct'

Samples of salmon tissue were also collected from

sockeye spawning grounds in 1991' which allowed

o-.J",t""-tpecifi-c lifferences in isotope values to be

l*"-irred. Field crews were requested to take muscle

r"-pf.t J.tfar to those collected on the high seas from

rp"*".a'*, sockeye that were either moribund or

Figure l. colrecrion.rocarions for the high seas and stock-specific sarmon tissue samples' The rocations of the statistically

anomalous chum samptes discussed in the text are indicated by a star'
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freshly dead. Muscle samples were collected fiom adult
sockeye taken tiom Chinkleyes Creek, a tributary to
Illiamna Lake, the largest sockeye salmon-producing
lake system within rhe Bristol Bay (Alaska, U.S.A.)
complex, and from four Fraser River (British Colum-
bia, Canada) sockeye stocks (Takla, Early Stuart, Ad-
ams, and Chilko; Fig. l). Spawning ground samples
were packed in salt. All stocks are important contribu-
tors to commercial lisheries.

Preparation

Before analysis, all samples were washed in distilled
water and air dried at 65'C for 48 hours before being
ground to a line powder. Because we weie primarily
interested in the isotopic signature in rhe whole ani-
mal, lipids were not extracted prior ro analysis. Sam-
ples were subsequently analyzed by using a PRISM
mass spectrometer (VC Isotech) at the Department of
Oceanography, Universitl' of British Columbia. Silver
was added to salted tissue samples prior to analysis to
remove halogens.

6lrC and 6l5N isorope values are reported as
/ p  \

6X = lor(Ff f i  -  lJ  (%),  (1)

where X :  l lC or  l5N and R -  l rc / l :C or  I tN/ I4N.

Standards are relative to the cdrbon ratio in Peedee
belemnite (PDB) limestone or the ammonium sulphate
isotopic nitrogen ratio versus NBS 14. 6rlC and 6l5N
values were reproducible to precisions ot: +0. 1%o and
-'.0.2%o, respectivelt-, much smaller than the variation
in 6rlC and 6rtN values between individuals that we
describe below.

Surisrical methods

Direct comparison of differences in 6 ItN or 6llC values
can lead to incorrect conclusions about whether or not
two groups of organisms are statisticall-v different unless
the covariance between isotopic values is also taken
into account. To more precisely detine the relative
positioning of different species in terms of their 6lrC
and 6l5N values, we calculated the areas defining the
95olo joint confdence regions about the mean 6rlC and
6l5N values for each species and stock using Hotel-
ling's T2 disrribution. Hotelling's Tl test is a likeli-
hood ratio test usefrrl for testing hypotheses concerning
the equality of means of vectors of normally di5tributed
variables with unknown variance-covariance strucrure.
Use of the test assumes thar estimates of 6trC and 6l5N
for individual species or stocks are approximately nor-
mally distributed about some mean value but with a
possibly nonzero covariance; that is, 6sh with larger

6llC values may tend to have larger (or smaller) than
average 6l5N values as well.

We examined the variability of the species and
stock specific estimates using a series of exploratory
data analysis techniques, including both box-and-
whisker plots and quantile-quantile (QQ) plots
(Chambers et al., 1983). Although some evidence of
nonnormal sample distributions was indicated for a few
of the species or stocks, taken together the data reveal
no sysremaric departure from normaliry (Fig. 2), with
the exception of several outliers discussed below. We
therefore concluded that the assumption of Gaussian
variability was reasonable and that occasional evidence
of departures from normality was due to the limited
sample sizes available when examining the data for
individual species or stocks.

The joint confidence region about the mean iso'
topic values is calculated from

where

T 2  :  n A ' S - l A . ( j )

Here n is the number of animals examined, p : 2 is the
number of means being simultaneously compared, A is
the matrix'of differences between the contour limits
and the estimated means, that is, A' : (DllCur. -

6ile, 6t;N.,- - $'EN),, where 6re, 6T5j\i are rhe
estimated mean values and S is the estimated variance-
covariance matrix for the n observations. Equation (2)
may be explicitly solved for the equation of the ellipse
that contains the true mean values with 95olo certalnry
(Welch; 1987). The Tr test may also be used to di-
rectly test whether the between-species differences in
average isotopic values are in fact statistically signifi-
cant (Press, 1972). The statistic

r.l = 2!,, P ,.1 r, (4)/P(n - r)
is distributed as an F-statistic with F,2n - p - I d.f.,
where A is now the matrix of differences between rwo
species, for example, A' - (6llC.6u. - 6llC.ono,
6l5N.hu. - 6l5N.nnn) and S is the variance-covariance
matrix estimated from the pooled data. We report
these values scaled by the critical F-statistic as
UlFp.zn-p-r. This allows a direct examination of
whether the joint species means are statistically signi6-
cant, since such values are greater than 1. These values
also provide a natural scale for comparing trophic over-
lap because they compare the berween-species differ'
ences in mean isotopic values with the within-species
variabiliry caused by individual dietary differences.

The power of Hotelling's T2 test is reduced if the
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Figure 2. Normal quantile-quantile (QQ) plots of 6rlC and 6r5N isotope values for the species- and stock-specilic data.
Nonnormality is indicared by deviance from a straight-line relationship. Species- or srock-specific samples were normalized to
zero mean and unit variance for simplicitv of comparison. Statistically anomalous data for one chinook and three chum salmon
were excluded from the analysis (see text).
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variance of the two data sets is unequal. There is some
evi{pnce (F test) that the variance in SrlC or 6rsN
,values may not be equal between all species or stocks.
Calculations reported below of whether the pairwise

di,fferepces in,spegies or stock specific 6tJC and 6lsN
,values. are significantly different (from a statistical
vjewpoint), should therefore be considered approxi-

fnate.

R.ESU-LTS

Spgcies.specific dif f er erc es
Initial,examination of the variation in 6t5N and 6lrC
isotopic variations revealed little evidence for a signifi-
cant effect of any variable other than species on the
observed differences in isotope values. Sex, length

c
fr

I

(with one exception discussed below), and high seas
collecting location all showed no discemable pattem
of influence.

Box-and-whisker plots of the 6l5N and 6riC values
show clear differences between the five salmon species
(Fig. 3). However, the plots also identifu 6r5N isotope
values for three chum (Fig. 3A,) and the 6r3C value for
one chinook salmon (Fig. 38) as outliers. A single
outlier was also identified for sockeye salmon (Fig.

3A,). However, because the sample size for sockeye was
small (n = 5) and inclusion of the outlier did not
significantly influence the QQ plot (Fig. 2), we in-
cluded this data point in all subsequent analyses.
Treatment of the remaining outliers is discussed below.

A clear trend toward larger 6rsN values (implying

higher nophic position) is evident for the high seas
samples, with chinook salmon having the greatest

- l-2a

O Chinook
O Coho A oo
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Figure 3. Box-and-whisker plots of the 6l;N and DlrC val-
ues for high seas salmon data. The center line indicates the
median of rhe dara, while the limirs of the box and whiskers
contain 50o/o and 75o/o of the data, respectivelv. Differences
in mean isotcpic values are statisticallv signilicanr at an ap-
proximate 95olo significance level fbr those species pairs
whose notches do not overlap. This analysis is approximate
and does not consider rhe effect of covariance between iso-
topes. The location of outliers are individually shown.

Chinook Chum Coho Sock. Pink

mean value and pink salmon the least (Fig. lA). Con-
sidering only the 6ltN values, chum salmon would
therefore rank as the second highest species'within the
trophic hierarchy. However, although 6llC ratios are
generally consistent with this trend, 6llC ratios for
chum salmon are much lower than those ,for the'other
species (Fig. 3B).

Scatter plots in rhe 6rlc-6r5N plane show that the
differences in isotope values are generally consistent
with stomach content analyses reported in the litera-
ture, as well as our own field observations, and clarifies
the reason for the discrepancy for chum (Fig. 4). Iso-
tope values for all but one chinook salmon, the most

piscivorous species, cluster in the upper-left quadrant,
with the remaining species (other than chum salmon)
tending to cluster along a line running down and to the
righr (Fig. 4). Most chum salmon occupy a discrepanr
position, with very low 6lrC values but 6ltN values
near those of chinook.

We calculated a regression line using the data for all
species except chum salmon and excluding one outly-
ing point for chinook salmon, which we discuss below.
The equation for this l ine 1-r2 s.e.) is

6 r iN  :  27 .61  ( ! 5 .62 )  +  0 .81  ( - ' 0 .29 )  6 r r c .  ( 5 )

The values therefore indicate a trophic chain with po-
sitioning running pink --+ sockeye - coho - chinook.
A more detailed examination, using Hotelling's Tl test
as an indicaror of the closeness of the overlap, indi-
cated that chinook and pink salmon tend to be the
most different in their trophic positioning (Table l).
Coho and sockeye salmon show the closest overlap in
uophic positioning but relatively high overlap of pink
and sockeye salmon is evident as well. In contrast,
chum salmon shovr extreme trophic separation from all
other salmon species.

These differences are summarized in Fig. 5, which
shows the mean isotopic position and associated95Vo
joint confidence region about the mean for each spe-
cies. The species fall into three distinct groupings: chi-
nook, chum, and a pink-sockeye-coho complex. The
departure of the chum salmon isotope values from the
trophic line could be explained as an anomaly in either
or borh the 6lrC or 6r5N values. However, all chum
salmon samples (including outl iers) have similar 6llC
values, suggesting that the 6tlC values are correct and
that the chum salmon departure from the trophic line
is,caused by an enrichment in 6l5N relative to the
other salmon species.

Table 1. Relarive trophic separation between species. The
statistic U was scaled by dividing by the relevant F-statistic;
values greater than I indicate a signifcant difference in mean
6l3C-615N values. The larger this value, the more sraristi-
cally certain this conclusion is and the greater the beween-
species trophic separation relative to the within-species
trophic variability.
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Figure 4. Scarter plots of individual 6rrc-6ltN values by
species. The straighr line is the least squares regression
through the data for all species combined, excluding all
chum and one chinook salmon.

Source of outliers

The single outlying value for chinook salmon was for a
73-cm individual, much larger than any of the other
chinook captured (range: 27-34 cm). This salmon
would almost certainly have been maturing and nearly
ready to begin the spawning migration inshore, at
which time Paci{ic salmon develop large stores of fat as
energy reserves in preparation for the freshwater
spawning migration. Lipids are deplered in 6rlC rela.
tive to muscle tissue (Sholto-Douglas et al., 1991;
Tieszen et al., 1983; Wada et al., 1987), so the dis-
placement in 6lrC is consistent with a higher fat con-
tent in the muscle tissue at or near maturation. lJ7e

therefore excluded the data for this fish from our analy-
ses,

In contrast to the chinook outlier, the chum salmon
identifed as statistical outliers had relatively depleted
6t5N levels, which would be consistent if feeding took
place primarily at a lower trophic level. However, we
could not identify any unusual attributes of these
salmon that differed from the remaining chum sam-
ples.

The size of the chum salmon with deviant isotopic
values spanned the observed size range of the high seas

Figure 5. Mean isotopic position in the DrrC-DljN plane
for the high seas salmon species, and the associated 95%
joint confidence regions calculated from Hotelling's T2 dis-
tribution (see text). Broken ellipses and open symbols show
the change in mean values and associated uncenainties for
chum and chinook when outliers are included in the calcula-
tlons.
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Figure 6. Scarter plots of individual 6llC-615N values bv
socke-ve stock. The straight line is the regression through the
high seas species data shown in Fig. 5. The high seas esrimate
for sockeye is also shown. Open symbols indicate males, and
closed s;-mbols indicate t-emales, except for the Takla and
lliamna stocks, for which sex was not recorded.

chum samples, and the live samples lying closest to the
regression line (Fig. 4) came from widely separated
sampling locations (Fig. 1). The diet of these fish, as
indicated by stomach contents at time of capture, also
showed no unusual contents: copepods (two fish),
runicates (two frsh), and unidentiliable white granular
matter (\YGM) (one lish). The remaining cluster of 12
frsh had varying but similar stomach contents: WGM
(four), copepods--( rwo), chaetognaths (one), euphausi-
ids (l), and tunicateo + WGM (one). Stomach con-
tents were not examined for two fish, and one chum
salmon stomach was empty. Thus the cause of the
unusually low 6ltN values for some of the chum
salmon cannot be readily explained but cannot be re-
lated to the rypes of prey present in their stomach at
the time of caprure.

Stgck- sp ecifi c diff er ence s

The.variability in isotopic values berween individuals
of the same species evident in Fig. 4 is substantially
larger than the enor involved in estimaring the stable
isotope ratio. The level of within-species variability
therefore requires additional consideration of second-
ary effects thgt can influence the overall trophic rela-
tionship. Such effects include rhe proximity of salmon
to the coast when feeding (where nitrogen recycling is
enhanced and 6l5N levels are therefore increased),
stock-specific differences in prey preference or ocean
migration routes, and possibly the effect of metabolic
differences on rates of isotope sequestering that may
develop as salmon sexually mature during their last
year at sea and prepare for the spawning migration.

To assess the importance of stock-specific effects,
we examined the 5l5N and 6liC isotopic values for
muscle tissue taken from 60 carcasses collected from
the spawning grounds of four populations within the
Fraser River warershed of British Columbia (Adams,
Chilko, Stuart, and Takla) and the Iliamna stock of
Bristol Bay sockeye salmon in Alaska (Fig. 6). Figure 7
shows a box-and-whisker plot of these values. In each
case there is some displacement of mean 6lrC-Dl5N
ratios from that for the five high seas sockeye samples
available (i.e., 6r5N between 10.5 and 12.5%" and
6rrC between -20 and -21%o; see Fig. 8).
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Figure 7. Box-and-whisker plors of rhe d ItN and 6 IiC val-
ues for five stocks of sockeve salmon. See Fie. I for interpre-
tatlon.

Takla E.Stu. Adams Chilko

Figure E. Mean isotopic posirion in the 6rrC-6ltN plane
of the 6ve sockeye salmon stocks and the associated 957o
joint confidence regions calculated from Hotelling's Tl dis-
tribution (see Fig. 5). The dashed ellipse shows the position
and uncenainty of the mean values for the high seas sockeye
sample.
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Table 2. Relatir,e rrophic separation between sockeye
stocks, as indicated bv mean 6llC-Dl5N values. Interpreta-
tions are as for Table l. The relarively small statistical sepa-
ration between Chilko and Adams sockeye is a consequence
of the laree variabilitv in 6rrC values fbr these stocks.
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The Alaskan stock of sockeye and three Fraser River
stocks show similar values, despite coming from widely
separated locations, although rhe mean values are in
all cases significantly differenr (Figs. 7 and 8, Table 2).
In general, these displacements are consistent with a
depletion in llC and an enichmenr in l5N relative to
the high seas sockeye samples. The depletion in rlC for
adult sockeye is consistent with our finding for the
Iarge chinook salmon, since increasing lipid levels
should reduce 6llC values. The enrichment in l5N for
four stocks is also consistent with expectation, since
mature sockeye are larger and should feed higher up
the food chain than immature sockeye. However, the
Chilko stock is unusual in having much lower 6l5N
values than the other sockeye stocks (Fig. 7A).

DISCUSSION

Relatively little quantitative information is available
on the trophic position and potential competitive
overlap of Pacific salmon, and none has been reported
using isotopic tracers. The role of marine nutrients
supplied to freshwater lakes by retuming adult salmon
has been studied by using t3C and l5N isoropic tracers
(Kline et al., 1990; Mathisen et al., 1988). The lim-
ited data reported in these studies are generally similar
to our own analyses but show some interesting differ-
ences.

Measurements on pink salmon eggs collected from
Sashin creek, Alaska (Kline et al., 1990) showed a
large depletion in llC relative to our tissue samples
(6rrc: -23.4 versus -21.3). This depletion is con-
sistent with, but much greater than, the liC depletion
observed for the nearly mature chinook salmon caught
on the high seas and the spawning ground sockeye
samples. In both cases, lipid levels for eggs or mature
salmon should be considerably higher rhan for either
immature or spawned-out salmon.
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The slight deplerion of rrC in posrspawning adult
sockeye salmon relative to the high seas samples is
probably the result of residual lipid remaining after
freshwater migration. In general, sockeye catabolize
>90Vo of lipids during fieshwarcr migration (ldler and
Clemens, 1959). Lipid levels declined rhe spawning
migration by 91o/o and 96o/o in male and female Stuart
Lake and Adams sockeye, whereas in Chilko, sockeye
lipid levels declined by 787o for males and 9lolo for
females (ldler and Clemens, 1959; Gilhousen, 1980).
As Chilko (and possiblv Adams) sockeye are ttie only
stocks to show good evidence of sexlspecilic differences
in 6lrC values (Fig. 6), the oL,servations are consistent
with the differences in mean lipid retention levels be-
tween the sexes. The length of adult freshwater resi-
dence is on the order of one month, during which time
roughly half the carbon originally present in muscle
tissue wil l have tumed over (Tieszen et al., 1983).
Presumably, the more negative tissue 6ll .values (lower
trC levels) observed for Chilko fema.les are the result of
greater amounts of llC-depleted carbon released during
fat catabolism being incorporated into musile.

In general, typical enrichment levels of ca. 6ltN :

1.3-5.3 per trophic lbvel are encountered in marine
environments, independent of habitat'(Minagawa and
Wada, 1984; Wada er al., 1987), wti le enrichment
levels for 6lrC are on the order of l*27oo perrr'rophic
level. However, rhe slope of rhe 6 ltN : 6 llC regiession

Figure 9. Nitrate disrribution rn the Gulf of Alaska and
regions of maximum correlation between sea surface temper-
ature and Ft'aser sockeye migrdtion timings. (Redrawn from
Anderson et al. .  1969.)

fa6o  14  t3 lo r '  t3oo

l ine for the high seas salmon data, 0.83 + 0.29, is
significantly different from the J : I ratio found in some
previous studies of marine trophic relationships (Wada

et al., 1987). The interpretation of 6llC values ts more
complicated than for 615N, since 6llC values are
known to be affected by both the temperature at which
primary production takes place (Monteiro et al., 1991;
Stephenson et al., 1984) and the amounr of l ipid
present  (Rau et  a l . ,  1991,  1992;  Wada et  a l . ,  1987).

In cohtrast to the depletion of llC in mature sock-
eve, the 15N enrichment of three Fraser River sockeye
stocks and the lliamna River stock is consistent with
expectation for a food chain mechanism, since larger
hsh should feed higher up the fbod chain. However,
this mechanism cannot explain the remarkable deple-
rion in r5N fbr the Chilko stock.

A depletion in l5N results from an increase in the
proportion of new versus recycled nitrogen present in
the diet. Saino and Hattori (1985) demonstrated that
as surface nitrate levels increase, the 6l5N of particu'

' late organic nitrogen drops. This leads to geographic
differences in the 6l5N level of organic material in
surface waters (Saino and Hattori, 1987). In contrast,
Altabet and McCarthv ( 1985) demonstrated that shelf
warers are enriched in l5N (6 l5N values ) l0%") as a
iesult of the early stratification of coastal waters due to
the presence ofa strong halocline. Stratification results
in a decrease in the input of new nitrare from deep
water (615N values ( 5%o) to the food chain and the
dominance of recycled nitrogen. As a result of eupho-
tic zone recycling, 6l5N values can exceed 207oo in
estuaries during the late summer (Mariotti et al.,
1984).

Thus one possible explanation for the low 6ltN val-
ues for Chilko sbckeye is that this stock feeds in regions
with"elevated nitrate levels. Altematively, the Chilko
'stock 

must feed at a lower trophic level within the
marine food chain, for which we have no direct evi-
dence. Some support for the former hypothesis can be
-obtained 

from a review of relative nitrate levels in
' diffeten regions of the Gulf of Alaska (Fig. 9). Both

minimirm and mean nitrate levels in 5" Marsden
squares show striking Variarions within the Gulf, the
highedt values'occurring in the central Gulf and values
fallrrrg off sharply bsth in coastal regions and farther
offshore: This variation in nitrate values mirrors differ-
enies in the intensity of upwelling (Tully and Barber,
,r960)-

'Thus 
the depressed 6t5N values observed for the

Chilko stock'could be explained if this stock occupied
the ientral Gulf of Alaska and remained geographi-
cally separated from the remaining stocks. Variations



in the migration timing of Chilko sockeye also have
maximum correlation with sea surthce temperature
(SST) changes for the same 5o Marsden square (Black-

boum, 1987) that show elevated nirate levels, while
the migration timing of rhe Adams and Early Stuart
stocks correlated most strongly with SST changes in
Marsden squares north and southwest of the central
Gulf (Fig. 9). The anomalouslv lou' 6ttN values ob-
served for Chilko sockeye therefore are consistent with
the spatial distinctness of Fraser River sockeye stocks
within the Gulf of Alaska, as Blackboum originally
hypothesized.

The other srocks shown in Fig. 7 do not appear as
distinctly different in their heavv is.rtope composition
as rhe Chilko stock, although rhese ditt-erences are also
statistically signil icant (Table 2). Because nitrate lev-
els in other regions of the Gulf alsc, r 'arv, it is possible
that the 6ltN variations between rhe remaining sock-
eye srocks may also reflect real dift-erences in spatial
distribution as well.

CONCLUSIONS

The distribution of heavy isotope values we have found
support the separation of Pacific salmon species inro a
trophic hierarchy (Fig. l0). Sockeye salmon appear to
be positioned between coho and pink salmon, with the
potential for significant trophic competition to occur.
If an average trophic separation is taken to be ca.
6l5N - J%o, chinook salmon occupy a trophic level
ca. 0.8 of a trophic level above pink salmon. By using

Figure 10. The Pacifc salmon food chain. Chum salmon

occupy a trophic level nearly as high as that of chinook but
on a different branch of the food chain. Solid lines indicate
direcr feeding at rhe indicated trophic level; dashed lines
show indirect flow up through gelatinous plankton (Jellies)

to chum. The relarive imponance of energ-v flow to chum
salmon from the two branches needs to be quantified.

Chum

the same criteria, pink, sockeye, and coho salmon are
successivelv separared by onlv 0. l l  of a rophic level.

In contrast, there would appear to be much less
potential for chum salmon to compete with pink or
sockeye salmon. Most chum salmon appear to be top
predators on a different branch of the food chain, oc-
cupying a trophic level just below that of chinook
salmon (Figs. lA and 5). Although the diet of chum
salmon does include copepods and various camivorous
zooplankton, the high 6l5N value suggesrs that much
of the energy budget is derived fiom f-eeding on camiv-
orous coelenterates.

As we have noted, the guts of chum salmon caught
on the high seas are frequently packed with an amor-
phous substance (Arai, 1988; Black and Low, 1983;
Brodeur, 1990). Field examination of fresh material
occasionallv re','eals fiagments of ctenophore comb-
rows, but the nature and relative species composition
of most of this material remain uncertain. Although
the contribution of gelatinous zooplankton to the en-
ergy budget of chum salmon is unclear, the rapid rate
of digestion of this material, the frequency with which
it is ignored during diet analyses (cf. Arai, 1988), and
the need to examine stomach contents immediately,
before hydrolysis takes place, all suggest that the im-
portance of coelenterates, ctenophores, and tunicates
to the diet of chum salmon may be underestimated.

These conclusions are consisrent with empirical evi-
dence for trophic competition on the high seas; coho
salmon growth rates were lower in years of large pink
salmon populations in the westem North Pacific
(Ogura et al., 1990, 1991), while sockeye growth rates
were lower in years of large pink salmon populations in
the western North Pacific (Krogius, 1960). In contrast,
we have found no reports of chum salmon abundance
influencing the growth rates of other salmon species,
and empirical evidence indicates that the mean weight
of stomach contents changes much less for chum
salmon than for sockeye in years when pink salmon
populations are high in the westem North Pacific
(Sano, 1963). This suggests that the unusual diet of
chum salmon may help to buffer their populations by
reducing direct trophic competition with other
salmon. There is, however, good evidence for intraspe-
cific trophic competition occurring for the abundant
salmon species, with growth rates inversely related to
stock size for pink (IPSFC, 1984; Peterman, 1987),
sockeye (Peterman, 1984), and chum salmon (Kaeri-
yama, in press).

The potential for significant interspecific competi-
tion on the high seas has significant management im'
plications. As a result of improved management of wild
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stocks, arti l icial enhancement init iative (harcheries),
and favorable environmental conditions, rhe abun-
dance of Pacific salmon has increased to levels near
those occurring before commercial exploitarion. The
drive to further increase salmon population sizes by
countries surrounding the Nonh Paci{ic raises the rwin
questions of whether or not the common property re-
source of the North Pacific Ocean can efectively limit
the production of Pacific. salmon and, if so, how
salmon enhancement by one country could affecr the
productivity of other countries' salmon resour'ces.

On the basis of our preliminan results, the greatesr
potenrial for interactions would appear to be between
stocks of pink, sockeve, and coho salmon. However,
this competirive interaction is unlrkeh' ro be symmerri-
cal. Large popularions of pink saimon are more l ikely
to reduce the grou'th rates of sockeye or coho salmon
than would the reverse situarion L.ecause pink salmon
feed at a lower trophic levql. Ernpllical evidence ap.

Pears ro supporr rhis conclusion.
The evidence presented here on the potential geo-

graphic separation of sockeve salmon stocks based on
differences in 6r5N levels is strongest for the Chilko
stock, which we conjecrure to be disrributed in the
region of most intense upwelling. The spatial distincr-
ness of this stock, if true, is probably not a unique
property of only rhis stock. Rather, it is posbible that
all Fraser sockeye stocks.may occupy quasi-discrete ar-
eas of the Gulf of Alaska dqring their oceanic life.
Because the onset of the sprlng tloom in the bulf of
Alaska is not uniform (Parspns and LeBrasseur, 1968),
one management consideration is,that changes in the
ocean environment betweeq areas and years (e,g., Bro-
deur and Ware, 1992) may result in different growth
rates for differenr stocks.

These conclusions clearly deserve further study. In
particular, the influence of different periods within ihe
marine period of the life history on the prciduction
biology of Paciic salmon, as well as the effect of vari-
ability berween years or areas of the North Paci6c,
needs to be examined further.
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