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Abstract

Relatively little is known about fish species interactions in offshore areas of the world’s oceans because
adequate experimental controls are typically unavailable in such vast areas. However, pink salmon
(Oncorhynchus gorbuscha) are numerous and have an alternating-year pattern of abundance that provides a
natural experimental control to test for interspecific competition in the North Pacific Ocean and Bering Sea.
Since a number of studies have recently examined pink salmon interactions with other salmon, we reviewed
them in an effort to describe patterns of interaction over broad regions of the ocean. Research consistently
indicated that pink salmon significantly altered prey abundance of other salmon species (e.g., zooplankton,
squid), leading to altered diet, reduced total prey consumption and growth, delayed maturation, and
reduced survival, depending on species and locale. Reduced survival was observed in chum salmon
(O. keta) and Chinook salmon (O. tshawytscha) originating from Puget Sound and in Bristol Bay sockeye
salmon (O. nerka). Growth of pink salmon was not measurably affected by other salmon species, but their
growth was sometimes inversely related to their own abundance. In all marine studies, pink salmon affected
other species through exploitation of prey resources rather than interference. Interspecific competition was
observed in nearshore and offshore waters of the North Pacific Ocean and Bering Sea, and one study
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documented competition between species originating from different continents. Climate change had vari-
able effects on competition. In the North Pacific Ocean, competition was observed before and after the
ocean regime shift in 1977 that significantly altered abundances of many marine species, whereas a study in
the Pacific Northwest reported a shift from predation- to competition-based mortality in response to the
1982/1983 El Nino. Key traits of pink salmon that influenced competition with other salmonids included
great abundance, high consumption rates and rapid growth, degree of diet overlap or consumption of lower
trophic level prey, and early migration timing into the ocean. The consistent pattern of findings from
multiple regions of the ocean provides evidence that interspecific competition can significantly influence
salmon population dynamics and that pink salmon may be the dominant competitor among salmon in
marine waters.

Introduction

Pink salmon (Oncorhynchus gorbuscha) are unique
among Pacific salmon in many ways, but a key
characteristic is their invariable two-year life cycle
that leads to genetically distinct stocks that can
differ significantly in abundance during odd- ver-
sus even-numbered years. Large alternating-year
abundances of pink salmon are most apparent at
the northern and southern range of the species,
including the Pacific Northwest and the Russian
Far East. Pink salmon grow rapidly and they are
the most abundant species of Pacific salmon
(Heard, 1991), therefore they have potential to
significantly affect other salmon species in the
ocean.

The alternating-year pattern of pink salmon
abundance provides a unique natural experimen-
tal control to test for interactions between pink
salmon and other species of salmon in the ocean.
The natural experimental control provided by the
alternating-year abundance of pink salmon is
important because environmental variables in the
ocean are often correlated and salmon species
often respond similarly to environmental condi-
tions. For example, all species of salmon in
northern regions increased significantly after the
1977 ocean regime shift (Rogers, 1984; Beamish
and Bouillon, 1993; Mantua et al., 1997). Such
correlations confound attempts to evaluate the
nature and importance of species interactions,
such as competition, as a mechanism that regu-
lates population abundance in offshore marine
communities. Competition has been widely de-
scribed in terrestrial, freshwater, and some marine
communities (Schoener, 1983; Bertness et al.,
2001) and some scientists have assumed that
interspecific competition may influence abun-

dances of offshore marine fish populations
(Cushing, 1975; National Research Council,
1999), whereas others have downplayed its
importance in regulating these populations (Sin-
clair, 1988). Quantification of species interactions
is important given the growing desire to manage
marine fisheries using the concept of ecosystem
management (National Research Council, 1999).
This is especially important for Pacific salmon
because up to five billion juvenile salmon are
released from hatcheries each year (Mahnken
et al., 1998), often in regions where natural sal-
mon populations are depressed, and concern has
been raised about the capacity of the ocean to
support these salmon (Pearcy et al., 1999).

A number of recent investigations have utilized
the natural experimental control provided by pink
salmon to examine interactions between pink and
other species of salmon. We reviewed these studies
in an effort to document patterns of species inter-
actions and to evaluate whether interspecific
competition is an important mechanism influenc-
ing salmon population dynamics in marine waters.
Since competition often involves a shortage of
prey resources, we were particularly interested in
competitive interactions before and after periods
of climate change.

Findings

Pink salmon abundance and distribution

Pink salmon are the most abundant species of
Pacific salmon, representing approximately 58%
of all anadromous Pacific salmon (Rogers, 2001).
Abundance of adult pink salmon in the North
Pacific Ocean averaged approximately 156 million
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fish per year during 1951–1976, increasing to
323 million fish per year during 1977–2001 (Fig-
ure 1). Asian pink salmon represented approxi-
mately 56% of the total adult return of pink
salmon. In Asia, large runs of pink salmon origi-
nated from the Kamchatka Peninsula and
Sakhalin Islands, whereas in North America most
pink salmon originated from Kodiak Island,
Alaska, south to the Fraser River in British
Columbia (Heard, 1991).

Large pink salmon populations dominated by
odd-year adults are located primarily at the
northern and southern range of pink salmon, such
as the eastern Kamchatka Peninsula and the Strait
of Georgia/Puget Sound. Catch of eastern Kam-
chatka pink salmon is approximately 380%
greater during odd- compared with even-num-
bered years, i.e., average 5 million fish in
even-years versus 24 million fish in odd-years
(Sinyakov, 1998). More than 99% of runs in Puget
Sound and southern British Columbia (Fraser
River) occur during odd-numbered years. Western
Kamchatka historically produced primarily odd-
year pink salmon runs, but the dominant run
abruptly switched to even years after 1983
(Bugaev, 2002). The southeastern Bering Sea

produces relatively small runs that are dominant
during even-numbered years. Regions in the
central portion of the pink salmon range in North
America (southeastern and central Alaska and
northern British Columbia) tend to produce large
pink runs in both odd- and even-numbered years.

Juvenile pink salmon enter coastal marine
waters in early spring after minimal feeding in
freshwater, then disperse counter-clockwise along
the coast and into the North Pacific Ocean or
Bering Sea (Heard, 1991). Ocean migration pat-
terns and distribution of regional pink salmon
assemblages have been described from extensive
high seas tagging and sampling (Takagi, 1981;
Myers et al., 1996). In general, pink salmon
disperse broadly across marine waters and may
travel up to approximately 7400 km during their
14–16 month stay. For example, pink salmon
originating from eastern Kamchatka have the
eastern-most distribution of Asian stocks,
extending eastward to approximately 155�W
(south of Alaskan Peninsula) and south to
approximately 44�N. Pink salmon from
Washington and British Columbia migrate north
into the Gulf of Alaska (up to �58�N) and west-
ward to approximately 148�W. Thus, pink salmon

Figure 1. Time series of adult Pacific salmon abundance in Asia and North America, 1951–2001 (Rogers 1987, 2001).
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disperse broadly into the ocean, but they have little
overlap with distant populations. Pink salmon,
like other salmon species, typically occupy the
upper 30 m of the water column (Heard, 1991).

Sockeye and pink salmon interactions

Diet overlap and prey availability
Pink and sockeye (O. nerka) salmon are opportu-
nistic foragers that have similar diets in offshore
marine waters (Davis et al., 2000; Kaeriyama
et al., 2000, 2004). Their diet includes prey from

several trophic levels, including zooplankton and
micronekton such as squid and small fishes. Stable
isotope analyses demonstrated that the trophic
position of pink and sockeye is similar (Welch and
Parsons, 1993; Kaeriyama et al., 2004), as
expected from diet data. However, during the
second season at sea, pink salmon may begin
foraging on larger prey, such as squid, at an earlier
date in spring compared with sockeye salmon
(Aydin, 2000).

Field research in the central North Pacific
Ocean recently demonstrated that zooplankton
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biomass was significantly reduced during June
and July of odd-numbered years (Sugimoto and
Tadokoro, 1997; Shiomoto et al., 1997). These
researchers concluded that Asian pink salmon,
which are abundant during odd-numbered years,
had reduced zooplankton abundance over this
large region. Sano (1963) reported that prey
consumption of both pink and sockeye salmon
in the western Pacific Ocean during May
through August, 1955–1962, significantly
declined during odd-numbered years, corre-
sponding to years when Asian pink salmon were
most abundant. The reduction in total prey
weight (primarily squid and euphausiids by both
species) consumed by sockeye salmon during
odd-numbered years (61% reduction) was
greater than that of pink salmon (52% reduc-
tion). During 1991–2000, stomach contents of
pink and sockeye salmon collected in the central
Bering Sea declined 24 and 36%, respectively,
during odd-numbered years (high pink salmon
abundance) (Davis, 2003; Ruggerone et al.,
2003). However, two key prey of both species
(squid and fish) declined more in sockeye salmon
(27% reduction) than in pink salmon (7%
reduction), suggesting pink salmon were more
efficient at exploiting key prey.

Bristol Bay, Alaska
Ruggerone et al. (2003) provided evidence that
Asian pink salmon, primarily those from the
eastern Kamchatka Peninsula, reduced the growth
and survival of Bristol Bay, Alaska, sockeye sal-
mon. Annual sockeye salmon scale patterns,
1955–2000, exhibited an alternating-year pattern
of growth during the second and third years at sea
that was opposite that of Asian pink salmon
abundance, which was 56% greater in odd-num-
bered years (Figure 2). Sockeye growth during the
first growing season at sea was not reduced
because overlap with Asian pink salmon did not
begin until the second season at sea and relatively
few pink salmon originate in Bristol Bay.
Ruggerone and Nielsen conducted a multi-variate
regression analysis and found that scale growth of
Bristol Bay sockeye during the second year at sea,
1966–2000, was negatively associated with harvests
of eastern Kamchatka pink salmon (P < 0.001),
but positively associated with winter sea surface
temperature in the North Pacific Ocean (P <
0.002; Figure 3). This finding suggests pink salmon
abundance influenced year-to-year variation in
sockeye salmon growth whereas sea-surface tem-
perature influenced the long-term trend in early
marine growth shown in Figure 2.

Age-specific length of adult sockeye salmon
returning to Bristol Bay, 1958–2000, was inversely
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related to Asian pink salmon abundance during the
year prior to homeward migration (Ruggerone
et al., 2003). This pattern was consistent among all
four major age groups and both sexes of sockeye
salmon. Pink salmon tended to have the greatest
effect on growth of younger age groups (e.g., ages
1.2 and 2.2) and female salmon. Using the empir-
ical relationships between sockeye length and pink
salmon abundance described by Ruggerone et al.
(2003), we calculated the maximum potential effect
of Asian pink salmon on sockeye length (i.e.,
sockeye length during maximum versus zero pink
abundance) using the approach described by
Bugaev et al. (2001). A change from zero to max-
imum Asian pink salmon abundance may account
for up to approximately 38–73% of the observed
range in mean Bristol Bay sockeye length,
depending on age and sex (Figure 4). Although
these analyses demonstrated pink salmon could
exert a significant effect on size of Bristol Bay
sockeye salmon, the multi-variate analyses indi-
cated that intraspecific competition during the
homeward migration had a greater effect on sock-
eye salmon size.

Ruggerone et al. (2005) examined seasonal scale
growth patterns of Bristol Bay sockeye salmon in
relation to pink salmon abundance during 1955–
2000. They demonstrated that the reduction in
salmon growth observed during the second and
third years at sea (Figure 2) began immediately
after peak prey availability in spring and continued
to the end of the growing season, well after pink
salmon had left the high seas. The researchers
noted that prey population dynamics that influ-
enced the observed alternating-year pattern in
sockeye growth are poorly understood. They
hypothesized that high consumption rates of pink
salmon during spring through mid-July of odd-
numbered years, coupled with declining zoo-
plankton biomass during summer (Mackas and
Tsuda, 1999; Batten et al., 2003) and potentially
cyclic abundances of squid (Sobolevsky, 1996;
Nesis, 1997), contributed to reduced prey avail-
ability and to reduced growth of Bristol Bay
sockeye salmon during spring through fall of odd-
numbered years.

A key finding of recent pink/sockeye interac-
tion research was that reduced growth of Bristol
Bay sockeye salmon during odd-numbered years
was associated with a significant reduction in
smolt-to-adult survival during 1977–1997 (Rugg-

erone et al., 2003). This analysis was based on
annual estimates of salmon smolts that migrated
to sea during odd- versus even-numbered years
and subsequent age-specific returns of adult sal-
mon. On average, smolt survival declined 35%
(from 18.6 ± 3.1 (SE) to 12.1 ± 2.5% survival)
when they entered Bristol Bay in even-numbered
years and competed with Asian pink salmon dur-
ing their second year at sea (odd-numbered year).
Younger age-1.2 sockeye salmon experienced the
greatest reduction in survival (59%), age-1.3 and
age-2.2 experienced intermediate reduction in
survival (30%), and the older age-2.3 salmon
experienced the least reduction in survival (19%)
when interacting with Asian pink salmon during
their second season at sea. Some of the reduction
in ocean age-2 sockeye salmon may be explained
by delayed maturation associated with reduced
growth, but analyses demonstrated that overall
mortality was greater when sockeye interacted
with abundant pink salmon during their second
season at sea. It was hypothesized that reduced
growth during spring through fall of the second
growing season at sea led to greater mortality
during winter when demand for prey can exceed
prey availability (Nagasawa, 2000; Beamish and
Mahnken, 2001; Ruggerone et al., 2005).
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The findings of the smolt-to-adult survival
analysis were further supported by an analysis of
age-specific adult sockeye salmon returns to Bristol
Bay. This analysis included stocks that did not
have annual smolt enumeration programs. Adult
returns were compared based on whether they en-
tered the Bering Sea as smolts during odd- versus
even-numbered years. Adult returns of four major
sockeye salmon stocks declined 22% (from
6.76 ± 0.59 to 5.29 ± 0.62 million fish per stock),
on average, during 1977–1997, when they com-
peted with abundant odd-year pink salmon during
their second season at sea (Ruggerone et al., 2003).
This effect represented a cumulative loss of 59
million adult sockeye salmon, excluding the
Kvichak River stock whose returns are strongly
influenced by a five-year spawning cycle. In light of
previous findings that most salmon mortality at sea
occurs during early marine life (Pearcy, 1992), it is
noteworthy that the analyses of Bristol Bay adult
sockeye return data and smolt-to-adult survival
data indicate significant mortality also occurred
during the second year at sea.

The Kvichak sockeye salmon stock is a major
component of the Bristol Bay salmon population
and survival of Kvichak smolts was significantly
reduced when they interacted with odd-year pink
salmon (Ruggerone et al., 2003). Therefore, we
applied the average reduction in adult returns to
Bristol Bay (22%) to the average adult return of
Kvichak salmon (average 13.25 million salmon per
year) in order to calculate the cumulative total loss
of Bristol Bay sockeye salmon. This analysis
indicated approximately 32.8 million fewer adult
Kvichak sockeye salmon returned to Bristol Bay
when interacting with odd-year pink salmon dur-
ing their second season at sea, 1977–1997. The
total reduction in Bristol Bay sockeye salmon
abundance associated with odd-year Asian pink
salmon was approximately 91.8 million fish during
1977–1997 (Figure 5). Thus, Asian pink salmon
abundance, including the 380% increase in eastern
Kamchatka pink salmon abundance between
even- and odd-numbered years, was associated
with a 35% reduction in sockeye smolt-to-adult
survival and a 22% reduction in adult returns.

Prior to the ocean regime shift in 1977, no effect
of competition on Bristol Bay sockeye abundance
was detected from an analyses of adult returns
even though growth reduction was observed
(Ruggerone et al., 2003). Harris (1989) noted that

many Bristol Bay salmon were harvested on the
high seas during this early period and were not
counted in Bristol Bay catch statistics. Thus, it is
possible that catches of salmon on the high seas by
international fisheries confounded the analysis
prior to 1977.

Kamchatka, Russia
Asian pink salmon have been shown to have a
significant adverse effect on the growth of Russian
sockeye salmon (Krogius 1964, 1967; Bugaev
et al., 2001). Bugaev et al. (2001) examined age
and sex-specific mature body weights of Ozernaya
River sockeye salmon (eastern Kamchatka Penin-
sula), 1970–1994, and found that weight of sock-
eye salmon was inversely related to abundances of
local eastern and western Kamchatka pink and
sockeye salmon. They estimated that an increase in
Kamchatka pink salmon from zero fish to average
abundance (�75 million fish) would cause a 20%
reduction in sockeye body weight, whereas an in-
crease from zero fish to the peak observed pink
salmon run (�170 million fish) could reduce body
weight of some sockeye age groups up to 50%.
Although the relationships were weak, Bugaev
et al. (2001) suggested that on a per capita basis
sockeye salmon had a greater effect on sockeye
weight than pink salmon, but that pink salmon
ultimately had a greater effect on sockeye salmon
because pink salmon were much more abundant.

Krogius (1967) examined annual scale pat-
terns of sockeye salmon collected from the
Ozernaya River, 1945–1957, and reported scale
growth at sea was inversely related to pink sal-
mon abundance. He hypothesized that competi-
tion for food was greatest during mid-summer
and thereafter when prey availability was less.
This hypothesis was recently substantiated by
analyses of seasonal scale growth patterns of
Bristol Bay sockeye salmon in which growth
reduction began immediately after peak scale
growth in spring (Ruggerone et al., 2005).
However, the alternating-year growth pattern of
Ozernaya sockeye salmon was not consistent for
all age groups of salmon, leading Krogius to
suggest sockeye migration patterns varied among
the groups. Although somewhat speculative, he
further suggested that increased high seas fishing
effort on pink salmon during the study period
led to greater growth of sockeye salmon as a

377



result of less competition. Similar findings of
interactions with pink salmon were found for
Lake Dalnee (eastern Kamchatka Peninsula)
sockeye salmon (Krogius, 1964).

Bugaev and Dubynin (2000) examined a
variety of factors potentially affecting the abun-
dance of adult Ozernaya River sockeye salmon,
1976–1998, and hypothesized that Kamchatka
pink salmon negatively influenced sockeye
abundance. More recently, Bugaev (2002) com-
mented on the potential relationship between an
88% increase in Asian sockeye salmon abun-
dance and the sudden collapse in 1985 of odd-
year pink salmon runs in western Kamchatka
(97% reduction from approximately 60 million
pink salmon during 1975–1983). The pink sal-
mon collapse appeared to be influenced by the
exceptionally large spawning escapement and
overcrowded spawning grounds in 1983 (�110
million spawners). Since 1983, even-year pink
salmon runs to western Kamchatka increased
substantially to approximately 61 million salmon
per year and odd-year runs declined to less than
two million fish per year. In eastern Kamchatka
during this same period, odd-year runs of pink
salmon increased from approximately 40 to 72
million salmon whereas even-year runs increased
only slightly from 11 to 15 million salmon. An-
nual Kamchatka pink salmon abundance in-
creased approximately 5% from 1976–1983 to
1984–1998. Bugaev hypothesized that the recent
de-synchronization of the western and eastern
Kamchatka pink salmon runs led to greater
growth and survival of Kamchatka sockeye sal-
mon because Kamchatka pink salmon are pres-
ently spread between both odd- and even-year
lines rather than concentrated in the odd-year
line.

In contrast to the hypothesis suggested by
Bugaev, there is evidence that the significant shift
in Kamchatka pink salmon abundance may have
influenced the recent decline of Bristol Bay sockeye
salmon that began with the 1991 brood year.
Abundance of eastside Bristol Bay salmon (Kvi-
chak, Naknek, Egegik, Ugashik stocks) declined
48% during brood years 1991–1998 compared
with those in 1973–1990 (Ruggerone, unpublished
analysis). Coincidentally, the 1991 brood year
produced age-1 smolts that entered Bristol Bay in
1993 and competed with Asian pink salmon in
1994, the year that marked the beginning of rela-

tively large runs of both odd- and even-year pink
salmon. Instead of competing primarily with odd-
year pink runs, eastside Bristol Bay sockeye
salmon have been competing with continuously
large Kamchatka pink salmon runs since the early
1990s. In contrast with eastside Bristol Bay sal-
mon, westside Bristol Bay sockeye salmon
(Nushagak District, Togiak stocks), whose ocean
distribution is further east and overlaps less with
Asian pink salmon (Rogers, 1987; Myers, 1997),
increased slightly in abundance (17% increase).
Further research is necessary to determine the
validity of these hypotheses.

British Columbia
In contrast to the aforementioned studies,
Peterman (1982) reported that smolt-to-adult sur-
vival of Babine Lake (British Columbia) sockeye
salmon was positively correlated with the abun-
dance of pink salmon fry entering the ocean with
juvenile sockeye salmon, 1961–1978. He hypothe-
sized that juvenile pink salmon, which were similar
in size to sockeye smolts in marine waters, may
have swamped predators. However, sockeye sal-
mon survival was also inversely related to adult
pink salmon abundance, suggesting adult pink
salmon might be a potential predator or possibly a
competitor species. No data were collected from
the marine waters to test these competing
hypotheses.

Chum and pink salmon interactions

Diet overlap and prey availability
Pink and chum salmon (O. keta) have similar life
histories during early marine life and both species
can be highly abundant. Pink salmon enter marine
waters after minimal feeding or rearing in fresh
and estuarine waters, whereas chum salmon feed
briefly on freshwater and estuarine prey before
entering nearshore marine areas (Healey, 1980;
Heard, 1991). Chum salmon tend to enter near-
shore marine areas after pink salmon, but both
species rear in nearshore waters for weeks to
months before moving offshore. In the Pacific
Northwest, large and small mixed-species schools
of chum and pink salmon have been observed
(Heard, 1991). Juvenile pink and chum salmon are
opportunistic foragers and their diet can be similar

378



in coastal waters (Kaczynski et al., 1973; Beacham
and Starr, 1982; Duffy, 2003).

Diet of chum salmon can be altered by pink
salmon in offshore marine waters. Sano (1963)
reported that total prey weight consumed by chum
salmon in the Western North Pacific Ocean during
May through August, 1955–1962, was approxi-
mately 27% lower during odd-numbered years
when pink salmon were abundant. Ivankov and
Andreyev (1971) reported that feeding rates of
immature chum salmon near the Kuril Islands
were lower in years of high juvenile pink salmon
abundance. Tadokoro et al. (1996) examined the
diet of pink and chum salmon from the Bering Sea
and central North Pacific Ocean during June and
July and reported that dominant prey of chum
salmon changed from gelatinous zooplankton
(pteropods, appendicularians, jellyfishes, etc) in
1991 when numerous pink salmon were present to

crustaceans (euphausiids, copepods, amphipods,
etc.) and some micronekton (squid and fish) in
1992 when few pink salmon were present. Local
biomass of crustaceans in 1991 was inversely
related to catch per effort of pink salmon, further
indicating pink salmon reduced prey availability.
In 1992, crustacean biomass was inversely related
to chum salmon abundance, indicating intraspe-
cific competition was also important. Other
researchers have documented a shift in the diet of
chum toward less nutritional prey in years of high
pink salmon abundance (Salo, 1991). On the high
seas, chum salmon appear to minimize competi-
tion with pink and sockeye salmon by consuming
gelatinous zooplankton that are seldom consumed
by other salmon (Welch and Parsons, 1993;
Azuma, 1995).
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Pacific Northwest
Phillips and Barraclough (1978) reported that
chum salmon fry in the Strait of Georgia near the
Fraser River estuary were larger in 1967 and 1969
(when pink salmon fry abundance was low) com-
pared with those in 1966 and 1968 (when pink
salmon fry were abundant), indicating consump-
tion of prey by chum fry was reduced by pink
salmon. Pratt (1974) reported that adult chum
salmon in Puget Sound, 1954–1970, were smaller
when they returned with the abundant odd-year
pink salmon. Thus, during odd-numbered years in
the Pacific Northwest, growth of juvenile chum
salmon was greater (few juvenile pink salmon
present), whereas size of adult chum salmon was
less (numerous adult pink salmon present).

In Puget Sound and the Fraser River, large
odd-year runs of adult pink salmon produce large
numbers of pink salmon fry that enter marine
waters in even-numbered years. Adult abundance,
productivity (return per spawner), and survival of
chum salmon is reportedly lower when juvenile
chum salmon enter Puget Sound and Strait of
Georgia in even-numbered years with numerous
juvenile pink salmon (Gallagher, 1979; Beacham
and Starr, 1982; Salo, 1991; Fresh, 1997). For
example, during 1968–1998, adult chum salmon
returns to Puget Sound exhibited an alternating-
year pattern and their abundance was inversely
correlated with pink salmon abundance (Fig-
ure 6). Beacham and Starr (1982) reported that
fry-to-adult survival of Fraser River chum salmon
declined 44% (from 1.53 to 0.85% survival) when
they entered marine waters in even-numbered
years with numerous juvenile pink salmon, 1961–
1979. Beacham and Starr (1982) also reported that
survival of chum salmon was greater when the
median downstream migration timing of chum fry
was earlier relative to pink salmon. Early migra-
tion timing appeared to reduce competition with
pink salmon, thereby enhancing survival.

The odd/even year cycle of chum salmon
abundance in the Pacific Northwest is maintained,
in part, by a regular alteration in the age-at-
maturity that appears to be an evolutionary
response to competition with pink salmon
(Gallagher, 1979; Smoker, 1984). In Puget Sound,
odd-year broods of chum salmon, which produce
fry that compete with numerous pink salmon fry,
mature at a 50:50 ratio of age-3 and age-4 adult
salmon (Salo, 1991). In contrast, even-year

broods, whose fry experience little competition,
produce approximately 35% age-3 and 65% age-4
chum salmon. Chum salmon returning to the
Fraser River also exhibit this pattern of matura-
tion. This unique pattern of maturation by chum
salmon, along with a reduction in survival of odd-
year broods, led to a greater number of adult chum
salmon returning during even-numbered years.
Progeny of these adults experienced less competi-
tion with pink salmon and greater survival.

Smoker (1984) used a simulation modeling
approach to examine whether the alternating age
of maturation of Puget Sound chum salmon was
related to environmental versus genetic factors. He
concluded that age-at-maturation was highly her-
itable and that genetic factors led to the alternating
pattern of maturity in response to competition
with odd-year pink salmon. This finding suggests
competition may have been a significant factor for
many generations, leading to a genetically influ-
enced pattern of maturation that reduced compe-
tition. A key assumption in this analysis was that
differences in age and size of chum salmon origi-
nating from odd- versus even- brood years led to
little interbreeding between the two brood lines. It
is noteworthy that the alternating-year pattern of
chum salmon abundance was consistent before
and after the 1982/1983 El Nino event that
appeared to mark a shift in the interaction between
pink salmon and Puget Sound Chinook salmon
(see below). This consistency might reflect the
influence of genetics on altering age-at-maturation
as suggested by Smoker. ‘‘Alternatively, greater
survival of even-year brood chum salmon in re-
sponse to pink salmon and greater intraspecific
competition among chum salmon at older life
stages might have led to delayed maturation and
the observed alternating-year pattern of chum run
size.’’

No pink salmon are produced along the Ore-
gon and Washington coasts, yet chum salmon
stocks exhibit an alternating-year pattern of run
size and age at maturity (Salo, 1991). For example,
our updated analysis indicated chum salmon
abundance in the Columbia River was 50%
greater during even- compared with odd-num-
bered years, 1960–2000 (df ¼ 1, 39; F ¼ 4.88,
P ¼ 0.033; data source: ODFW/WDFW, 2002).
The cyclic pattern of chum abundance was con-
sistent throughout the 40-year period and did not
change in response to climate patterns. The pat-
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tern of chum salmon abundance, which is consis-
tent with Puget Sound and Fraser River chum
salmon populations, might be explained by either
a lingering genetic effect (Smoker, 1984) estab-
lished when pink salmon were possibly abundant
in this area or by competition with pink salmon in
the ocean after chum salmon migrate north. Fur-
ther research is needed to isolate the cause of this
pattern of abundance in chum salmon along the
Oregon and Washington coasts.

Kamchatka, Russia
Sinyakov and Ostroumov (1998) evaluated the
return per spawner of northeast Kamchatka pink
salmon, 1957–1993, as a means to predict adult
returns of chum salmon to this region. They sug-
gested that interspecific competition between pink
and chum salmon was much less important than
intraspecific competition and that environmental
factors during spawning, downstream migration,
and marine periods similarly affected pink and
chum salmon. The researchers did not evaluate
alternating-year age-at-maturation.

North Pacific Ocean
The shift in the diet of chum salmon in the
North Pacific Ocean in response to pink salmon
(see previous discussion) may affect growth of
chum salmon. Walker and Myers (1998) exam-
ined scale growth of chum salmon collected
south of the Aleutian Islands and concluded that
chum growth during their third year at sea was
inversely related to both Asian pink and chum
salmon abundances. The inverse correlation
between chum scale growth and Asian pink
salmon abundance was observed before and after
the 1977 regime shift. Competition with Asian
pink salmon was not apparent during the first
two years at sea.

Azumaya and Ishida (2000) examined the
density and distribution of chum salmon in rela-
tion to pink salmon density in the North Pacific
and Bering Sea using monthly gill net operations,
1972–1998. They reported that the distribution
patterns of chum salmon in offshore waters shifted
between even- and odd-numbered years and was
opposite that of pink salmon density. Chum sal-
mon were concentrated to the west in even-num-
bered years and were relatively abundant in the
Bering Sea (i.e., years of low Asian pink salmon
abundance in this region). During odd-numbered

years, when pink salmon were abundant in the
Bering Sea, density of chum salmon declined in the
Bering Sea and increased in the eastern North
Pacific Ocean. In contrast to findings of other
studies, Azumaya and Ishida (2000) reported that
age-specific growth of chum and pink salmon
(change in mean length from year to year) was not
related to the density of the other species, but
growth was dependent on abundance of conspe-
cifics. The authors suggested that growth of chum
salmon was indirectly influenced by pink salmon
because pink salmon altered the distribution of
chum salmon, leading to high densities of chum
salmon in specific ocean regions and density-
dependent growth.

Laboratory study
Beacham (1993) conducted a laboratory study in
order to evaluate competition between pink and
chum salmon fry in a controlled environment. In
contrast to the aforementioned studies, he found
that mean weight and survival of chum salmon did
not decline in response to increasing density of
pink salmon. Instead, weight of pink and chum fry
declined in response to increasing density of chum
salmon. The results of this experiment may have
been influenced by relatively large size of chum
salmon (50% larger than pink salmon) and the low
daily growth of pink salmon in the aquaria under
monoculture and multiple species conditions. This
experiment highlighted the influence of body size
on species interactions.

Chinook and pink salmon interactions

Diet overlap
Juvenile and immature Chinook salmon
(O. tshawytscha) are opportunistic in their prey
selection, but they tend to feed on higher trophic
level prey at earlier life stages compared with pink
salmon, based on diet (Brodeur, 1990) and stable
isotope analyses (Welch and Parsons, 1993;
Kaeriyama et al., 2004). Some diet overlap exists
between juvenile pink and Chinook salmon that
recently enter marine waters, but it is much less
than that between pink and chum salmon (Healey,
1980, 1991; Duffy, 2003). In the Pacific Northwest,
the size of juvenile pink and subyearling Chinook
salmon do not differ significantly at the time chi-
nook enter marine waters since pink fry have been
growing in marine areas for weeks to months.
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Pacific Northwest
In the Pacific Northwest, where adult pink salmon
are highly abundant in odd-numbered years, the
release of 53.5 million coded-wire-tag (CWT)
Chinook salmon was used to examine potential
competition between subyearling pink and
Chinook salmon (Ruggerone and Goetz, 2004).
Coded-wire-tagged subyearling Chinook salmon
released into streams and entering Puget Sound
during even-numbered years experienced 62%
lower survival than those entering the sea during
odd-numbered years, 1984–1997 (Figure 7). This
pattern was consistent for 10 Puget Sound stocks
(range: 36–86% survival reduction depending on
stock) and three lower mainland British Columbia
stocks near the Fraser River (45–61% survival
reduction). Analysis of age-specific recovery rates
of Chinook salmon indicated that lower survival
from even-year releases was established during the
first year at sea. Furthermore, Chinook salmon
entering Puget Sound and the eastern Strait of
Georgia with numerous juvenile pink salmon in
even-numbered years experienced significantly
reduced growth during the first year at sea (aver-

age 17 mm reduction among survivors) and de-
layed maturation (average 12% increase in age-4
and older salmon). In contrast, few pink salmon
originate from streams along coastal Washington
and lower Vancouver Island and survival of tagged
Chinook salmon released into these streams
(9 stocks) did not vary between even- and odd-
numbered years (P > 0.05). The lack of an alter-
nating-year pattern in coastal stocks and the
observation that growth and survival of Chinook
salmon were reduced during the first year at sea
indicates survival and growth were primarily
influenced in Puget Sound and the lower Strait of
Georgia.

The survival pattern of Puget Sound Chinook
salmon in relation to pink salmon appeared to be
influenced by climate-induced changes in the
marine environment. During 1972–1983 and
immediately prior to the exceptional 1982/1983 El
Nino (Pearcy, 1992), the odd/even year survival
pattern of Puget Sound Chinook salmon tended to
be opposite that during 1984–1997 (Ruggerone
and Goetz, 2004; Figure 7). Prior to the 1982/1983
El Nino, sea surface temperatures along the coast
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Figure 7. Release to recovery survival of coded-wire-tagged subyearling chinook salmon released into 10 Puget Sound watersheds
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were relatively cool, upwelling was more frequent,
prey availability was greater, and Puget Sound
Chinook salmon experienced relatively high sur-
vival when they entered Puget Sound with
numerous juvenile pink salmon. The researchers
provided evidence that salmon predators and prey
in the Puget Sound region were much more
abundant during 1972–1983. They hypothesized
that prior to the 1982/1983 El Nino, growth of
juvenile Chinook salmon was relatively high and
pink salmon provided a buffer to abundant pre-
dators rather than competition for prey.

The investigation of pink and Chinook salmon
interactions in the Puget Sound region provided
evidence that climate can alter predator-prey
interactions and competition between species
(Ruggerone and Goetz, 2004). From 1972–1983 to
1984–1997, Chinook survival in Puget Sound de-
clined 50%, juvenile herring (Chinook prey) and
piscivorous seabird abundance declined substan-
tially (PSWQAT, 2002), but pink salmon abun-
dance nearly doubled. A factor contributing to
competition and the inverse relationship between
pink and Chinook salmon was believed to be the
observed earlier peak zooplankton production
during the recent period (Bornhold, 1999) that
favored early-arriving juvenile pink salmon over
Chinook salmon. Ruggerone and Goetz (2004)
suggested that the primary mortality source for
Chinook salmon switched from predators to
competitors in response to climate change and
associated changes of marine species in the Puget
Sound region.

Kamchatka, Russia
Grachev (1967) analyzed annual and seasonal
scale patterns of stream-type Chinook salmon
returning to the Kamchatka River, Russia, 1935–
1955. The translated manuscript indicated that
scale growth was inversely related to pink salmon
abundance during the first and second growing
seasons at sea, but not during subsequent years.
Growth of juvenile Chinook salmon in their first
ocean year was less during even-numbered years,
corresponding with abundant juvenile pink salmon
produced by the dominant odd-year broods
(Sinyakov 1998). During the second year at sea,
chinook growth was reportedly greater during
odd-numbered years, a trend that was opposite
that observed in Bristol Bay sockeye salmon
(Ruggerone et al., 2003) and opposite that of

Chinook salmon captured in the central Bering
Sea during the 1990s (K. Myers, unpublished data,
University of Washington, personal communica-
tion). Although there were some inconsistencies in
the translated manuscript, the findings suggest
Kamchatka Chinook salmon may be distributed
westward of most Asian pink salmon during their
second growing season.

Coho and pink salmon interactions

Coho salmon (O. kisutch) feed at a higher trophic
level (e.g., fishes and squid) than pink salmon
during the first season at sea, but diet overlap
increases during the second season as pink salmon
switch to larger prey such as fish and squid
(Brodeur, 1990; Ogura et al., 1991). Stable isotope
ratios suggested some overlap in the trophic level
of pink and coho salmon (Welch and Parsons,
1993; Kaeriyama et al., 2004). Consistent with the
observation of diet overlap during the second
growing season, Ogura et al. (1991) reported that
final year growth rates of coho salmon were lower
in years of high pink salmon abundance (odd-
numbered years) in the western North Pacific
Ocean. We are aware of no other studies that
examined interactions between pink and coho
salmon in the marine environment.

Intraspecific competition

Pink salmon are highly abundant and their rapid
migration and dispersal as fry from streams
through the estuary and into nearshore marine
waters may be a mechanism to minimize intra-
specific competition during early life. In offshore
waters of the Bering Sea and central North Pacific
Ocean, reduced consumption of prey and alter-
ation of diet has been documented during odd-
numbered years when pink salmon abundance is
great (Tadokoro et al., 1996; Davis, 2003). Walker
and Myers (1998) examined scale growth of pink
salmon collected south of the Aleutian Islands and
found second year scale growth was density-
dependent prior to the 1977 climate shift when
zooplankton and pink salmon abundance was less
(Brodeur and Ware, 1992; Mantua et al., 1997).
After 1977, when salmon abundance and prey
production was relatively great, Walker and Myers
found that both first and second year growth were
positively correlated with pink salmon abundance.
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This analysis included both even- and odd-year
lines of pink salmon, which may have confounded
density-dependent relationships. After excluding
the genetically distinct and smaller even-year pink
salmon (see below), Azumaya and Ishida (2000)
demonstrated that size of odd-year pink salmon in
the Bering Sea was inversely related to their
abundance during 1973–1997. We examined aver-
age weight of odd-year adult pink salmon in Puget
Sound, 1959–1999, and found that their weight
was inversely related to total abundance of pink
salmon returning to the Fraser River and Puget
Sound (n ¼ 21, P ¼ 0.013, R2 ¼ 0.28).

The relationship between pink salmon growth
and density may be confounded by the unique
genetic characteristic of odd- versus even-year
pink salmon, which are genetically distinct
(Heard, 1991). For example, Azumaya and Ish-
ida (2000) documented that length of pink sal-
mon in the Bering Sea during July was
significantly greater during odd-numbered years
when pink salmon were highly abundant com-
pared with length in even-numbered years (few
smaller-sized pink salmon were captured in even
years). These authors attributed greater size of
odd-year pink salmon to genetic factors. Heard
(1991) reviewed adult size of pink salmon from
North America and concluded that the odd-year
line of pink salmon tended to be larger than the
even-year line. This pattern was consistent in
areas where odd-year pink salmon were domi-
nant (e.g., Puget Sound) and in areas where both
odd- and even-year pink salmon were relatively
abundant (e.g., central and northern British
Columbia). In contrast, in some areas of Russia,
pink salmon size was inversely related to abun-
dance (Heard, 1991).

Birman (1976) argued that the two-year life
cycle of abundance shown by pink salmon and
other salmon species in Russia was related to a
variety of factors other than interspecific compe-
tition. Birman (1976) suggested that abundances of
zooplankton and salmon in the North Pacific
Ocean was related, in part, to two-year cycles in
ocean currents and wind, which in turn were
influenced by a two year solar cycle. He also sug-
gested that a two-year cycle in river flows influ-
enced pink and chum salmon in the Amur River,
Russia, and interactions between seaward migrat-
ing juvenile salmon and returning adults main-
tained two-year cycles of abundance. We are not

aware of other studies that support Birman’s ideas
on two-year cycles in the North Pacific Ocean.

The genetically distinct odd-and even-year lines
of pink salmon can lead to significantly different
levels of abundance that is maintained, in part, by
the invariable two-year life cycle of pink salmon.
Ricker (1962) and Heard (1991) reviewed possible
mechanisms that might lead to dominance of one
line. Potential mechanisms included depensatory
mortality where small populations suffer dispro-
portionately greater mortality, depensatory fish-
ing, cannibalism of adults on juvenile pink salmon,
fouling of the spawning grounds by dead eggs
produced by the dominant line, and food compe-
tition. Ultimately, Ricker could find no strong
evidence for any single mechanism and suggested
that multiple factors likely interact to develop and
maintain dominance. It is noteworthy that con-
siderable attempts to establish or enhance off-year
lines of pink salmon through supplementation
have failed (Heard, 1991). It is also noteworthy
that the off-year line in western Kamchatka
rebounded immediately following the collapse of
the dominant odd-year line in response to signifi-
cant over-crowding of the spawning grounds
(Bugaev, 2002). These findings suggest that the
odd-year line was somehow suppressing the even-
year line, but not by fouling of the spawning
grounds or cannibalism. Intraspecific competition
remains a possible mechanism leading to dominant
pink salmon cycles, possibly by influencing cyclic
patterns in production of prey species at critical
early life stages (Ruggerone et al., 2005).

Interactions with pink salmon in freshwater

Juvenile pink salmon spend little time in freshwa-
ter habitats prior to migrating to sea (Heard,
1991), therefore effects of competition with other
species in fresh water is likely negligible. However,
as described below, several studies indicate pink
salmon benefit other salmon species, primarily by
providing an important source of food.

A variety of studies have documented signifi-
cant predation on pink salmon as they migrate
down river to marine waters (Heard, 1991). Coho
salmon, steelhead (O. mykiss), cutthroat trout
(O. clarki clarki), and char (Salvelinus spp.) are key
predators that benefit from the abundance of pink
salmon fry. Pink salmon fry are also consumed by
other salmonids in nearshore marine waters.
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In the Skagit River, Washington, the adult
return per spawner of coho salmon was positively
correlated with pink salmon spawners co-occur-
ring with subyearling life stage coho salmon
(Michael, 1995). Juvenile coho salmon reportedly
consumed pink salmon eggs and flesh of carcasses,
leading to greater growth and survival.

In the Keogh River, British Columbia, steel-
head smolt abundance and size were positively
correlated with the abundance of spawning pink
salmon during the previous fall (Ward and Slaney,
1988). During the fall, steelhead parr fed inten-
sively on dislodged pink salmon eggs and possibly
carcasses, leading to enhanced growth and survival
in freshwater. Steelhead survival at sea was posi-
tively correlated with smolt size, suggesting that
consumption of pink salmon in streams also had a
beneficial effect on survival at sea.

Pink salmon typically spawn prior to most other
species of Pacific salmon, therefore their redds may
be subjected to superimposition by other salmon
spawning in the same reaches. Gallagher (1979),
who documented lower returns of Puget Sound
chum salmon that competed with juvenile pink
salmon in marine waters, provided evidence that
pink salmon returns declined with increasing
abundances of chum salmon on the spawning
grounds. Other than interactions involving preda-
tion, this is one example where pink salmon were
adversely affected by other Pacific salmon.

Discussion

Interspecific competition has long been thought to
be one of themore important processes determining
the structure of natural communities, and many
studies have documented competition in terrestrial,
freshwater, and marine communities (Schoener,
1983; Bertness et al., 2001; Chase et al., 2002). Still,
the role of interspecific competition in structuring
populations has been controversial, largely because
many factors may influence populations and be-
cause ‘‘ghosts of competition past’’ may or may not
have been important in partitioning of species ni-
ches and reducing competition during the current
period. The variety of studies presented here utilized
the natural experimental control provided by
alternating-year abundances of pink salmon to
show that prey abundance, diet, growth, and sur-
vival of salmon varied inversely to pink salmon

abundance. These studies provide evidence that
competition can be an important process in offshore
marine waters where the lack of experimental con-
trols and vast area occupied by migratory species
often inhibit evaluation of interspecific competition
(Cushing, 1975; Sinclair, 1988).

The variety of studies from the North Pacific
Ocean, Bering Sea, and adjoining coastal waters
indicates pink salmon influenced each species of
salmon by reducing availability of prey. Chum and
sockeye salmon experienced lower prey availabil-
ity, reduced food consumption and growth, and
lower survival in years when pink salmon were
abundant (e.g., Salo, 1991; Ruggerone et al.,
2003). Puget Sound Chinook salmon experienced
reduced growth and survival when pink salmon
were abundant (Ruggerone et al., 2004), and one
study indicated growth of coho salmon on the high
seas was reduced during years of high pink salmon
abundance (Ogura et al., 1991). In the North Pa-
cific Ocean, consumption of key prey changed
more in sockeye and chum salmon than in pink
salmon when abundance of pink salmon was great
(Salo, 1991; Tadokoro et al., 1996; Davis, 2003),
suggesting that pink salmon were efficient forag-
ers. We are not aware of studies indicating other
salmon species adversely affect pink salmon in
marine waters through competitive interactions,
although a laboratory study suggested growth of
pink salmon fry declined in the presence of large
chum salmon (Beacham, 1993). The consistency in
findings presented here suggests that pink salmon
may be the dominant competitor among salmo-
nids in the North Pacific Ocean.

Competitor characteristics of pink salmon

The ability of pink salmon to affect other salmo-
nids stems from their great abundance, rapid
growth, high feeding rates, and their unique life
history (LeBrasseur and Parker, 1964; Heard,
1991). Pink salmon enter the marine waters, such
as Puget Sound, before many other subyearling
salmon and begin foraging on small, lower trophic
level invertebrates (Healey, 1980). This life history
trait enables pink salmon to avoid competition in
freshwater and estuarine areas while allowing
access to marine prey before most other salmon.
Subyearling Chinook and chum salmon tend to
follow pink salmon from nearshore to epipelagic
habitats and they experience reduced prey avail-
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ability or growth in years of high pink salmon
abundance (Salo, 1991; Ruggerone and Goetz,
2004). In the North Pacific Ocean, sockeye salmon
from Bristol Bay appear to follow pink salmon as
both species migrate northwest during spring
(Myers et al., 1996), leading to reduced growth of
sockeye salmon. In spring of their second season at
sea, pink salmon appear to begin exploiting large
prey, such as squid, earlier in the season compared
with smaller sockeye salmon (Aydin, 2000). Pink
salmon also appear to exploit key prey more effi-
ciently than sockeye and chum salmon (Tadokoro
et al., 1996; Davis, 2003). Thus, pink salmon
compete with other species by directly altering
prey availability of other salmon or indirectly by
feeding on smaller prey and altering food web
dynamics.

Climate change and competition

Competition betweenpink andother salmon species
was observedbefore andafter the 1977ocean regime
shift, suggesting the influence of competition can
transcend recent climatic events. Competition was
observed before and after 1977 among Bristol Bay
and Russian sockeye salmon (Krogius, 1967; Bu-
gaev et al., 2001; Ruggerone et al., 2005) and chum
salmon in theNorth PacificOcean and Puget Sound
(Sano, 1963; Tadokoro et al., 1996; Salo, 1991).
However, in the Puget Sound region, coded-wire-
tag data indicated mortality of chinook salmon
switched from predation-based to competition-
based mortality in response to the 1982/1983 El
Nino that influencedpredator, competitor, andprey
abundances (Ruggerone and Goetz, 2004). Thus,
competition can be an important factor affecting
salmon populations in multiple climatic regimes or,
in some cases, it may only occur during periods of
low prey reduction.

Climate has a long-term effect on salmon
populations, as indicated by the 1977 ocean regime
shift that led to substantial increases in abun-
dances of all salmon species in northern regions
(Rogers 1984, Mantua et al., 1997; Figure 1). If
population trends of salmon species are positively
correlated, how can competition be an important
factor regulating salmon populations in the marine
environment? We propose that the answer lies in
the temporal and spatial scales of competition and
other factors that influence salmon abundance.
Although mechanisms leading to greater salmon

abundance after 1977 are not well known, greater
prey production during early marine life may have
been a key factor (Brodeur and Ware, 1992;
Ruggerone et al., 2002). Apparently all species of
salmon benefited by this change because they are
opportunistic foragers and their diets are often
similar (Welch and Parsons, 1993; Kaeriyama
et al., 2004). However, the rapid increase in sal-
mon after 1977 led to food limitations, as indicated
by studies of intraspecific competition effects on
salmon growth at sea (Bigler et al., 1996; Rogers
and Ruggerone, 1993). Thus, while climate change
enhanced salmon survival during a critical life
stage of salmon, prey availability at some life
stages was limited and competition continued to
influence growth and survival of salmon. The
finding of competitive dominance of pink salmon
across multiple climate regimes seems to be
somewhat unique in the ecological literature be-
cause other studies suggest climate change may
alter competition and favor one species over the
other (Skud, 1982; Jiang and Kulczycki, 2004).

Management implications

The finding that interspecific competition in mar-
ine waters can affect salmon population levels has
important implications for management of salmon
harvests and hatcheries. Competition is a function
of species abundances and salmon hatcheries have
released up to five billion salmon per year into the
North Pacific Ocean in order to enhance or
maintain harvests (Mahnken et al., 1998). In some
regions, such as the Pacific Northwest, numerous
hatchery salmon are released into streams with
depressed native salmon runs. Although interac-
tions between hatchery and native salmon have
rarely been directly studied in marine waters
(Levin et al., 2001), concerns have been raised
about effects of competition (Bigler et al., 1996;
Pearcy et al., 1999). These concerns have raised
the controversial question of whether hatchery
salmon production should be allocated among
countries (Joyner, 1975; Heard, 1998), but actions
are unlikely without more data indicating compe-
tition can limit population abundances.

Competition from conspecific salmon can be
greater than that from other species because
niche overlap is greater among conspecific sal-
mon (Azumaya and Ishida, 2000; Bugaev et al.,
2001; Ruggerone et al., 2003). Studies of intra-
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specific competition, however, typically lack the
experimental control, such as that offered by
cyclic pink salmon abundances, needed to eval-
uate the effects of competition on population
levels. Effects of intraspecific competition are
typically based on changes in growth or habitat
utilization. Given the greater per capita effect of
intraspecific competition, our review of interspe-
cific competition provides evidence that intra-
specific competition may significantly influence
salmon growth and survival, especially when
numerous hatchery fish are released into the
environment during periods of low prey produc-
tion (Achord et al., 2003).

Future research

Mechanisms linking pink salmon to reduced
growth and/or survival of other salmon is not well
known in some regions. For example, in Puget
Sound, where Chinook salmon exhibited a strong
alternating-year pattern of growth and survival
that was opposite pink salmon abundance, juve-
nile Chinook salmon feed more on larger and
higher trophic level prey compared with juvenile
pink salmon, and the linkage between pink and
Chinook salmon was not obvious (Ruggerone and
Goetz, 2004). The researchers suggested that pink
salmon might indirectly reduce availability of
Chinook salmon prey by altering food web
dynamics. Although diet of salmon has been fre-
quently examined, food web dynamics supporting
foraging salmon are not well known because sal-
mon continually change habitats and prey prefer-
ences as they grow and because prey population
dynamics are rarely studied.

In Alaska, Bristol Bay sockeye salmon exhib-
ited a strong alternating-year pattern in growth at
sea from 1955 to 2000 (Ruggerone et al., 2003).
This pattern was persistent even though sockeye
are broadly distributed and forage in ocean
regions having different dominant prey species
(Aydin, 2000). Examination of seasonal sockeye
scale growth indicated growth reduction began
after peak growth in spring and continued well
after pink salmon had migrated to coastal waters
(Ruggerone et al., 2005). These researchers
hypothesized that two-year life cycles of key prey,
in conjunction with predation by cyclic pink sal-
mon, may help maintain cyclic patterns in prey

abundances and the observed cyclic patterns of
salmon growth and survival.

Observations of competition between pink sal-
mon and other salmon were facilitated by alter-
nating-year patterns of pink salmon abundance.
These observations suggest new hypotheses about
food web dynamics, life history patterns of prey
species, and mechanisms in which climate change
influences species assemblages in the ocean. In
addition to the natural experimental control pro-
vided by the alternating-year pattern of pink sal-
mon abundance, Pacific salmon provide a unique
research tool because they migrate across large
expanses of the North Pacific Ocean, then return
to natal streams where data can be readily gath-
ered on their seasonal growth at sea, survival and
abundance. These characteristics of salmon and
relatively long time series of data for some salmon
stocks provide opportunities to investigate rela-
tionships among physical oceanographic and cli-
matic conditions, community structure and
population dynamics, and anthropogenic activities
that affect fish and fisheries. Studies should at-
tempt to incorporate the natural experimental
control provided by alternating-year abundances
of pink salmon.

Acknowledgements

We appreciate comments provided by N. Davis
and two anonymous reviewers. The U.S. Geolog-
ical Survey Global Change Program and the
USGS Alaska Science Center Office of Biological
Sciences supported preparation of this manuscript.

References

Achord, S., Levin, P.S. and Zabel, R.W. (2003) Density-

dependent mortality in Pacific salmon: ghosts of impact past?

Ecol. Lett. 6, 335–342.

Anderson, P.J. and Piatt, J.F. (1999) Community reorganiza-

tion in the Gulf of Alaska following ocean climate regime

shift. Mar. Ecol. Progr. Ser. 189, 117–123.

Aydin, K.Y. (2000) Trophic feedback and carrying capacity of

Pacific salmon (Oncorhynchus spp.) on the high seas of the

Gulf of Alaska. Ph.D. dissertation, University of Washing-

ton, Seattle, WA 396 pp.

Azuma, T. (1995) Biological mechanisms enabling sympatry

between salmonids with special reference to sockeye and

chum salmon in oceanic waters. Fish. Res. 24, 291–300.

Azumaya, T. and Ishida, Y. (2000) Density interactions

between pink salmon (Oncorhynchus gorbuscha) and chum

387



salmon (O. keta) and their possible effects on distribution and

growth in the North Pacific Ocean and Bering Sea. N. Pac.

Anadr. Fish. Comm. Bull. 2, 165–174.

Batten, S.D., Welch, D.W. and Jonas, T. (2003) Latitudinal

differences in duration of development of Neocalanus plum-

chrus copepodites. Fish. Oceanogr. 12, 201–208.

Beacham, T.D. (1993) Competition between juvenile pink

salmon (Oncorhynchus gorbuscha) and chum salmon

(O. keta) and its effect on growth and survival. Can. J. Zool.

71, 1270–1274.

Beacham, T.D. and Starr, P. (1982) Population biology of

chum salmon, Oncorhynchus keta, from the Fraser River,

British Columbia. Fish. Bull. 80, 813–825.

Beamish, R.J., and Bouillon, D.R. (1993) Pacific salmon

production trends in relation to climate. Can. J. Fish Aquat.

Sci. 50, 1002–1016.

Beamish, R.J. and Mahnken, C. (2001) A critical size and

period hypothesis to explain natural regulation of salmon

abundance and linkage to climate and climate change. Progr.

Oceanogr. 49, 423–437.

Bertness, M.D., Gaines, S.D. and Hay, M.E. (2001) Marine

Community Ecology. Sinauer Associates, Sunderland, MA

550 pp.

Bigler, B.S., Welch, D.W. and Helle, J.H. (1996) A review of

size trends among North Pacific salmon (Oncorhynchus spp.).

Can. J. Fish. Aquat. Sci. 53, 445–465.

Birman, I.B. (1976) Minor cycles in the abundance dynamics of

salmon. J. Icthyyol. 16, 364–372.

Bornhold, E.A. (1999) Interannual and interdecadal patterns in

timing and the abundance of phytoplankton and zooplank-

ton in the Strait of Georgia. B.C. Masters Thesis, University

of British Columbia, Vancouver, B.C.

Brodeur, R. (1990) A synthesis of the food habits and feeding

ecology of salmonids in marine waters of the North Pacific.

Fish. Res. Inst. Doc. No. FRI-UW-9016, Univ. Washington,

Seattle, WA 38 pp.

Brodeur, R.D. and Ware, D.M. (1992) Long-term variability in

zooplankton biomass in the Subarctic Pacific Ocean. Fish.

Oceanogr. 1, 32–38.

Bugaev, V.F. (2002) On pink salmon (Oncorhynchus gorbuscha)

abundance influence on Asian sockeye salmon (Oncorhynchus

nerka) abundance. (NPAFC Doc. 628) 11 pp. Kamchatka

Research Institute of Fisheries and Oceanography

(KamchatNIRO), Petropavlovsk-Kamchatsky, 683602, Rus-

sia.

Bugaev, V.F. and Dubynin, V.A. (2000) Factors influencing

abundance of sockeye salmon (Oncorhynchus nerka) from the

Ozernaya River, Southwest Kamchatka. N. Pac. Anadr. Fish.

Comm. Bull. 2, 181–189.

Bugaev, V.F., Welch, D.W., Selifonov, M.M., Grachev, L.E.

and Eveson, J.P. (2001) Influence of the marine abundance of

pink salmon (Oncorhynchus gorbuscha) and sockeye salmon

(O. nerka) on growth of Ozernaya River sockeye. Fish.

Oceanogr. 10, 26–32.

Chase, J.M., Abrams, P.A., Grover, J.P., Diehl, S., Chesson, P.,

Holt, R.D., Richards, S.A., Nisbet, R.M. and Case, T.J.

(2002) The interaction between predation and competition: a

review and synthesis. Ecol. Lett. 5, 302–315.

Cushing, D.H. (1975)Marine Ecology and Fisheries. Cambridge

University Press, Cambridge, U.K. 292 pp.

Davis, N.D. (2003) Feeding ecology of Pacific salmon

(Oncorhynchus spp.) in the central North Pacific Ocean and

central Bering Sea, 1991–2000. Ph.D. Dissertation, Hokkaido

University, Hakodate, Japan 190 pp.

Davis, N.D., Aydin, K.Y. and Ishida, Y. (2000) Diel catches

and food habits of sockeye, pink, and chum salmon in the

central Bering Sea in summer. N. Pac. Anadr. Fish. Comm.

Bull. 2, 99–109.

Duffy, E.J. (2003) Early marine distribution and trophic

interactions of juvenile salmon in Puget Sound. M.S. Thesis,

University of Washington, Seattle, WA.

Fresh, K.L. (1997) The role of competition and predation in the

declines of anadromous salmonids in the Pacific Northwest.

In: Stouder, D.J. Bison, P.A. and Naiman, R.J. (eds.), Pacific

Salmon and Their Ecosystems: Status and Future Options. .

Chapman & Hall, New York, pp. 245-276.

Gallagher, A.F., Jr. (1979) An analysis of factors affecting

brood year returns in wild stocks of Puget Sound chum

salmon (Oncorhynchus keta). M.S. Thesis, University of

Washington, Seattle, WA.

Grachev, L.E. (1967) Growth rate of chinook salmon. I

Okeanografii. 57, 89–97. (Translated from Russian by

National Marine Fisheries Service, Northwest Fisheries

Center, Seattle, WA).

Harris, C.K. (1989) The effects of international treaty changes

on Japan’s high seas salmon fisheries, with emphasis on their

catches of North American sockeye salmon, 1972–1984.

Ph.D. dissertation, University of Washington, Seattle, WA

231 pp.

Healey, M.C. (1980) The ecology of juvenile chinook salmon in

Georgia Strait, British Columbia. In: McNeil W.J. and

Himsworth, D.C. (eds.), Salmonid Ecosystems of the North

Pacific. Oregon State University Press, Corvallis, OR, pp.

203–229.

Healey, M.C. (1991) Life history of chinook salmon (Oncorhyn-

chus tshawytscha). In: Groot, C. and Margolis, L. (eds.),

Pacific Salmon Life Histories. University of British Colum-

bia, Vancouver, BC, pp. 312–393.

Heard, W.R. (1991) Life history of pink salmon (Oncorhynchus

gorbuscha). In: Groot C. and Margolis, L. (eds.), Pacific

Salmon Life Histories. University of British Columbia,

Vancouver, BC, pp. 121–232.

Heard, W.R. (1998) Do hatchery salmon affect the North

Pacific Ocean ecosystem? N. Pac. Anadr. Fish. Comm. Bull. 1,

405–411.

Ivankov, V.N. and Andreyev, V.L. (1971) The south Kuril

chum (Oncorhynchus keta): ecology, population structure and

the modeling of the population. J. Icthyyol. 11, 511–524.

Jiang, L. and Kulczycki, A. (2004) Competition, predation and

species responses to environmental change. Oikos 106, 217–

224.

Joyner, T. (1975) Toward a planetary aquaculture-the seas as

range and cropland. Marine Fish. Rev. 37, 5–10.

Kaczynski, V.W., Feller, R.J., Clayton, J. and Gerke, R.J.

(1973) Trophic analysis of juvenile pink and chum salmon

(Oncorhynchus gorbuscha and keta) in Puget Sound. J. Fish.

Res. Bd. Can. 30, 1003–1008.

Kaeriyama, M., Nakamura, M., Yamaguchi, M., Ueda, H.,

Anma, G., Takagi, S., Aydin, K.Y., Walker, R.V. and Myers,

K.W. ( 2000) Feeding ecology of sockeye and pink salmon in

388



the Gulf of Alaska. N. Pac. Anadr. Fish. Commun. Bull. 2,

55–63.

Kaeriyama, M., Nakamura, M., Edpalina, R., Bower, J.R.,

Yamaguchi, M., Walker, R.V. and Myers, K.W. (2004)

Change in the feeding ecology and trophic dynamics of Pacific

salmon (Oncorhynchus spp.) in the central Gulf of Alaska in

relation to climate events. Fish. Oceanogr. 13, 197–207.

Krogius, K.V. (1964) The rate of growth and age groupings of

sockeye salmon (Oncorhynchus nerka Walb.) in the sea. Fish.

Res. Bd. Can. Transl. Ser. 413.

Krogius, K.V. (1967) Some causes of the changes in growth rate

of Oncorhynchus nerka (Walb.) of Ozernaya River. Fish. Res.

Bd. Can. Transl. Ser. 987.

Larsen,W.A. andMcCleary, S.J. (1972)The use of partial residual

plots in regression analysis. Technometrics 14, 781–790.

LeBrasseur, R.J. and Parker, R.R. (1964) Growth rate of

central British Columbia pink salmon (Oncorhynchus

gorbuscha). J. Fish Res. Bd. Can. 26, 1631–1645.

Levin, P.S., Zabel, R.W. and Williams, J.G. (2001) The road to

extinction is paved with good intentions: negative association

of fish hatcheries with threatened species. Proc. Royal. Soc.

Lond. 268, 1153–1158.

Mackas, D.L. and Tsuda, A. (1999) Mesozooplankton in the

eastern and western subarctic Pacific: community structure,

seasonal life histories, and interannual variability. Progr.

Oceanogr. 43, 335–363.

Mahnken, C., Ruggerone, G., Waknitz, W. and Flagg, T.

(1998) A historical perspective on salmonid production from

Pacific rim hatcheries. N. Pac. Anadr. Fish. Commun. Bull. 1,

38–53.

Michael, Jr., J.H. (1995) Enhancement effects of spawning pink

salmon on stream rearing juvenile coho salmon: managing

once resource to benefit another. Northwest Sci. 69, 228–233.

Mantua, N. J., Hare, S.R., Zhang, Y., Wallace, J.M. and

Francis, R.C. (1997) A Pacific interdecadal climate oscillation

with impacts on salmon production. Bull. Am. Meterol. Soc.

78, 1069–1079.

Myers, K. (1997) Offshore distribution and migration patterns

and ocean survival of salmon. In: Emmett, R. L. and

Schiewe, M.H. (eds.), Estuarine and Ocean Survival of

Northeastern Pacific Salmon. NOAA Technical Memoran-

dum NMFS-NWFSC-29.

Myers, K.W., Aydin, K.Y., Walker, R.V., Fowler, S. and

Dahlberg, M.L. (1996) Known ocean ranges of stocks of

Pacific salmon and steelhead as shown by tagging experi-

ments, 1956-1995. N. Pac. Anadr. Fish. Comm. Doc. 192,

FRI-UW-9614, Seattle: University of Washington.

Nagasawa, K. 2000 Winter zooplankton biomass in the

Subarctic North Pacific, with a discussion on overwintering

survival strategy of Pacific salmon (Oncorhynchus spp.). N.

Pac. Anadr. Fish. Commun. Bull. 2, 21–32.

National Research Council. (1999) Sustaining Marine Fisheries.

National Academy Press, Washington, DC.

Nesis, K.N. (1997) Gonatid squids in the subarctic North

Pacific: ecology, biogeography, niche diversity and role in the

ecosystem. Adv. Mar. Ecol. 32, 245–324.

ODFW/WDFW. (2002) Status report: Columbia River fish

runs and fisheries, 1938-2000. Washington Department Fish

and Wildlife and Oregon Department of Fish and Wildlife.

Olympia, WA.

Ogura, M., Ishida, Y. and Ito, S. (1991) Growth variation of

coho salmon (Oncorhynchus kisutch) in the western North

Pacific. Nippon Suisan Gakkaishi 57, 1089–1093.

Pearcy, W.G. (1992) Ocean Ecology of North Pacific Salmonids.

University of Washington Press, Seattle, WA 179 pp.

Pearcy, W.G., Aydin, K.Y. and Brodeur, R.D. (1999) What is

the carrying capacity of the North Pacific Ocean for

salmonids. PICES Press 7, 17–23.

Peterman, R.M. (1982) Nonlinear relation between smolts and

adults in Babine Lake sockeye salmon (Oncorhynchus nerka)

and implications for other salmon populations. Can. J. Fish.

Aquat. Sci. 39, 904–913.

Phillips, A.C., and Barraclough, W.E. (1978) Early marine

growth of juvenile Pacific salmon in the Strait of Georgia and

Saanich Inlet, British Columbia. Fish. Mar. Serv. (Can.)

Tech. Rep. 830, 1–19.

Pratt, D.C. (1974) Age, sex, length, weight, and scarring of

adult chum salmon (Oncorhynchus keta) harvested by Puget

Sound commercial net fisheries from 1954 to 1970: supple-

mental progress report. Marine Fisheries Investigation, Puget

Sound Commercial Net Fisheries. Washington Department of

Fisheries, Olympia, WA.

Puget Sound Water Quality Action Team (PSWQAT). (2002)

Puget Sound update 2002. Eighth report of the Puget Sound

Ambient Monitoring Program. Puget Sound Water Quality

Action Team. Olympia, WA.

Ricker, W.E. (1962) Regulation of the abundance of pink

salmon populations. In: Wilmovsky, N.J. (ed.), Symposium

on pink salmon. H.R. MacMillan Lectures in Fisheries.

Institute of Fisheries, University of British Columbia, Van-

couver, BC, pp. 155–206.

Rogers, D.E. (1984) Trends in abundance of Northeastern

Pacific stocks of salmon. In: Pearcy, W.G. (ed.), The influence

of ocean conditions on the production of salmonids in the North

Pacific. Oregon State University, Corvallis, OR, pp. 100–127.

Rogers, D.E. (1987) Pacific salmon. In: Hood, D.W. and

Zimmerman, S.T. (eds.), The Gulf of Alaska. Washington

D.C.: NOAA Dept. Commerce, pp. 461–475.

Rogers, D.E. (2001) Estimates of annual salmon runs from the

North Pacific, 1951-2001. University of Washington Rep.

No. SAFS-UW-0115.

Rogers, D.E. and Ruggerone, G.T. (1993) Factors affecting the

marine growth of Bristol Bay sockeye salmon. Fish. Res. 18,

89–103.

Ruggerone, G.T., Zimmermann, M., Myers, K.W., Nielsen,

J.L. and Rogers, D.E. (2003) Competition between Asian

pink salmon (Oncorhynchus gorbuscha) and Alaskan sockeye

salmon (O. nerka) in the North Pacific Ocean. Fish Oceanogr.

12, 209–219.

Ruggerone, G.T., Farley, E., Nielsen, J. and Hagen, P. (2004)

Seasonal marine growth of Bristol Bay sockeye salmon

(Oncorhynchus nerka) in relation to competition with Asian

pink salmon (O. gorbuscha) and the 1977 ocean regime shift.

Fish. Bull. 103, 355–370.

Ruggerone, G.T., and Goetz, F.A. (2004) Survival of Puget

Sound chinook salmon (Oncorhynchus tshawytscha) in

response to climate-induced competition with pink salmon

(O. gorbuscha). Can. J. Fish. Aquat. Sci. (in press).

Salo, E.O. (1991) Life history of chum salmon (Oncorhynchus

keta). In: Groot, C. and Margolis, L. (eds.), Pacific Salmon

389



Life Histories. University of British Columbia, Vancouver,

BC pp. 231–309.

Sano, O. (1963) Notes on environmental factors affecting the

salmon populations in oceanic life. Bull. Jap. Soc. Scientific

Fish. 29, 749–753.

Schoener, T.W. (1983) Field experiments on interspecific

competition. Am. Nat. 122, 240–285.

Shiomoto, A., Tadokoro, K., Nagasawa, K. and Ishida, Y.

(1997) Trophic relations in the Subarctic North Pacific

ecosystem: possible feeding effect from pink salmon. Mar.

Ecol. Progr. Ser. 150, 75–85.

Sinclair, M. (1988) Marine Populations. University of Wash-

ington Press, Seattle, WA 252 pp.

Sinyakov, S.A. (1998) Stock conditions of Pacific salmon in

Kamchatka and its fisheries management. National Research

Institute of Far Seas Fisheries, Salmon Report Series No. 45,

281–293.

Skud, B.E. (1982) Dominance in fishes: the relation between

environment and abundance. Science 216, 144–149.

Smoker, W.W. (1984) Genetic effect on the dynamics of a

model of pink salmon (Oncorhynchus gorbuscha) and chum

(O. keta) salmon. Can. J. Fish. Aquat. Sci. 41, 1446–1453.

Sobolevsky, Y.I. (1996) Species composition and distribution of

squids in the western Bering Sea. In: Mathisen, O.A. and

Coyle, K.O. (eds.), Ecology of the Bering Sea: A Review of

Russian Literature. Alaska Sea Grant Report No. 96-01,

Fairbanks, AK pp. 135–141

Sugimoto, T. and Tadokoro, K. (1997) Interannual-interdeca-

dal variations in zooplankton biomass, chlorophyll concen-

tration and physical environment in the subarctic Pacific and

Bering Sea. Fish. Oceanogr. 6, 74–93.

Tadokoro, K., Ishida, Y., Davis, N.D., Ueyanagi, S. and

Sugimoto, T. (1996) Change in chum salmon (Oncorhynchus

keta) stomach contents associated with fluctuations of pink

salmon (O. gorbuscha) abundance in the central subarctic

Pacific and Bering Sea. Fish. Oceanogr. 5, 89–99.

Takagi, K., Aro, K.V., Hartt, A.C. and Dell, M.B. (1981)

Distributions and origin of pink salmon (Oncorhynchus

gorbuscha) in offshore waters of the North Pacific Ocean.

Int. N. Pac. Fish. Commun. Bull. 40, 1–195.

Walker, R.V. and Myers, K.W. (1998) Growth studies from

1956-95 collections of pink and chum salmon scales in the

central North Pacific Ocean. N. Pac. Anadr. Fish. Commun.

Bull. 1, 54–65.

Ward, B.R. and Slaney, P.A. (1988) Life history and smolt-to-

adult survival of Keogh River steelhead trout (Salmo

gairdneri) and the relationship to smolt size. Can. J. Fish.

Aquat. Sci. 45, 1110–1122.

Welch, D.W. and Parsons, T.R. (1993) 13C-15N values as

indicators of trophic position and competitive overlap for

Pacific salmon (Oncorhynchus spp.). Fish. Oceanogr. 2,

11–23.

390


