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Climate change in the last century was associated with spectacular
growth of many wild Pacific salmon stocks in the North Pacific
Ocean and Bering Sea, apparently through bottom-up forcing
linking meteorology to ocean physics, water temperature, and
plankton production. One species in particular, pink salmon, became
so numerous by the 1990s that they began to dominate other
species of salmon for prey resources and to exert top-down
control in the open ocean ecosystem. Information from long-term
monitoring of seabirds in the Aleutian Islands and Bering Sea
reveals that the sphere of influence of pink salmon is much larger
than previously known. Seabirds, pink salmon, other species of
salmon, and by extension other higher-order predators, are tightly
linked ecologically and must be included in international manage-
ment and conservation policies for sustaining all species that
compete for common, finite resource pools. These data further
emphasize that the unique 2-y cycle in abundance of pink salmon
drives interannual shifts between two alternate states of a com-
plex marine ecosystem.

ocean ecology | exploitative competition | consumer front |
interaction strength | carrying capacity

Predator control of community structure and ecosystem func-
tion became a tenet of intertidal and nearshore marine ecology
following early studies of Paine and others (1-3), yet with few
exceptions (4, 5), until more recent times the idea has been less
well appreciated for open oceans. Growing attention now is being
paid to the overexploitation of pelagic species, particularly those at
higher trophic levels currently and in the past, and effects on ocean
ecosystems of the loss, or development, of top-down forcing (6-12).

The prevailing view has long held that most biological change
in ocean ecosystems, apart from human exploitation, is driven
from the bottom up (13-16). One striking example that has been
linked to bottom-up processes driven by climate change is the
burgeoning abundance of wild Pacific salmon (Oncorhynchus
spp.), and in particular pink salmon (Oncorhynchus gorbuscha),
in the subarctic North Pacific Ocean and Bering Sea (SNPO/BS).
Underpinning the notion initially were studies that found (i)
strong coherence between decadal patterns in the Aleutian Low
pressure system, which exerts a large influence over climate in
the North Pacific Ocean, and patterns in salmon production
across a broad region of the SNPO/BS (17, 18); (ii) decadal
patterns in primary production that could be explained by the
effect of the Aleutian Low pressure system on basin scale wind
fields (19); and (iii) decadal patterns in zooplankton, squid, and
pelagic fish production that also were correlated with meteoro-
logical forcing over the North Pacific Ocean and consistent with
patterns in primary production (20). Thus, the general explana-
tion for waxing and waning abundances of salmon over the re-
cord in the 20th century was that physical forcing by shifts in the
strength and position of the Aleutian Low altered winds, ocean
temperatures, and primary and secondary production to the
benefit or detriment of salmon. A decadal scale oscillation in the
Aleutian Low, now often referred to as the Pacific Decadal
Oscillation (PDO) (21), has been linked to numerous physical
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and biological variability in the SNPO/BS in addition to salmon
abundance (21-23).

It was subsequently shown that salmon population responses
and their relation to the PDO were out of phase between Alaska
and the northwest coast of North America during much of the
20th century (24); that warm anomalies in coastal temperatures
were associated with increased survival of salmon in Alaska; and
that regional-scale variability in ocean temperature was a better
predictor of salmon survival than large, basin-scale variability
characterized by the PDO (25). A recent analysis from around
the rim of the North Pacific Ocean found regional covariance in
abundance of pink salmon, chum salmon (Oncorhynchus keta),
and sockeye salmon (Oncorhynchus nerka) associated with the
Aleutian Low, and with smaller scale spatially coherent, but re-
gionally distinct, patterns in climate (26).

Water temperature can be important to the early growth and
survival of pink salmon fry directly by its effect on physiology and
indirectly by its effect on the timing and development of zoo-
plankton prey stocks in nursery areas, which commonly is ad-
vanced and greater in warmer years than in cooler years. In
cooler springs, fry grow more slowly and a greater number die
both from lack of food and from an increased susceptibility to
predators (27, 28). For example, a conceptual model for Prince
William Sound, Alaska, holds that, in years of abundant spring
zooplankton, fry grow faster and remain longer in the shelter of
inshore nurseries where they are protected from walleye pollock
(Theragra chalcogramma) and Pacific herring (Clupea pallasii),
two chief predators that remain offshore feeding primarily on
swarms of large calanoid copepods and other macrozooplankton.

Significance

Wild salmon in the North Pacific Ocean, particularly pink salmon,
have grown greatly since the mid-1970s apparently due to
bottom-up effects of climate change on ocean physics and pro-
duction processes. Pink salmon spend less than 2 y at sea and
most stocks alternate between high and low levels of abun-
dance every other year. In years of high abundance, they now
constitute a pelagic consumer front as they return to their
spawning rivers, exert top-down control over the open ocean
ecosystem by outcompeting other species for shared prey
resources, and drive major ecological shifts between years of
high and low abundance. Their effect on competing species must
be considered in international conservation policies and when
developing informed ecosystem-based management strategies.
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Fig. 1. The northern North Pacific Ocean and Bering Sea and locations of
places discussed in the text. Salmon distribution is adapted from ref. 37.

In cooler years of lower zooplankton biomass inshore, fry grow
more slowly, move offshore earlier, and suffer higher predation
by pollock and herring due to spatial overlap, smaller size, and
less alternative prey for those two predators (28).

Although the relationship between climate and pink salmon
survival is likely complex, fluctuations in abundance appear to be
modulated in large measure directly and indirectly by the ther-
mal environment in which a stock lives. Such a fundamentally
bottom-up explanation is bolstered by observations of high
growth and survival rates of pink salmon during the period of
warmer ocean temperatures and population increase (29, 30),
and at this time provides a more parsimonious explanation for
population dynamics than would explanations invoking strictly
top-down control across such a broad region. Now, however,
several lines of evidence indicate that pink salmon themselves
are having a large top-down influence on other salmon species,
other upper trophic level pelagic species, plankton standing
stocks, and by inference, the functioning of the open-ocean eco-
system in the SNPO/BS.

Pink Salmon in an Ecosystem Context

Pink salmon are the most abundant of the wild Pacific salmon,
representing about 70% of all returning fish each year across
their range (31). They have several early life history character-
istics that seem to explain their relatively great abundance, and
a short 2-y life cycle from egg to spawning adult (30). Most stocks
have interannually alternating weak and strong runs and strong
runs can be in either even years or odd years: shifts between
strong runs in odd years to strong runs in even years (and visa
versa) have been documented in some stocks, even-year and
odd-year brood lines are reproductively isolated, and the abun-
dance of fish in strong runs is commonly far greater than in weak
runs (32-36). The cause of this phenomenon is not known.

The majority of pink salmon in the northwestern and central
SNPO/BS are of Asian origin, especially fish that spawn in rivers
of the eastern Kamchatka Peninsula and western Bering Sea
(Fig. 1) that are odd-year-dominant stocks (34). Although data
are reported as “eastern Kamchatka,” more than 90% of those
fish spawn in river tributaries of the western Bering Sea (38). The
total run size (catch plus escapement) has been steady in even
years for the past several decades, averaging about 17 + 2
(SEM) x 10° fish per y from 1972 through 2012, whereas runs in
odd years rose from an average of about 47 + 6 x 10° fish per y in
1971-1987, to 83 + 7 x 10° fish per y in 1989-2007, and to 173 x
10° fish in 2009 and 225 x 10° fish in 2011 (34, 39) (Table S1).
The increases were not augmented by hatchery releases (34). A
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smaller stock of even-year—-dominant pink salmon spawns in the
eastern Bering Sea, primarily in Norton Sound, with run sizes
there averaging 3.3 x 10° fish in even years and 0.56 x 10° fish in
odd years between 1997 and 2012 (40).

Questions concerning the carrying capacity of the North Pacific
Ocean in regard to salmon emerged in the early 1990s with in-
creasing overall numbers of fish (41, 42). Differences in diets,
growth, condition, distribution, and catch of three competing
species—pink salmon, sockeye salmon, and chum salmon—in
even years compared with odd years suggested that pink salmon
were placing a disproportionately high demand on pelagic pro-
duction (43-48). It was further suggested that biennial oscil-
lations in standing stocks of phytoplankton and zooplankton in
the central SNPO/BS, apparent by 1990 and out of phase with
each other, represented a trophic cascade initiated in odd years
by prey demand of pink salmon—during odd years, relaxed
grazing pressure by depressed numbers of macrozooplankton,
among the primary prey of pink salmon, led to an elevated
standing stock of phytoplankton in summer (49, 50). This con-
clusion was reached after considering variability in physical in-
dices and forcing factors, including the Northern Hemisphere
Zonal Index, solar radiation flux, surface wind speed, sea surface
temperature, salinity, density, and nutrient levels that were asso-
ciated with interannual and decadal patterns in production at
lower trophic levels, but not systematic biennial oscillations.

Such a relationship between zooplankton and phytoplankton
abundance would explain a conspicuous biennial alternation in
body size of Neocalanus copepods in the central North Pacific
Ocean, during a study spanning the 1980s and 1990s, that gen-
erally was poorly correlated with climatological and environmental
variables as well (integrated mean water column temperature from
surface to 150 m, vertical stability index, North Pacific Index, and
Southern Oscillation Index) (51). The authors found that indi-
viduals were larger in odd years, when competition for phyto-
plankton would have been less, than in even years when
competition would have risen. The one significant correlation
they did report was a positive one between body size of Neo-
calanus cristatus and chlorophyll a concentration, which would
be expected in this scenario.

Seabirds in a Pink Salmon Context

Observations in the Bering Sea in odd years of lower body mass
and liver mass of short-tailed shearwaters (Puffinus tenuirostris),
a Southern Hemisphere seabird that spends the austral winter in
the SNPO/BS and Chukchi Sea (52), and two to five times higher
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Fig. 2. Nesting phenology (mean hatch date anomaly, days) using the
example of tufted puffins at Buldir Island. Positive values are late, and
negative values are early: no data for 1989 or 2011. Error bars denote +1
SEM. Data are from ref. 67. See Tables S2 and S3 for phenology data for all
species tested.
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Table 1. Comparisons of seabird nesting parameters in even
years versus odd years

Parameter No. of tests  No. rejections (%)  No. expected
Clutch size 9 4 (44) 1
Hatch date 25 21 (84) 3
Laying success 8 6 (75) 1
Hatching success 27 9 (33) 3
Fledging success 21 6 (29) 2
Productivity 21 9 (43) 2
Overall 111 55 (50) 11

Number of tests of the null hypothesis of no difference between mean
values of seabird nesting parameters in even years versus odd years, the num-
ber (percentage) of hypotheses that were rejected at o = 0.10, and the number
that would be expected to be rejected at « = 0.10 due to chance alone.

strandings of shearwaters on the coast of eastern Kamchatka
(53), provided the first evidence (to the authors’ knowledge) of
the influence of pink salmon over a competing species besides
other salmon (and see ref. 54). Among the important prey of

pink salmon (29, 55, 56), copepods (Neocalanus spp.), euphau-
siids (Thysanoessa spp.), squids (Gonatidae), myctophids (Myc-
tophidae), and Atka mackerel (Pleurogrammus monopterygius)
are at times also important prey of shearwaters and of resident
seabirds wintering in the subarctic North Pacific Ocean and
nesting in the Aleutian Islands and Bering Sea (52, 57-66).
Systematic annual monitoring of nesting seabirds at four major
colonies in the southern Bering Sea and Aleutian Islands (Fig. 1)
began in 1984 at St. George Island and St. Paul Island (Pribilof
Islands), 1988 at Buldir Island (western Aleutian Islands), and
1995 at Aiktak Island (eastern Aleutians) (67-70). One of the
most conspicuous patterns over the years, and the one that first
alerted us to the possibility of a connection between the birds
and pink salmon, is the alternating early (even year)-late (odd
year) nesting phenology of tufted puffins (Fratercula cirrhata) at
Buldir (Fig. 2). This led us to examine phenology and up to five
additional elements of the breeding biology of tufted puffins and
as many as 15 other seabird species of two feeding guilds—
omnivores (12 species that consume a mixture of fishes, squids,
zooplankton, and other invertebrates) and planktivores (4 spe-
cies that consume primarily zooplankton)—at those islands for
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Fig. 3. Mean values of seabird breeding parameters that exhibited differences between even years and odd years at « = 0.10. See Tables S2 and S3 for all
parameter tests in all species and sample sizes. Error bars denote +1 SEM. Filled stars indicate relationships to eastern Kamchatka pink salmon abundance
(linear regression, o = 0.10); open stars indicate relationships to western Alaska pink salmon abundance at o = 0.10 (Table S4). See Table S2 for species
abbreviations. BUL, Buldir Island; STG, St. George Island; STP, St. Paul Island. Data are from refs. 67-70.
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similar even-year—odd-year patterns. We further examined the
possible connection between seabirds and salmon by comparing
seabird nesting parameters to the annual run size of eastern
Kamchatka pink salmon, and in particular cases to the annual
run size of pink salmon in western Alaska. Using these approaches,
we found compelling evidence that pink salmon have a major in-
fluence on diets, numbers, phenology, fecundity, and/or pro-
ductivity of one or more species (in the order of 10’ individuals) at
one or more of these islands.

Results

We ran 111 tests of the null hypothesis that there was no dif-
ference in mean values of six nesting parameters of 16 species at
four islands between even and odd years (Table 1 and Tables S2
and S3). Rejection of the null hypothesis for the individual
parameters at a = 0.10 ranged from 29% to 84% and was 50%
overall. These rates exceeded in all cases the number that
would be expected by chance alone and demonstrated strong
directionality and the large magnitude of effect that we hy-
pothesize pink salmon have on seabirds, and the ecosystem, of
the SNPO/BS.

Omnivorous Seabirds. Phenology, as indexed by mean hatch date,
was later (at o = 0.10) in odd years than in even years for 13 of the
20 species/island samples and was seen on all islands: the differ-
ence was particularly pronounced in black-legged kittiwakes (Rissa
tridactyla), which had mean hatch dates that were 9-12 d later in
odd years (Fig. 3 and Tables S2 and S3). It was earlier by 4 d for
red-faced cormorants (Phalacrocorax urile) at St. Paul, and earlier
for ancient murrelets (Synthliboramphus antiquus) at Aiktak and
for common murres (Uria aalge) and thick-billed murres (Uria
lomvia) at St. Paul by 2, 4, and 1 d, respectively. Clutch size was
smaller in odd years than in even years for black-legged kittiwakes
at all three islands and for glaucous-winged gulls (Larus glau-
cescens) at Buldir. Laying success (number of nests with eggs per
number of nest starts) was lower in odd years for black-legged
kittiwakes at all three islands, for red-legged kittiwakes (Rissa
brevirostris) at Buldir and St. George (and by 15% at St. Paul,
although it missed the o = 0.10 criterion), and for glaucous-
winged gulls at Buldir. Hatching success (number of eggs
hatching per number of eggs laid) was lower in odd years for
both species of kittiwakes at all three islands, for tufted puffins at
Buldir and Aiktak, and for ancient murrelets at Aiktak. Fledging
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Fig. 4. Ratios of the numbers of nests built and eggs laid in even years
compared with odd years across all years. See Table S2 for species abbrevi-
ations. AIK, Aiktak Island; BUL, Buldir Island; STG, St. George Island; STP, St.
Paul Island. Data are from refs. 67-70.
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success (number of chicks fledged per number of eggs hatched)
was lower in odd years for tufted puffins at Buldir, both species
of kittiwakes at St. George, and red-legged kittiwakes at St. Paul
(and black-legged kittiwakes by 12%, although it too missed the
a = 0.10 criterion), but was higher in odd years for thick-billed
murres at Buldir. Productivity (number of chicks fledged per
number of nest starts) was lower in odd years for both species of
kittiwake at all three islands, for ancient murrelets at Aiktak, and
for tufted puffins at Buldir.

Counts of nests of some species that build nests (not all species
of seabirds do) at Buldir and the Pribilofs were made in sufficient
numbers of even and odd years to compare differences, and in all
cases more nests were built in even years than in odd years
(Fig. 4). Although these are small sample sizes and not all dif-
ferences had high significance levels (Table S5), they strongly
support the other even-year-odd-year evidence of an effect of
pink salmon on these birds. In addition, finally, black-legged
kittiwakes at all three islands, red-legged kittiwakes at Buldir and
St. Paul, and glaucous-winged gulls, horned puffins (Fratercula
comiculata), and tufted puffins at Buldir laid conspicuously more
eggs in even years than in odd years (Fig. 4).

Nesting parameters of several of the omnivores also exhibited
negative correlations with the run size of eastern Kamchatka pink
salmon (Fig. 3 and Table S4). Clutch size of black-legged Kitti-
wakes at Buldir and St. George was well correlated with salmon
abundance, and of glaucous-winged gulls at Buldir. The hatch date
for five of six species at Buldir was highly correlated with salmon
abundance, although not correlated at either of the Pribilof islands
despite large differences in mean hatch dates between even and
odd years. Laying success of black-legged kittiwakes at all three
islands and of red-legged kittiwakes and glaucous-winged gulls at
Buldir was correlated with salmon abundance. Hatching success of
both species of kittiwakes at all three islands and of tufted puffins
at Buldir and Aiktak was also correlated with salmon abundance.
Fledging success was generally less well correlated with salmon
abundance, reflecting the smaller, or lack of, differences between
mean values in even and odd years, but still was correlated for
black-legged kittiwakes at St. Paul, for red-legged kittiwakes at St.
George and St. Paul, and for tufted puffins at Buldir. Productivity
was strongly correlated with pink salmon abundance for both
species of kittiwakes at all islands and for horned and tufted
puffins at Buldir.

There were no consistent geographic patterns in the magni-
tude of differences between mean values of parameters in even
and odd years for the three species that were sampled at Buldir,
St. George, and St. Paul (Table 2), nor were there consistent
geographic patterns in the strength of relationships of nesting
parameters to eastern Kamchatka pink salmon run size (Table S4).

Planktivorous Seabirds. The limited data on breeding parame-
ters of planktivores—four species at Buldir and one species at
St. George—revealed either an opposite pattern to that of
omnivores, or no pattern at all (Fig. 3 and Tables S2 and S3).
Only the hatch date was very different between even years and
odd years at Buldir, and in all cases it was earlier (by up to 7 d) in
odd years. The hatch date for least auklets (Aethia pusilla) at
St. George also was much earlier in odd years, and fledging
success and productivity were higher. The hatch dates of least
auklets and crested auklets (Aethia cristatella) at Buldir were well
correlated with Norton Sound pink salmon abundance, as were
fledging success and productivity of least auklets at St. George
(Fig. 3 and Table S4).

Diets of least auklets at Buldir during the chick period (mid-June
to mid-July) differed between even years and odd years (Fig. 5).
In 1994-2009, the dominant prey of least auklets, the large cal-
anoid copepod taxon Neocalanus plumchrus/flemingeri (the two
species are difficult to differentiate), had a mean frequency of
occurrence of 97 + 2% and there was no difference between
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Table 2. Values of nesting parameters in even years divided by values in odd years for omnivorous species that
were each measured at Buldir (BUL), St. George (STG), and St. Paul (STP)

Species location Clutch size Hatch date Laying success Hatching success Fledging success Productivity
BLKI BUL 1.21 0.95 1.40 1.88 1.00 2.56
BLKI STG 1.23 0.94 1.43 1.95 1.58 2.50
BLKI STP 1.14 0.94 1.20 1.88 1.34 2.43
RLKI BUL na 0.98 1.67 1.43 0.96 2.60
RLKI STG na 0.97 1.23 1.50 1.28 1.74
RLKI STP na 0.96 1.35 1.75 1.58 2.67
TBMU BUL na 0.99 na 1.03 0.96 1.00
TBMU STG na 1.00 na 0.98 1.00 1.00
TBMU STP na 1.00 na 0.91 0.99 0.89

BLKI, black-legged kittiwake; RLKI, red-legged kittiwake; TBMU, thick-billed murre; na, not applicable. Data are from refs. 67, 69,

and 70.

even and odd years. In 1994-2006, it made up an estimated
65 + 7% of the biomass of prey brought to chicks; however, the
proportion in even years (excepting 2000 when it was anoma-
lously low at just 12%) was 77 + 6%, but 62 + 9% in odd years
(P = 0.18). Although the apparent difference did not have high
statistical significance, it is consistent with even-year—odd-year
differences found in the consumption of principal secondary
prey—that is, with the exception of euphausiids, consumption
of N. cristatus, decapods, hyperiids, and pteropods was generally

higher in odd years than in even years. The lower consumption
of euphausiids in odd years may have been proportional to
a lower abundance of euphausiids in odd years due to pink
salmon predation.

Likewise, whiskered auklets (Aethia pygmaea) at Buldir (67)
consumed more Neocalanus cristatus, their dominant prey, dur-
ing the chick rearing period in even years than in odd years (52 +
8% versus 32 + 11%; P = 0.18). Although this difference also was
not highly significant, it and the differences in least auklet diets
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Fig. 5.

Frequency of occurrence (percentage) of principal prey in diets of least auklets at Buldir Island. Significance levels (P, Student t test; n = 16 y) are for

differences between mean values in even years and odd years across all years. Data are from ref. 67.
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between even and odd years are likely biologically significant.
Such a conclusion is supported by continuous plankton recorder
data primarily from the southern Bering Sea (173 W x 173 E, 52
N X 54 N; appendix 5 in ref. 66) that show large differences in
the abundance of N. cristatus and N. plumchrus/flemingeri across
even and odd years—4.8 + 2.3 g versus 0.06 + 0.01 g, P = 0.14; and
3.9 + 0.6 g versus 0.6 = 0.3 g, P = 0.0071, respectively (Fig. 6).

Discussion

The great interaction strength of pink salmon during years of
high abundance apparently derives from voracious consumption
to fuel exceptionally rapid growth in spring—summer of their
second year—the mass of maturing fish increases by some 500%,
from about 300 to 1,500 g, in just 4 mo between March and July
when they spawn (29). Prominent among their prey are species
important to the structure of the plankton community of the
SNPO/BS and to other consumers, such as seabirds, both directly
and indirectly as trophic links. Exploitative competition is com-
mon within many trophic levels in many ecosystems, but there
are few cases where it has been identified or suspected among
lower and higher trophic levels in the open ocean (e.g., refs.
71-74). Now we show evidence of strong exploitative competi-
tion by pink salmon visited upon pelagic species, besides other
species of salmon, in the SNPO/BS: in years of high abundance
pink salmon consume zooplankton and micronekton in sufficient
amounts to compromise a variety of nesting parameters of resi-
dent seabirds, as well as the survival of migratory seabirds.
Most of the omnivorous seabirds considered here winter in
the northern North Pacific Ocean and southern Bering Sea (59,
60, 75, 76). Thus, most species are exposed to competition with

Neocalanus cristatus

p=0.14
12
10
2 8
]
g 6
e 4
o
2
3 H =
2000-2001  2002-2003  2004-2005
®Even 0Odd
Neocalanus plumchrus/flemingeri
p = 0.0071
6
5
o
= 4
@
E 3
: 2 I_\ I_\
o
1
0
2000-2001 2002-2003 2004-2005
BEven OQdd

Fig. 6. Biomass of Neocalanus copepods in continuous plankton recorder
standardized tows in the southern Bering Sea. Significance levels (P, Student
t test; n = 7 y) are for differences between mean values in even years and
odd years across all years. Data are from ref. 66.
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pink salmon during much of the year, and competition would
intensify rapidly in late spring and early summer when fish move
back into the Bering Sea from the North Pacific Ocean. Any
carryover effects of prebreeding food stress on nesting success
(77) would exacerbate the effect of continuing competition
through the early to mid stages of nesting.

This comports reasonably well with the timing of the migration
of eastern Kamchatka pink salmon (78). Most fish are in the
northern North Pacific Ocean through May (coincident with
prelaying), which would explain the strong relationships of phe-
nology and laying success with salmon abundance. The fish begin
moving back into the Bering Sea through the Aleutian Islands and
Bering Sea basin in June (coincident with laying and incubation),
and by July (coincident with peak hatch) they are moving into the
central and western Bering Sea. Thus, by the chick period (July—
August) the bulk of the fish are in or approaching their spawning
rivers and their influence is apparently diminished. Their distri-
bution and the timing of migration vary between years depending
on oceanographic conditions, particularly temperature (79),
which would be expected to lead to interannual variability in
the strengths of relationships with various elements of seabird
breeding biology.

There is the question of why planktivorous seabirds exhibit the
opposite pattern in phenology—that it is advanced in odd years
and delayed in even years and why least auklets on St. George
have higher fledging success and productivity in odd years. How-
ever, the consistent differences between mean values in even years
and odd years also suggest a connection to pink salmon. One
possibility is that the differences are due not to effects of eastern
Kamchatka pink salmon, but to effects of pink salmon from
western Alaska that spawn in rivers emptying into the eastern
Bering Sea and that have strong runs in even years (34). These
fish appear to move out of the Bering Sea and into the north-
eastern North Pacific in winter, and maturing fish return in
spring through the central and eastern Aleutian Islands and
southeastern Bering Sea (78, 79). Although the western Alaska
stock is smaller than the eastern Kamchatka stock, as they return
in spring and early summer their numbers are concentrated in
a comparatively smaller geographic region, which would con-
centrate possible effects on resource pools shared with auklets
and other species. Thus, least auklets on St. George would com-
pete with them from prelaying through much of the breeding
season, which would explain the correlations between their
breeding parameters and western Alaska pink salmon abun-
dance. Auklets from elsewhere that winter in the eastern Aleu-
tian Islands, for example, whiskered auklets (80, 81), would be
exposed to competition with western Alaska pink salmon in
winter—spring, but likely not in summer, which would explain why
only phenology differs between even and odd years and why it is
delayed in even years. Alternatively, auklets from the western
Aleutian Islands, if they winter in the western North Pacific
Ocean off Japan and the Kurile Islands (82), might be exposed to
competition with Sea of Okhotsk pink salmon, which also are
dominant in even years and highly abundant (34).

Neocalanus plumchrus/flemingeri and N. cristatus commonly
dominate the biomass of zooplankton in the SNPO/BS and are
major conduits of energy between phytoplankton and higher
trophic levels, in large measure because they accumulate a high
lipid content in summer in preparation for overwinter diapause
(83). They are thus high-quality prey for planktivores including
least auklets, whiskered auklets, pink salmon, and others. Al-
though some of the secondary prey of least auklets and whis-
kered auklets also have comparatively high lipid concentrations,
e.g., euphausiids, many are of much lower energy density (84).
The rise in occurrence of secondary prey in auklet diets in odd
years is presumably related to the same phenomenon in chum
salmon in the SNPO/BS—in even years chum salmon diets in-
clude high lipid copepods, euphausiids, and other crustaceans,
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but in odd years their diets are dominated by lower lipid prey,
primarily gelatinous taxa such as pteropods, appendicularia, and
coelenterates, due apparently to the depressing effect on crus-
tacean biomass of pink salmon predation (43). Similarly, diets of
pink, chum, and sockeye salmon in the northeastern North Pa-
cific Ocean and Bering Sea contain different levels of important
prey in even and odd years (46, 56).

Depression of seabird productivity cannot be tied to long-term
trends in the abundance of any of the species, trends that vary
among species and islands (67-70, 85). However, the combina-
tion of fewer birds attempting to nest in odd years; fewer eggs
being laid, and later, by those that do attempt to nest; and poorer
reproductive success by some species raises questions for the
future. Seabirds are long-lived, K-selected animals, a strategy
that dampens effects of interannual variability in productivity on
abundance, but increases the sensitivity of populations to adult
mortality. However, over the long term they do depend on re-
production, and the combination of depressed productivity every
other year, by as much as 62% for both species of kittiwake,
coupled with possible deleterious effects of physiological stress
on developing chicks and reproductive life spans of adults ex-
periencing biennial physiological stress (86) could lead to declines
in the abundance of the more sensitive species if pink salmon
numbers remain at high levels and seabird mortality begins to
outpace recruitment. That not all seabird species were affected
equally likely reflects differing degrees of ecological separation
from pink salmon, which could include the extent of dietary
overlap and spatial and temporal physical overlap, and the be-
havioral ability of some (e.g., murres in particular) to buffer effects
of variability in prey quantity and quality on breeding success (87).

Ocean temperature has steadily risen in the western Bering Sea
since the middle of the last century, with a pronounced increase in
the 2000s that corresponded to the most recent increase in pink
salmon abundance (39). One would expect that there is an opti-
mum thermal window above and below which salmon populations
cease to prosper (88-91), although the unusually large aerobic
scope and cardiorespiratory capacity of pink salmon significantly
broadens their range of thermal tolerance (92). However, even if
pink salmon abundance experienced no further growth, important
questions remain concerning their impact on ecosystem function
in the SNPO/BS and the capacity of ocean production processes to
support the current biomass of many higher trophic level species
including salmon, other fishes, seabirds, and recovering pop-
ulations of great whales. The potential problem may grow over the
course of this century if habitat shrinks due to projected ocean
warming and competitive dominance of pink salmon increases if
they and other species become more tightly crowded (91).

The resource vacuum and altered community composition left
behind as pink salmon migrate back through the SNPO/BS in
spring-summer are functionally equivalent to effects of consumer
fronts described in a variety of terrestrial and marine ecosystems
(93). Although consumer (fish) density would not be as high per
square meter as in other ecosystem types, at the geographic scale
over which the process occurs (about 1.3 x 10° km? in the Bering
Sea basin alone) it bears a resemblance, particularly if pink salmon
tend to coalesce as their migration progresses. In this case, the
movement of the consumers is not necessarily driven by serial
depletion of resources at the “front,” but by the biological im-
perative to return to their natal streams to reproduce. Consumer
fronts in open ocean ecosystems previously have not been de-
scribed (93), and the indication that the return migration of
eastern Kamchatka pink salmon now effectively constitutes one in
odd years apparently derives from the role that climate change
has played in the growth in their abundance. In aggregate, the
direct, indirect, and cascading effects of pink salmon suggest that
they have a destabilizing effect on the ecosystem of the SNPO/BS.

Additional pressure in the North Pacific comes from the
growing number of hatchery produced pink and chum salmon—

E1886 | www.pnas.org/cgi/doi/10.1073/pnas.1319089111

e.g., some 3 x 10° chum smolts are released each year in Japan and
the annual run size has been in the order of 50-80 x 10° fish since
the 1980s, plus there are many more in the ocean given their
multiyear life history strategy, and most of them spend the sum-
mer-fall feeding period in the Bering Sea (31, 37, 45). A recom-
mendation has been made to increase Russian hatchery production
of chum salmon (94), which currently is negligible. In the north-
eastern North Pacific, hatchery production of pink salmon in Prince
William Sound began in the mid-1970s and has grown to annual
runs as high as nearly 70 x 10° fish (34). Record-breaking runs of
wild pink salmon in summer 2013 from Washington State to the
Gulf of Alaska (95-97) highlight the continuing trend.

Interannual switching between alternate ecosystem states of the
SNPO/BS driven by pink salmon must be accounted for when
attempting to explain patterns of change in populations of species at
lower and higher trophic levels and when building ocean ecosystem
models. Key forcing from the salmon is additive to, perhaps dom-
inant to in some cases, whatever other drivers are important in the
environment. The abundance of pink salmon, owing to their life
history strategy, is an uncommon case of too many fish in the sea,
and the ecosystem-scale effect they have needs to become part of
international resource common-pool policy discussions that include
seabirds, and by extension additional competing species (98). The
response of wild salmon, and other commercially targeted fishes, to
climate change has important management implications (98-102)
and conservation implications as revealed by this study. The large
and growing number of hatchery-reared salmon raises additional
concern about the carrying capacity of the SNPO/BS, although such
concern is not universally embraced (103).

Pacific salmon has considerable societal importance, as the
commercial fishery is a multibillion dollar industry employing
tens of thousands of people (104) and feeding millions of people.
There is an obvious strategy in using the oceans as unattended
feedlots, but we know that the feed troughs will not be perpet-
ually full, and despite the nutritious protein and fatty acids of
free-range salmon, it is time to consider additional issues as well.
The need to sustainably accommodate not only salmon but other
denizens of the sea could potentially turn salmon fishery man-
agement in certain cases from the now common practice of im-
posing catch limits and raising hatchery production to enhance
stocks, to relaxing catch limits and encouraging larger harvests
and smaller hatchery releases to help maintain equity among all
of the trophically linked consumers—in other words, to devise
a broad-scale ecosystem-based management strategy.

Materials and Methods

Values of seabird breeding parameters at the four monitoring colonies are
reported annually by the US Fish and Wildlife Service, Alaska Maritime Na-
tional Wildlife Refuge (67-70). Unless otherwise noted, all seabird data were
from these sources—additional data were available in ref. 66 as cited. We
used the data as reported for all parameters except number of eggs laid,
which we calculated by adjusting the reported number of chicks hatched
annually on phenology monitoring plots by the average hatching success of
eggs in even and odd years. We compared mean values of nesting param-
eters in even years to those in odd years using Student t test.

Annual run sizes (catch plus escapement, millions of fish) of wild eastern
Kamchatka pink salmon were reported for 1952-2005 in ref. 34, and catch
only (tonnes) for 1971-2009 in ref. 39 and 2010-2012 (as shown in Table S1).
We estimated the run size in 2006-2012 using the relationship between run
size and catch in 1971-2005 (r* = 0.90, P < 0.0001). We used the annual run
size of wild pink salmon in Norton Sound from 1997 to 2012 (40) as an index
of run size in western Alaska. There are no hatchery programs in eastern
Kamchatka or western Alaska. Run sizes were log normal transformed to
compute values of linear regressions against nesting parameters.

We used a = 0.10 to parse the full dataset for discussion and clarity in
presentation in figures—it does not imply a firm judgment about the sta-
tistical or biological significance of differences between mean values in even
and odd years or the slopes of regressions of nesting parameter values
against salmon abundance. Significance levels of all tests of null hypotheses
are reported in Tables S2-S5.
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