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Pacific salmon (Oncorhynchus spp.) play an important role as a keystone spe-
cies in North Pacific ecosystems, where their populations are influenced by
natural factors and human impacts. Carrying capacity for Pacific salmon is
related to the long-term climate change, and also to density-dependent ef-
fects. For example, the residual carrying capacity of chum salmon (O. keta)
was positively correlated with body size of adult salmon but negatively corre-
lated with age at maturity. The abundance of wild chum salmon in the North
Pacific in the 1990s declined to about 50% of what it was in the 1930s,
despite significant increases in introduction of hatchery-produced salmon. This
indicates that fisheries management has limitations at the population level,
and that biological interactions between wild and hatchery-produced
populations of Pacific salmon should be considered. Global warming has af-
fected growth and survival of Asian chum salmon since the 1990s, and has
had a positive effect on Hokkaido populations but negative effects for more
southern populations in Iwate Prefecture and in Korea. Predictions about glo-
bal warming effects on chum salmon suggest that their area of distribution
will change resulting in a displacement to the northern area such as the Arctic
Ocean, and the loss of migration routes such as the Okhotsk Sea. This paper
presents a framework for ecosystem-based sustainable conservation and man-
agement of Pacific salmon, which takes account of climate change and inter-
actions between wild and hatchery fish.
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1. Introduction

Marine food should be reproducible re-
sources for human beings. However, world
fish catches have peaked since the 1990s
despite increase in aquaculture production
(Fig. 1). Tuna (Thunnus spp.) abundance ex-
tremely decreased by overfishing since the
1980s (Myers and Worm 2003). Bluefin tuna
(T. thynnus) is already “critical species” in
the IUCN. Although production from
aquaculture is increasing world-wide, many
aquaculture programs also cause the destruc-
tion of aquatic ecosystem such as vanishing
mangrove forests caused by the shrimp
aquaculture over the last 20 years in the East-
ern Asia (Primavera ez al. 2005), marine pol-
lution, and threats to marine food security
(e.g., contaminants in farmed Atlantic
salmon; Hites et al. 2004).

Traditional fisheries science consider
only fisheries, some consequences of which
include fishing down marine food webs
(Pauly et al. 1998), the over fishing by the
tuna laundering, the tragedy of commons, the
food mileage, ecosystem crashes, and food
pollution. A paradigm shift is needed from
tlie traditional fisheries science to anew fish-
eries science and oceanography for the pro-
tection of marine ecosystems and human
food resources.
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Analyses of the nitrogen stable isotope
concentration in animals in the Gulf of
Alaska have demonstrated that Pacific
salmon occupy the fourth and fifth trophic
levels in this ocean ecosystem (Kaeriyama
2003). Pacific salmon play an important role
as akeystone species in the Subarctic Ocean
and the freshwater ecosystems. Pacific
salmon are also a key species for sustaining
tlie biodiversity and productivity in the ripar-
ian ecosystem because they supply marine-
derived material into river systems and tlie
adjacent watersheds (Kline et al. 1990;
Hilderbrand et al. 1999; Helfield and Naiman
2001). Therefore, Pacific salmon are impor-
tant not only as fisheries resources but also
as keystone species in the Subarctic aquatic
ecosystem.

The objectives of this paper are to con-
sider the following issues in relation to Pa-
cific salmon: 1) carrying capacity, 2) global
wanning effects, and 3) sustainable conser-
vation and management.

2. Carrying Capacity

Changes in the catches of Pacific salmon
have a 30- or 40-year periodicity that coin-
cides with long-tenn climate indices such as
the Pacific Decadal Oscillation (PDO;
Mantua et al. 1997) and climate regime shifts
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Fig. 1.

Year

Time trend of capture fisheries (CA) and aquaculture production (AQ) in the world
during 1950-2001 (from FAO Fisheries Statistics).
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(Fig. 2; Kaeriyama and Edpalina 2004).
Kaeriyama (2003) defined die carrying ca-
pacity (K) of Pacific salmon as die replace-
ment level of the Ricker recruitment curve.
The carrying capacity of sockeye (O. nerka),
chum (O. keta), and pink salmon (O. gorbuscha)
since the 1976 regime-shift year has in-
creased approximately by 100% compared
with that in die 1947-1975 year classes. Sta-
tistically significant correlations were con-
sistently detected between the mean Aleu-
tian Low Pressure Index (ALPI; Beamish
and Bouillion 1993) and the carrying capac-
ity (K) of these three salmon species, but
were not always significant for the a and 8
parameters of the Ricker curve. Thus, it ap-
pears that die carrying capacity of Pacific
salmon is significantly synchronized with
long-term changes in climate variation
(Kaeriyama 2003).

Annual changes in biomass, which in-
clude catch and escapement, of wild and
hatchery chum salmon indicate tiiat die mean
population biomass of bodi wild and hatch-
ery chum salmon in the 1990s (132 million
individuals) was roughly die same as diat in
die 1930s (140 million individuals). How-
ever, the abundance of wild chum salmon in
die 1990s (67 million individuals) was only
50% of that in die 1930s (136 million indi-
viduals) despite die significant increase in
die biomass of hatchery populations (Fig. 3;
Kaeriyama and Edpalina 2004). This phe-
nomenon in chum salmon suggests diat die
hatchery chum salmon recruited into the va-
cant ecological niche in the North Pacific
Ocean left empty through recruitment fail-
ures in wild salmon stocks, diat were linked
to mass poaching (Korolev 2001). Wild
populations were replaced with hatchery
derived individuals such as occurred for pink
salmon in Prince William Sound (Hilbom
and Eggers 2000). The residual carrying ca-
pacity (RCC) was defined as RCC = (K -
biomass)/* (Kaeriyama 2003). Relation-
ships between the RCC and the fork length
of adult Hokkaido chum salmon indicated a

positive correlation. In contrast, die mean age
at maturity of adult Hokkaido chum salmon
negatively correlated with the RCC (Fig. 4).
This indicates a density-dependent popula-
tion effect reduces the individual growtii in
Hokkaido chum salmon population witii a
resulting decrease in the residual carrying
capacity (Kaeriyama and Edpalina 2004).
The same result was observed in the rela-
tionship between the RCC of total chum
salmon in the North Pacific and the indi-
vidual growth reduction of Hokkaido chum
salmon (Kaeriyama and Edpalina 2004).
These results suggest tiiat die carrying ca-
pacity of chum salmon in the North Pacific
would be closely related to changes in cli-
mate change, but also with density-depend-
ent population effects. Therefore, biological
interactions between wild and hatchery
populations should be an important consid-
eration in sustainable fisheries management
that operates at the ecosystem level.

3. Global Warming Effect

After spending their early marine life in
coastal waters, Hokkaido chum salmon mi-
grate to the Okhotsk Sea and then move to
the Western Subarctic Gyre for tiieir first-
wintering. Thereafter, they migrate between
the summer feeding grounds in the Bering
Sea and the overwintering grounds in the
Alaska Gyre. After about four years, they
return to their natal rivers for spawning
(Urawa 2000; Yatsu and Kaeriyama 2005).
There are two hypotheses concerning the
periods of critical mortality in Pacific
salmon: (1) size-selective (predation) mor-
tality in the early marine life period (the first
few months after seaward migration;
Healey 1982) and (2) size-related mortal-
ity over die first marine fall and winter winch
is dependent upon the salmon achieving suf-
ficient growdi by the end of first marine sum-
mer (Beamish e/ al. 2004). As the survival
rate of Hokkaido chum salmon is signifi-
cant—ypositively correlated with the mean
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Temporal change in biomass of wild and hatchery populations of chum salmon in the
North Pacific during 1925-2001 (Kariyama and Edpalina 2004).
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Temporal changes in return rate of Hokkaido, Iwate, and Korean chum salmon popu-

lations (A), and of local populations in Hokkaido (B).

body-size of juveniles released and the
growth anomaly ofjuvenile in the Okhotsk
Sea, they would be affected by size-related
mortality in the first marine winter after their
growth period in the Okhotsk Sea, although
mortality rates in the early marine period
would be higher than those during their first
marine winter (Kaeriyama el al. 2007).
Using scale analyses, back-calculated
growth rates from Hokkaido chum salmon
show that their growth anomaly is strongly
and positively correlated with sea surface
temperature (SST) during summer and fall,
but is negatively correlated with the rate of
sea-ice-covered area during winter in the

Okhotsk Sea (Kaeriyama et al. 2007).
Zooplankton biomass in the Okhotsk Sea
has also been decreasing since the 1980s
(Shuntov and Dulepova 1996). Therefore,
tlie increase in growth of Hokkaido chum
salmon during the 1990s appears to have
been affected by the increase in SST and not
by a decrease in Zooplankton productivity,
relating to tlie sea ice concentration in tlie
Okhotsk Sea (Kaeriyama el al. 2007). The
extent of sea ice concentrations have been
decreasing during the last 100 years as air
temperatures on the Okhotsk Sea coast of
Hokkaido have increased. Aota (1999) sug-
gested that this phenomenon would be one
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Fig. 6. Prediction of the global warming effect on chum salmon in the North Pacific Ocean

based on the SRES-Al B scenario of the IPCC.

of the symptoms of global wanning. There-
fore, increases in the growth of Hokkaido
chum salmon in tlie Okhotsk Sea since tlie
1990s may be related to tlie effects of global
wanning on sea ice cover.

Return rates of Korean and Iwate chum
salmon have decreased since the 1990s, al-
though that of Hokkaido chum salmon has
increased since the 1976 regime-shift year
(Fig. 5a). In Hokkaido, the chum salmon
populations of Nemuro and Okhotsk Sea
coasts, located near the Okhotsk Sea, have
had return rates markedly higher than other
populations (Fig. 5b). Korean and Iwate
chum salmon are distributed in southern
water and are affected by tlie Tsushima Wann
Current during their spring offshore-migra-
tion period. Declines in their return rates did
not coincided with the years of the climate
regime shifts (1976,1988, and 1998). These
results suggest that global wanning can be
expected to have positive effects on
Hokkaido chum salmon populations in tlie
Okhotsk Sea, but negative effects on Korean
and Iwate populations because of inproving

force of the Tsushima Wann Current.

In the near future, what and how will
Pacific salmon be affected by the global
wanning? Using the SRES-A1B scenario of
the IPCC, it is possible to infer the global
wanning effect on chum salmon based on
their optimal temperature for growth (8-
12°C; Kaeriyama 1986; Ueno and Ishida
1998). This leads to the suggestion that chum
salmon would be brought into direct com-
petition with other salmon populations lead-
ing to a decrease in survival rate and popu-
lation density-dependent effects because of
the reduction of distribution area, displace-
ment to the north (e.g., tlie Arctic Ocean),
and the loss of migration routes (e.g., the
Okhotsk Sea; Fig. 6).

4. Ecosystem-Based Sustainable
Conservation and
Management

The population dynamics of Pacific salmon
is directly affected by a number of stresses
(climatic and human impacts) that need to
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Pacific salmon based on the ecosystem approach.

be considered within an ecosystem context.
The structure and function of the ecosystem
includes the interaction between the abiotic
environment and the organism, and
biodiversity, respectively. The aquatic eco-
system is subject to disturbance by natural
factors and human impacts. Recently, human
impacts have strongly affected tlie aquatic
ecosystem (e.g., global wanning, overfishing,
habitat loss, artificial river channelization,
dam construction, and negative effects of
aquaculture and hatchery programs;
Kaeriyama and Edpalina 2004). We need to
recognize the limitations of fisheries man-
agement that is focused at the population
level, and establish sustainable conservation
and management based on the integration of
population level approaches within a wider
ecosystem-based approach.

Definitions of an ecosystem-based ap-
proach to fisheries management have been
proposed by several authors (NRC 1999;
Witherell el al. 2000; FAO 2003; McLeod
el al. 2005; Murawski and Matlock 2006;
Marasco el al. 2007). In this paper, I have
used the definition of McLeod el al. (2005):

Conception of the adaptive management for the sustainable fisheries management of

“Ecosystem-based management is an inte-
grated approach to management that consid-
ers tlie entire ecosystem, including humans.
The goal of ecosystem-based management
is to maintain an ecosystem in a healthy, pro-
ductive, and resilient condition so that it can
provide the services human want and need.
Ecosystem-based management differs from
current approaches that usually focus on a
single species, sector, activity or concern. It
considers cumulative impacts of different
sectors.” In this century, the ecosystem con-
servation and the stable production of food
from marine sources are the most important
issues for human beings in the global earth
system, taking into account increases in hu-
man population and impacts such as global
wanning. Sustainable conservation manage-
ment based on the ecosystem approach
(SCMEA) for Pacific salmon should be part
of the sustainability science of fisheries and
oceans. Three aspects of the structure and
function of the ocean ecosystem should be
monitored, in particular for Pacific salmon;
1) spatial and temporal changes: carrying
capacity, food web and trophic level,
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2) climatic oceanic conditions: global
wanning, regime shifts,

3) biological interactions: between wild
and hatchery populations, density-
dependent effects, and inter- and intra-
specific compétition.

For tlie SCMEA ofPacific salmon, adap-
tive management and the precautionary prin-
ciple are important. In particular, adaptive
management should be conducted based on
tlie feedbacks between monitoring, model-

ing, and adaptive learning, which includes
learning by undertaking risk analyses and
consensus building (Fig. 7).

Acknowledgements

I thank Ian Perry, Pacific Biological Station, for his
comments and encouragement on earlier draft of the
paper, and Michio Kishi, Graduate School of Fisheries
Sciences, Hokkaido University, for his information and
data analysis on the global warming effect on the SRES-
A1B scenario ofthe IPCC.

References

Aota M. Long-term tendencies of sea ice concentration and air temperature in the Okhotsk Sea coast of
Hokkaido. PICES Sei. Rep. 1999; 12: 1-2.

Beamish RJ, Bouillion DR. Pacific salmon production trends in relation to climate. Can. ). Fish. Aquat. Sei.
1993; 50: 1003-1016.

Beamish RJ, Mahnken C, Neville CM. Evidence that reduced early marine growth is associated with lower
marine survival of coho salmon. Trans. Am. Fish. Soe. 2004; 133: 26-33.

FAO Fisheries Department. The ecosystem approach to fisheries. FAO technical guidelines for responsible
fisheries. 2003; No. 4, Stippi. 2. FAO, Rome.

Healey MC. Timing and relative intensity of size-selective mortality ofjuvenile chum salmon (Oncorhynchus
keta) during early sea life. Can. ]. Fish. Aquat. Sei. 1982; 39: 952-957.

Helfield JM, Naiman RJ. Effects of salmon-derived nitrogen on riparian forest growth and implications for
stream productivity. Ecology 2001 ; 82: 2403-2409.

Hilborn R, Eggers D. A review of the hatchery programs for pink salmon in Prince William Sound and Kodiak
Island, Alaska. Trans. Am. Fish. Soc. 2000; 129: 333-350.

Hilderbrand GV, Hanley TA, Robbins CT, Schwartz CC. Role of brown bear (Ursus arctos) in the flow of
marine nitrogen into a terrestrial ecosystem. Oecologia 1999; 121: 546-550.

Hites RA, Foran J, Carpenter DO, Hamilton MC, Knuth BA, Scwager SJ. Global assessment of organic
contaminants in farmed salmon. Science 2004; 303: 226-229.

Kaeriyama M. Ecological study on early life of the chum salmon, Oncorhynchus keta (W albaum). Sei. Rep.
Flokkaido Salmon Flatchery 1986; 40: 31 -92 (in Japanese, with English abstract).

Kaeriyama M. Evaluation of carrying capacity of Pacific salmon in the North Pacific Ocean for ecosystem-
based sustainable conservation management. NPAFC Tec. Rep. 2003; 5: 1-4.

Kaeriyama M, Edpalina RR. Evaluation of the biological interaction between wild and hatchery population
for sustainable fisheries management of Pacific salmon. /n: Leber KM, Kitada S, Blankenship HL,
Svasand T (eds). Stock Enhancement and Sea Ranching. 2nd ed. Blackwell Publishing, Oxford. 2004;
247-259.

Kaeriyama M, Yatsu A, Noto M, Saitoh S. Spatial and temporal changes in the growth patterns and survival
of Hokkaido chum salmon populations in 1970-2001. N. Pac. Anadr. Fish Comm. Bull. 2007; 4: 251 -
256.

Kline TC Jr, Goering JJ, Mathisen OA, Poe PH, Parker PL. Recycling of elements transported upstream by
runs of Pacific salmon: L d15N and d1JC evidence in Sashin Creek, southeastern Alaska. Can. ). Fish.
Aquat. Sei. 1990; 47: 136-144.

Korolev MR. Threats to salmon and their biodiversity in Kamchatka. Abstracts of the Pacific Rim Wild
Salmon and Steelhead Conference. 2001 ; 20.

Mantua NJ, Hare SR, Zhang Y, Wallace JM, Francis RC. A Pacific interdecadal climate oscillation with im-
pacts on salmon production. Bull. Amer. Meteor. Soc. 1997; 78: 1069-1079.

Marasco RJ, Goodman D, Grimes CB, Lawson PW, Punt AE, Quinn TJ Il. Ecosystem-based fisheries manage-
ment: some practical suggestions. Can. ). Fish. Aquat. Sei. 2007; 64: 928-939.



380 M. KAERIYAMA

McLeod KL, Lubchenco J, Palumbi SR, Rosenberg AA. Scientific consensus Statement on marine ecosystem-
based management. Prepared by scientists and policy experts to provide information about coasts
and oceans to U.S. policymakers. Communication Partnership for Science and the Sea (COMPASS).
2005; [Online] http://compassonline.org/pdf filessEBM _Consensus_Statement vl 2.pdf/

Murawski SA, Matlock GC. Ecosystem science capabilityies required to support NOAA's mission in the year
2020. US Dept. Comm. NOAA Tech. Memo. NMFS-F/SPO-74. 2006.

Myers RA, Worm B. Rapid worldwide depletion of predatory fish communities. Nature 2003; 423: 280-
283.

NRC. Sustaining marine Fisheries. National Academy Press, Washington DC. 1999.

Pauly D, Christensen V, Dalsgaard J, Froese R, Torres F Jr. Fishing down marine food webs. Science 1998;
279: 860-863.

Primavera JH. Mangroves, fishponds, and the quest for sustainability. Science 2005; 310: 57-59.

Shuntov VP, Dulepova YP. Biota of the Okhotsk Sea: structure of communities, the interannual dynamics
and current status. PICES Sei. Rep. 1996; 6:263-271.

Ueno Y, Ishida Y. Summer distribution and migration routes of juvenile chum salmon (Oncorhynchus keta)
originating from rivers in Japan. Bull. Nat. Res. Inst. Far Seas Fish. 1998; 33: 139-147.

Urawa S. Ocean migration route of Japanese chum salmon with a reference to future salmon research.
National Salmon Resources Center Newsletter 2000; 5: 3-9 (in Japanese).

Witherell D, Pautzke CP, Fluharty D. An ecosystem-based approach for Alaska groudfish fisheries. ICES ).
Mar. Sei. 2000; 57: 771-777.

Yatsu A, Kaeriyama M. 2005. Linkages between coastal and open-ocean habitats and dynamics of Japanese
stocks of chum salmon and Japanese sardine. Deep-Sea Res. 112005; 52: 727-737.


http://compassonline.org/pdf_files/EBM_Consensus_Statement_vl

