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Preface

	 	 Climate	affects	the	dynamics	of	Pacific	salmon	through	changes	in	the	ocean	and	freshwater	habitats.		The	
freshwater	habitat	of	Pacific	salmon	has	been	studied	extensively,	but	substantially	less	attention	has	been	paid	to	
the	ocean.		Studies	of	Pacific	salmon	in	the	ocean	were	difficult	until	suitable	trawl	gear	was	developed	as	recent	as	
over	a	decade	ago.		The	studies	provided	new	insights	into	the	processes	that	regulate	early	marine	survival	as	well	
as	overall	marine	survival.		Recently-developed	stock	identification	techniques	can	be	linked	to	climate	and	ocean	
data	to	determine	how	stocks	that	rear	in	different	areas	of	the	North	Pacific	are	affected	by	regional	variability	
in	ocean	habitat.		It	is	finally	possible	to	combine	information	on	Pacific	salmon	production	in	fresh	water	with	
an	understanding	of	how	ocean	conditions	regulate	marine	survival.		The	understanding	of	these	processes	will	
provide	regional	fisheries	managers	with	new	models	which	more	accurately	link	climate	and	physical	processes	
to	recruitment,	abundance	and	distribution.		These	studies	must	be	conducted	as	soon	as	possible,	because	over	the	
next	50	years	the	climate	change	will	greatly	increase	uncertainty	in	the	management	of	Pacific	salmon.
	 A	task	team	of	North	Pacific	Anadromous	Fish	Commission	(NPAFC)	developed	the	Long-term	Research	
and	Monitoring	Plan	(LRMP)	that	synthesized	past	research	and	identified	critical	areas	for	new	research	to	un-
derstand	impacts	of	future	climate	and	ocean	changes	on	the	population	dynamics	of	Pacific	salmon	(Beamish	et	
al.	2009,	NPAFC	Special	Publication	No.	1,	available	at	www.npafc.org).		This	issue	(NPAFC	Special	Publication	
No.	2)	supplements	the	LRMP	with	a	bibliography	that	lists	literatures	associated	with	climate	and	ocean	change	
impacts	on	Pacific	salmon.		The	bibliography	covers	literatures	published	up	to	2009	most	of	them	with	abstracts.				
An	electronic	version	is	available	at	www.npafc.org.		The	editors	would	like	to	thank	many	colleagues	who	kindly	
provided	information	for	this	bibliography.
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Adkison, M.D., and B.P. Finney.  2003.  The long-term outlook for salmon returns to Alaska.  Alaska Fish. Res. Bull. 
10(2): 83–94.

With the exception of some western Alaska stocks, Alaska’s salmon populations are numerically healthy.  How-
ever, even fisheries on abundant stocks are suffering economically due to sharp declines in the value of the catch.  
The abundance of Alaskan salmon stocks has fluctuated greatly, both in modern times and prehistorically.  These 
fluctuations are thought to be caused by multi-decadal changes in environmental conditions over large areas that 
affect many other species as well as salmon.  Forecasts of salmon returns are not very reliable, and the potential for 
significant improvement in their accuracy is low in the short term.  A viable fishing industry must be able to adapt 
to dramatic, persistent, and unanticipated changes in harvest levels.  Nonetheless, Alaska’s salmon stocks should 
continue to produce healthy harvests for the foreseeable future, barring significant damage to their habitat either via 
local activities or global warming.

Adkison, M.D., R.M. Peterman, et al.  1996.  Alternative models of climatic effects on sockeye salmon (Oncorhynchus 
nerka) productivity in Bristol Bay, Alaska, and the Fraser River, British Columbia.  Fish. Oceanogr. 5(3/4): 137–152.

We compare alternative models of sockeye salmon, Oncorhynchus nerka, productivity (returns per spawner) using 
more than 30 years of catch and escapement data for Bristol Bay, Alaska, and the Fraser River, British Columbia.  
The models examined include several alternative forms of models that incorporate climatic influences as well as 
models not based on climate.  For most stocks, a stationary stock-recruitment relationship explains very little of the 
interannual variation in productivity.  In Bristol Bay, productivity covaries among stocks and appears to be strongly 
related to fluctuations in climate.  The best model for Bristol Bay sockeye involved a change in the 1970s in the 
parameters of the Ricker stock-recruitment curve; the stocks generally became more productive.  In contrast, none of 
the models of Fraser River stocks that we examined explained much of the variability in their productivity.

Anderson, D.M., S.A. Shankle, et al.  1993.  Valuing effects of climate change and fishery enhancement on Chinook 
salmon.  Contemporary Policy Issues 2: 82-94.

This paper represents a continuing multidisciplinary analysis of species preservation and global change.  It explores 
the economic cost of a potential regional warming’s effect on the spring Chinook salmon (Oncorhynchus tshcaw-
ytscha).  Climate change and planned habitat improvements impact the production and economic value of spring 
Chinook salmon in the Yakima River tributary of the Columbia River in eastern Washington.  A Chinook salmon’s 
total economic value includes the summation of the existence, commercial, recreational, andcapital values.  The 
analysis here applies currently available data on these four components of value to estimated changes in Chinook 
salmon population resulting from regional warming.  Results show that the estimated change in economic value per 
fish associated with reducing one fish run is significant.

Anderson, J.  1998.  Decadal climate cycles and declining Columbia River salmon.  Sustainable Fisheries Conference 
Proceedings.  22 pp.  (Available at http://www.cbr.washington.edu/papers/jim/victoria.pdf).

This paper explores the effects of the interaction of anthropogenic trends and climate cycles on salmon declines in 
the Columbia and Snake river basins.  A basic population model, including anthropogenic and environmental factors, 
is discussed and literature relating decadal scale climate patterns and the response of the North Pacific ecosystem is 
reviewed.  From this background a ratchet-like decline in Columbia and Snake river salmon production resulted from 
the interactions of human activities and climatic regime shifts.  These interactions are illustrated using hundred year 
patterns in spring Chinook salmon (Oncorhynchus tshawytscha) catch, the Columbia River hydroelectric generating 
capacity, and a climate index characterizing the shifts between a cool/wet regime favorable to West Coast salmon 
and a warm/dry regime unfavorable to West Coast salmon.  A half century correlation of the climate index and Chi-
nook catch suggest that a favorable climate regime counteracted detrimental impacts of hydrosystem development 
between 1945 and 1977, while an unfavorable climate regime negated beneficial effects of salmon mitigation efforts 
after 1977.  This hypothesis is elaborated by a comparison of changes in the climate index relative to changes in 
Snake River salmon survival indicators.

Anderson, J.J., and R.A. Hinrichsen.  1996.  Climate indicators of salmon survival.  Presnted at PICES Meeting, 
Nanaimo, BC.  (Available at http://www.cbr.washington.edu/papers/jim/draft.pdf).

Using studies from the Columbia River, salmon survival and catch measures were correlated with several Pacific 
Northwest climate indices.  Spring Chinook survival rate and catch were varied with the Pacific Northwest climate 
index (PNI), which characterizes temperature and precipitation cycles in the Pacific Northwest.  Cool/wet condi-
tions were associated with higher survival and catch while warm/dry conditions were associated with lower stock 
measures.  At a finer temporal scale, the survival of spring Chinook from smolt to adult was correlated with the ar-
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rival time of smolts into the estuary and the spring transition date, which signals the beginning of spring and coastal 
upwelling.  A match/mismatch hypothesis is suggested to explain how variation in spring transition and estuary entry 
dates can effect stock survival.  The effects of hatchery production and hydrosystem passage on year class strength 
is also considered in terms of the match/mismatch mechanism.

Anderson, P.J., and J F. Piatt.  1999.  Community reorganization in the Gulf of Alaska following ocean climate regime 
shift.  Mar. Ecol. Prog. Ser. 189: 117–123.

A shift in ocean climate during the late 1970s triggered a reorganization of community structure in the Gulf of Alaska 
ecosystem, as evidenced in changing catch composition on long-term (1953 to 1997) small-mesh trawl surveys.  For-
age species such as pandalid shrimp and capelin declined because of recruitment failure and predation, and popula-
tions have not yet recovered.  Total trawl catch biomass declined > SO% and remained low through the 1980s.  In 
contrast, recruitment of high trophic level groundfish improved during the 1980s, yielding a > 250% increase in catch 
biomass during the 1990s.  This trophic reorganization apparently had negative effects on piscivorous sea birds and 
marine mammals.

Andrews, A.G., E.V. Farley, Jr., et al.  2009.  Energy density and length of juvenile pink salmon Oncorhynchus gorbus-
cha in the eastern Bering Sea from 2004 to 2007: a period of relatively warm and cool sea surface temperatures.  N. 
Pac. Anadr. Fish Comm. Bull. 5: 183–189.  (Available at www.npafc.org).

Juvenile pink salmon (Oncorhynchus gorbuscha) were examined in the eastern Bering Sea from 2004 to 2007 to 
assess the influence of ocean temperature on whole body energy content (WBEC), length, and diet.  Fish were col-
lected during the United States Bering-Aleutian Salmon International Study (U.S. BASIS) surveys in the eastern 
Bering Sea.  Warmer spring and summer sea surface temperatures prevailed from 2004 to 2005 on the eastern Bering 
Sea shelf, whereas cooler spring and summer sea surface temperatures occurred from 2006 to 2007.  Juvenile pink 
salmon changed diet between the warm and cool years.  Walleye pollock (Theragra chalcogramma) dominated the 
diet (> 50% wet mass) in warm years, while walleye pollock were nearly absent from the diet in cool years.  Juvenile 
pink salmon lengths were significantly longer in warm years but WBEC was significantly lower.  We interpret our 
results to indicate that length is not always a reliable measure of energy status.

Armstrong, J.L., K.W. Myers, et al.  2008.  Interannual and spatial feeding patterns of hatchery and wild juvenile pink 
salmon in the Gulf of Alaska in years of low and high survival.  Trans. Am. Fish. Soc. 137: 1299–1316.

To improve understanding of the mechanisms affecting growth and survival, we evaluated the summer diets and 
feeding patterns (prey composition, energy density, and stomach fullness) of hatchery and wild juvenile pink salmon, 
Oncorhynchus gorbuscha, in Prince William Sound (PWS) and the northern coastal Gulf of Alaska (CGOA).  Our 
study (1999–2004) included 2 years of low (;3%), mid (;5%), and high (;8–9%) survival of PWS hatchery pink salm-
on.  Because variations in diet should affect growth and ultimately survival, we expected that the variations in diet, 
growth, and survival would be correlated.  During August in the CGOA, pteropod-dominated diets and higher gut 
fullness corresponded to high survival (5–9%), and copepod-dominated diets and lower gut fullness corresponded to 
low survival (3%).  Within years, no significant differences were found in diet composition or gut fullness between 
hatchery and wild fish or among the four PWS hatchery stocks.  Diets varied by water mass (habitat) as juveniles 
moved from PWS to more saline habitats in the CGOA.  In July, when juveniles were most abundant in PWS, their 
diets were dominated by pteropods and hyperiid amphipods.  The diets of fish that moved to inner-shelf (i.e., the 
leastsaline) habitat in the CGOA in July were dominated by larvaceans in low-survival years and pteropods in high-
survival years.  Diet quality was higher in CGOA habitats than in PWS in July.  In August, fish moved to the more 
productive, more saline water masses in the CGOA, where large copepods and pteropods were dominant prey and 
diet quality was better than in PWS.  Our results indicate that spatial variation in the diets of juvenile pink salmon in 
July and the timing of migration to the CGOA play a critical role in marine growth and survival.

Asami, H., H. Shimada, et al.  2007.  Influence of physical parameters on zooplankton variability during early ocean 
life of juvenile chum salmon in the coastal waters of eastern Hokkaido, Okhotsk Sea.  N. Pac. Anadr. Fish Comm. Bull. 
4: 211–221.  (Available at www.npafc.org).

Zooplankton variability during the early life of juvenile chum salmon and its relationship to physical environmen-
tal variability were studied from 2002 to 2004 in the Okhotsk Sea along the coast of eastern Hokkaido.  During 
the study, the zooplankton taxa, Hydrozoa, Cladocera, Copepoda, Euphausiacea, Echinodermata and Appendiculata 
were commonly found.  Cladocera, Copepoda, and Appendiculata were numerically dominant. At the boundary of 
the Soya Warm Current, the predominant zooplankton taxa shifted from Copepoda to Cladocera-Appendiculata. The 
predominant species of Copepoda, Cladocera and Appendiculata taxa were divided into two groups, based on their 
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abundance and preferred water temperature and salinity.  Group I was made up of cold-water species that prefer tem-
peratures < 12ºC and salinities < 33.6 psu.  Group II was made up of warm-water species that prefer temperatures > 
12°C and salinities > 33.6 psu.  Several species in Group I are important components in the diets of juvenile chum 
salmon.  In Group I the cold-water copepod Pseudocalanus newmani was the most numerous species in Abashiri 
Bay from 2002 to 2004.  Pelagic cold-water copepods (Neocalanus spp. other than Neocalanus cristatus) and neritic 
cold-water copepods (Eurytemora herdmani and Tortanus discaudatus) were more abundant in 2004 than in 2002 or 
2003.  We theorize that the abundance of pelagic copepods may be related to the timing of the retreat of sea ice, and 
that the abundance of neritic copepods may be related to the displacement of less saline water under the influence 
of terrestrial inputs.  The Soya Warm Current, sea ice, and less saline water are thought to be key factors affecting 
zooplankton variability and, by extention, influencing the life modes of juvenile chum salmon in the Okhotsk Sea.

Augerot, X.  2000.  An environmental history of the salmon management philosophies of the North Pacific: Japan, Rus-
sia, Canada, Alaska and the Pacific Northwest United States.  Ph.D. thesis, Oregon State University.  407 pp.  (Available 
at http://ir.library.oregonstate.edu/jspui/bitstream/1957/9015/1/Augerot_Xanthippie_2000.pdf).

Salmon management philosophies of the five salmon jurisdictions of the North Pacific (Japan, Russia, Canada, Alas-
ka and the American Northwest) are examined in a historical and geographic context.  The first objective is to provide 
a synthesis of salmon management experience across the North Pacific, to serve as a context for the professionals 
and private citizens involved in day-to-day salmon management.  The second objective is to elucidate the relative 
role of geography versus deliberate management action in shaping contemporary salmon management philosophies, 
on the basis of salmon management experience.  Harvest trends, species composition, regulatory actions, property 
rights, technological innovation, climate variability, habitat alteration, markets, international agreements, and science 
are reviewed for each jurisdiction over time.  The source material is drawn from a variety of scholarly and popular 
published sources, in Russian and English.  The inferred salmon management philosophies of the five jurisdictions 
vary in their emphasis on three primary salmon management objectives: maximizing biomass production, preserv-
ing salmon harvest communities, and conserving salmonid genetic and life history diversity.  All initially heavily 
emphasized biomass production, except for Canada.  Only Japan, and Alaska after statehood, have given moderate 
or great emphasis to community preservation.  Among the five jurisdictions, the only two to emphasize biodiversity 
conservation are the Pacific Northwest United States and British Columbia, Canada.  The initial species endowment 
of each jurisdiction, the landscape, climate variability and the cultural heritage of the dominant salmon harvesters are 
more critical at shaping salmon management philosophies than are incremental regulatory decisions over time.  For 
instance, Japan’s salmon ranching philosophy accrued from the availability of species without freshwater life history 
stages and the need to support a large human population.  Favorable climate conditions in the 1970s facilitated the 
Japanese emphasis on hatchery chums and an engineering approach to contend with flooding and the demand for 
energy and water supplies.  Change in salmon management philosophies, such as the shift to an emphasis on biodi-
versity conservation in British Columbia and the Pacific Northwest, occurs when the legal harvest rights of salmon 
harvester subgroups changes during a period of harvest decline.  In the case of the latter two jurisdictions, the in-
creased legal rights of native peoples have catalyzed a shift from an emphasis on biomass production to biodiversity 
conservation. 

Aydin, K.Y., G.A. McFarlane, et al.  2003.  PICES-GLOBEC international program on climate change and carrying 
capacity.  The BASS/MODEL report on trophic models of the subarctic Pacific basin ecosystem.  PICES Sci. Rept. No. 
23.  93 pp.  (Available at www.pices.int).

The PICES Carrying Capacity and Climate Change (CCCC) BAsin Scale Studies (BASS) Task Team was established 
to facilitate studies of the impacts of climate change and climate variability on the physical and biological processes 
in the gyres of the western and eastern subarctic Pacific Ocean.  In general, the oceanography and ecology of the 
eastern (ESA) and western (WSA) basins of the subarctic Pacific are poorly understood relative to the coastal areas.  
It is known that the central subarctic Pacific is productive as indicated by the large abundance of Pacific salmon, 
squid and other important fishes.  Recent studies also suggest that the oceanography of the gyres is closely linked 
to the decadal scale changes in climate.  Therefore, it is important that there is a co-ordinated effort to focus on the 
priority research issues, and to exchange scientific information on a timely basis.  At the PICES Sixth Annual Meet-
ing, the BASS Task Team sponsored a symposium on the Ecosystem dynamics of the Eastern and Western Gyres of 
the Subarctic Pacific.  The purpose was to bring together available information on the two gyres in a comparative 
framework.  Topics included: 1) ocean responses to climate forcing; 2) nutrients and primary production; 3) structure 
of the lower trophic levels, the mesozooplankton communities, and the epipelagic nekton; 4) the role of midwater 
fishes; and 5. the importance of these areas to marine birds and mammals.  Papers presented at the meeting were 
published in a special issue (Beamish et al. 1999a) of Progress in Oceanography (Guest Editors: R.J. Beamish, S. 
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Kim, M. Terazaki and W.S. Wooster).

Aydin, K.Y., G.A. McFarlane, et al.  2005.  Linking oceanic food webs to coastal production and growth rates of Pacific 
salmon (Oncorhynchus spp.), using models on three scales.  Deep-Sea Res. II 52(5–6): 757–780.

Three independent modeling methods—a nutrient-phytoplankton-zooplankton (NPZ) model (NEMURO), a food 
web model (Ecopath/Ecosim), and a bioenergetics model for pink salmon (Oncorhynchus gorbuscha)—were linked 
to examine the relationship between seasonal zooplankton dynamics and annual food web productive potential for 
Pacific salmon feeding and growing in the Alaskan subarctic gyre ecosystem.  The linked approach shows the impor-
tance of seasonal and ontogenetic prey switching for zooplanktivorous pink salmon, and illustrates the critical role 
played by lipid-rich forage species, especially the gonatid squid Berryteuthis anonychus, in connecting zooplankton 
to upper trophic level production in the subarctic North Pacific.  The results highlight the need to uncover natural 
mechanisms responsible for accelerated late winter and early spring growth of salmon, especially with respect to 
climate change and zooplankton bloom timing.  Our results indicate that the best match between modeled and ob-
served high-seas pink salmon growth requires the inclusion of two factors into bioenergetics models:  (1) decreasing 
energetic foraging costs for salmon as zooplankton are concentrated by the spring shallowing of pelagic mixed-layer 
depth and (2) the ontogenetic switch of salmon diets from zooplankton to squid.  Finally, we varied the timing and 
input levels of coastal salmon production to examine effects of density-dependent coastal processes on ocean feed-
ing; coastal processes that place relatively minor limitations on salmon growth may delay the seasonal timing of 
ontogenetic diet shifts and thus have a magnified effect on overall salmon growth rates.

Aydin, K.Y., K.W. Myers, et al.  2000.  Variation in summer distribution of the prey of Pacific salmon (Oncorhynchus 
spp.) in the offshore Gulf of Alaska in relation to oceanographic conditions, 1994–98.  N. Pac. Anadr. Fish Comm. Bull. 
2: 43–54.  (Available at www.npafc.org).

We present the results of Pacific salmon (Oncorhynchus spp.) food habits studies from five years of high seas salmon 
research cruises along a July transect in the northeastern Pacific (50º–56ºN, 145ºW, 1994–98).  The results suggest 
that there are two distinct latitudinal summer feeding zones for salmon associated with the July latitudinal sea surface 
temperature minimum.  The southern zone is high in micronektonic squid between 6–12 mm mantle length, primarily 
the species berryteuthis anonychus.  The warmer, northern zone is higher in mesozooplankton in both net samples 
and salmon stomachs.  The difference in the diet and body weights of pink salmon (O. gorbuscha), coho salmon 
(O. kisutch), chum salmon (O. keta) and sockeye salmon (O. nerka) was substantial between the two regions.  The 
latitude of the border between the two zones varied between 51º–54ºN over the years of the study, a distance of over 
300 km.  This variation in the biogeography of salmon prey may explain part of the previously noted relationship 
between ocean sea surface temperature and the adult body weight of salmon.

Azumaya, T., and Y. Ishida.  2001.  Effects of ocean currents on juvenile chum salmon migration.  N. Pac. Anadr. Fish 
Comm. Tech. Rep. 2: 17–19.  (Available at www.npafc.org).  

We investigate to understand the effect of the surface currents on juvenile salmon migration using a numerical experi-
ments.  Salmon migration is simulated by combining a salmon migration model with the current fields in the North 
Pacific Ocean.  The salmon migration model gives the position of each salmon individually.  This model is essentially 
a particle-tracking model.  The passive particle-tracking part is driven by the surface current fields.  The new posi-
tions of each individual particle advected by current are calculated at every time step.  Using surface current fields in 
the North Pacific Ocean are estimated from satellite-derived surface topography data, TOPEX/Poseidon altimeter sea 
level data interpolated to 1º x 1º grid.

Azumaya, T., and Y. Ishida.  2004.  An evaluation of the potential influence of SST and currents on the oceanic mi-
gration of juvenile and immature chum salmon (Oncorhynchus keta) by a simulation model.  Fish. Oceanogr. 13(1): 
10–23.

Using a salmon migration model based on the assumption that swimming orientation is temperature dependent, we 
investigated the determining factors of the migration of juvenile and immature chum salmon (Oncorhynchus keta) in 
the North Pacific.  We compared the predictions of the model with catch data of immature and juvenile chum salmon 
collected by Japanese research vessels from 1972 to 1999.  The salmon migration model reproduced the observed 
distributions of immature chum salmon and indicates that passive transport by wind-driven and geostrophic currents 
plays an important role in the eastward migration of Asian salmon.  These factors result in a nonsymmetric distribu-
tion of Asian and North American chum salmon in the open ocean.  The directional swimming component contrib-
utes to the northward migration in summer.  The model results indicate that during the first winter Asian chum salmon 
swim northward against the southward wind-driven currents to stay in the western North Pacific.  This suggests that 
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Asian chum salmon require more energy to migrate than other stocks during the first winter of their ocean life.

Azumaya, T., Y. Ishida, et al.  1998.  Long-term and spatial correlations between survival rates of pink salmon (Onco-
rhynchus gorbuscha) and sea surface temperatures in the North Pacific Ocean.  N. Pac. Anadr. Fish Comm. Tech. Rep. 
1: 16–17.  (Available at www.npafc.org).

Pink salmon (Oncorhynchus gorbuscha) are the most abundant salmon species in the North Pacific Ocean.  Year to 
year changes in the abundance of pink salmon showed a similar trend in both odd- and even-year classes. Abundance 
began to increase in 1976, although it remained at low levels in the early 1960s to mid 1970s.  Pink salmon abun-
dance is controlled by spawner abundance and environmental factors.  However, little is known about what, when, 
and where environmental factors affect pink salmon in the North Pacific Ocean.

Azumaya, T., and T. Nagasawa.  2009.  Reproduction of short-term vertical movements observed using archival tags 
on chum salmon (Oncorhynchus keta) by a simple model.  N. Pac. Anadr. Fish Comm. Bull. 5: 61–69.  (Available at 
www.npafc.org).

Vertical movement patterns of chum salmon (Oncorhynchus keta) during their homing migration were examined 
using archival tags.  Vertical movements through the thermocline with a periodicity of less than 1 h were observed 
during the day in the North Pacific.  To examine the dynamics of these short-term vertical movements, we devel-
oped a simple one-dimensional vertical movement model.  It is assumed that chum salmon have an optimal body 
temperature and that they regulate their dive behavior to depths with relatively high prey densities in a manner that 
conserves their body temperature.  The model reproduced the short-term vertical movements such as those observed 
from archival tagging data.  The model provides evidence that the high frequency movements allow conservation of 
the body temperature at an optimal level during foraging dives for prey.

Azumaya, T., T. Nagasawa, et al.  2007.  Regional and seasonal differences in temperature and salinity limitations of 
Pacific salmon.  N. Pac. Anadr. Fish Comm. Bull. 4: 179–187.  (Available at www.npafc.org).

The thermal limitations of the distribution of Pacific salmon (Oncorhynchus spp.) in relation to sea surface tempera-
tures are well known.  We reanalyzed data on salmon distribution and hydrographic measurements, and estimated the 
limitations of salmon distribution using T-S diagrams.  There was a clear relationship between salmon distribution 
and salinity in the offshore waters of the North Pacific.  The upper thermal limit was 13.3°C for sockeye (O. nerka), 
15.6°C for chum (O. keta), 16.6°C for pink (O. gorbuscha), 15.7°C for coho (O. kisutch) and 13.4°C for Chinook 
(O. tshawytscha).  The lower thermal limit was 3.3°C for sockeye, 2.7°C for chum, 2.8°C for pink and 3.7°C for 
coho salmon, respectively.  The upper halo-limit was 33.46 psu for sockeye, 34.45 psu for chum, 34.37 psu for pink, 
34.26 psu for coho and 33.95 psu for chinook salmon, respectively.  The range of thermal and halo-limits for the pink 
salmon distribution was wider than those of the other species.  The range of these parameters for sockeye salmon 
was narrower than those of the other species.  In winter and spring, the southern limit of salmon distribution in the 
western North Pacific was dependent on the halo-limit. In the eastern North Pacific, the southern limit was dependent 
on the thermal limit.  In summer and autumn, the thermal limit for sockeye salmon was similar to the southern limit 
for sockeye in the North Pacific.  The occurrence of the halo-limit results in seasonal and regional differences in sea 
temperature at the southern limit of salmon distribution.

Bailey, J.E., B.L. Wing, et al.  1975.  Zooplankton abundance and feeding habits of fry of pink salmon, Oncorhynchus 
gorbuscha, and chum salmon, Oncorhynchus keta, in Traitors Cove, Alaska, with speculations on the carrying capacity 
of the area.  Fish. Bull. 73(4): 846–861.

Juvenile pink salmon, Oncorhynchus gorbuscha, and chum salmon, O. keta, 28 to 56 mm long (fork length) from 
Traitors River in southeastern Alaska, fed little in freshwater but fed heavily in the estuary, mainly on pelagic zoo-
plankters.  Fry did not feed on cloudy moonless nights.  The rate of evacuation of pink salmon stomachs ranged from 
6 h at 12.8°C to 16 h at 8.5°C.  The abundance of zooplankton ranged from 9 to 154 organisms per liter and quan-
titatively did not change noticeably while fry were in the estuary.  In 1964, 1965, and 1966, the estimated numbers 
of fry in Traitors Cove was 7, 1, and 4 million, respectively.  An attempt was made to estimate the carrying capacity 
of Traitors Cove, using food consumption and evacuation rates in conjunction with estimates of standing crop of 
zooplankton.  It was concluded that 50 to 100 million additional fry from hatcheries would probably exceed the car-
rying capacity of the estuary.

Baker, P.F., T.P. Speed, et al.  1995.  Estimating the influence of temperature on the survival of Chinook salmon smolts 
(Oncorhynchus tshawytcha) migrating through the Sacramento-San Joaquin Delta of California.  Can. J. Fish. Aquat. 
Sci. 52: 855–863.
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Data from the U.S. Fish and Wildlife Service are used to investigate the relationship between water temperature and 
survival of hatcheryraised fall-run Chinook salmon (Oncorhynchus tshawytscha) smolts migrating through the Sac-
ramento - San Joaquin Delta of California.  A formal statistical model is presented for the release of smolts marked 
with coded-wire tags (CWTs) in the lower Sacramento River and the subsequent recovery of marked smolts in mid-
water trawls in the Delta.  This model treats survival as a logistic function of water temperature, and the release and 
recovery of different CWT groups as independent mark-recapture experiments.  Iteratively reweighted least squares 
is used to fit the model to the data, and simulation is used to establish confidence intervals for the fitted parameters.  
A 95% confidence interval for the upper incipient lethal temperature, inferred from the trawl data by this method, is 
23.01 ± 1.08°C.  This is in good agreement with published experimental results obtained under controlled conditions 
(24.3 ± 0.1 and 25.1 ± 0.1°C for Chinook salmon acclimatized to 10 and 20°C, respectively):  this agreement has 
implications for the applicability of laboratory findings to natural systems.

Bakun, A., and K. Broad (Editors).  2002.  Climate and fisheries: interacting paradigms, scales, and policy approaches.  
Palisades, New York, International Research Institute for Climate Prediction, Columbia Univ.  67 pp.

Bakun, A., and K. Broad.  2003.  Environmental ‘loopholes’ and fish population dynamics: comparative pattern recog-
nition with focus on El Niño effects in the Pacific.  Fish. Oceanogr. 12(4/5): 458–473.

A process of comparative pattern recognition is undertaken for the purpose of garnering insights into the mechanisms 
underlying some currently puzzling conundrums in fishery resource ecology.  These include (a) out-of-phase oscilla-
tions between anchovies and sardines, (b) the remarkable fish productivity of the Peru–Humboldt marine ecosystem, 
(c) sardine population increases in the eastern Pacific during El Niños, (d) basin-wide synchronies in large-amplitude 
abundance variations, (e) characteristic spawning of large tuna species in poorly productive areas, (f ) contrary trends 
in Pacific tropical tuna abundance during the 1970s and early 1980s.  It is found that each of the items appears to be-
come less enigmatic when the conceptual focus shifts from conventional trophodynamics to the idea that ‘loopholes’ 
in the fields of biological controls (i.e. of predators of early life stages), produced by poor ocean productivity or by 
disruptive environmental perturbations, may in fact lead to remarkable reproductive success.  Implications include 
the following: (1) El Niño, rather than being an unmitigated disaster for Peruvian fisheries, may in the long run be a 
prime reason for the remarkable fishery productivity of the Peru–Humboldt large marine ecosystem.  (2) Globally-
teleconnected climatic trends or shifts might produce globally coherent population expansions even when local envi-
ronmental expressions may be quite different.  (3) It may be unreasonable to expect any management methodologies 
to be able to keep the fish populations of highly climatically-perturbed systems such as the Peruvian LME always 
at stable high levels; an alternative approach, for example, might be to take optimal advantage of the transient op-
portunities afforded by the high fish productivity of such inherently erratic systems.

Ban, M.  2000.  Effects of water temperature and day length on seawater tolerance of yearling sockeye salmon (Onco-
rhynchus nerka).  N. Pac. Anadr. Fish Comm. Tech. Rep. 2: 20–21.  (Available at www.npafc.org).

The early life history of sockeye salmon (Oncorhynchus nerka) is characterized by an increase in seawater tolerance 
preceding seaward migration.  This phenomenon usually occurs in spring in response to environmental factors such 
as day length or water temperature or both.  It is possible to change the timing of this phenomenon. For example, 
underyearling masu salmon exposed to longer day lengths than their normal photoperiod develop their seawater 
tolerance in autumn (Ikuta et al. 1987).  Juvenile Chinook salmon reared at 17°C reached maximum seawater toler-
ence two months earlier than those reared at 9°C (Clarke and Shelbourn 1985).  However, less is known about these 
relationships in sockeye salmon.  In this study, the effects of water temperature and day length on seawater tolerance 
of yearling sockeye salmon were investigated.

Batchelder, H.P., and S. Kim.  2008.  Lessons learned from the PICES/GLOBEC Climate Change and Carrying Capac-
ity (CCCC) Program and synthesis symposium.  Prog. Oceanogr. 77(2–3): 83–91.

We summarize the scientific progress and significant findings of the Climate Change and Carrying Capacity (CCCC) 
integrative Scientific Program of PICES.  Through a series of symposia, information on progress in addressing the 
key CCCC objectives on physical forcing, lower trophic level responses, higher trophic level responses and ecosys-
tem interactions was exchanged among PICES member countries and scientists. Coupling of ecological and physical 
models was significantly advanced by CCCC, as evidenced by the wide use of and community acceptance of the 
NEMURO family of models of lower trophic level dynamics.  Although significant progress on understanding the 
impact of climate variability, especially regime shifts, has been made within the CCCC Program, less progress was 
evident on other original objectives.  Foremost among these were the lack of progress towards better documenting 
and understanding the carrying capacity of the North Pacific for key harvested fish species and an inability (so far) 
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to provide quantitative and skillful forecasts of future ocean ecosystem conditions.

Battin, J., M.W. Wiley, et al.  2007.  Projected impacts of climate change on salmon habitat restoration.  Proc. Nat. 
Acad. Sci. USA 104(16): 6720–6725.

Throughout the world, efforts are under way to restore watersheds, but restoration planning rarely accounts for future 
climate change.  Using a series of linked models of climate, land cover, hydrology, and salmon population dynamics, 
we investigated the impacts of climate change on the effectiveness of proposed habitat restoration efforts designed 
to recover depleted Chinook salmon populations in a Pacific Northwest river basin.  Model results indicate a large 
negative impact of climate change on freshwater salmon habitat.  Habitat restoration and protection can help to 
mitigate these effects and may allow populations to increase in the face of climate change.  The habitat deterioration 
associated with climate change will, however, make salmon recovery targets much more difficult to attain.  Because 
the negative impacts of climate change in this basin are projected to be most pronounced in relatively pristine, high-
elevation streams where little restoration is possible, climate change and habitat restoration together are likely to 
cause a spatial shift in salmon abundance.  River basins that span the current snow line appear especially vulnerable 
to climate change, and salmon recovery plans that enhance lower-elevation habitats are likely to be more successful 
over the next 50 years than those that target the higher-elevation basins likely to experience the greatest snowâ€“rain 
transition.

Beacham, T.D., J.R. Candy, et al.  2009.  Stock origins of chum salmon (Oncorhynchus keta) in the Gulf of Alaska 
during winter as estimated with microsatellites.  N. Pac. Anadr. Fish Comm. Bull. 5: 15–23.  (Available at www.npafc.
org).

A microsatellite baseline incorporating over 53,000 chum salmon (Oncorhynchus keta) sampled from over 380 lo-
cations in Asia and North America was applied to estimate stock composition in mixed-stock fishery samples from 
the Gulf of Alaska.  High resolution of these mixed-stock samples was possible, with 1 reporting group developed 
for Korean populations, 7 groups for Japanese populations, 8 groups for Russian populations, 15 groups for Alas-
kan populations, 5 groups for Canadian Yukon River populations, 16 groups for British Columbia populations, and 
5 groups for Washington populations.  In February 2006 samples from the Gulf of Alaska (145°W), chum salmon 
in more northern areas (54°N) were primarily of North American origin (55% British Columbia, 30% Alaska), but 
in more southern areas (48°N), nearly 40% of chum salmon sampled were of Japanese origin (Sea of Okhotsk and 
Pacific coasts of Hokkaido), and 30% were of Russian origin (Kamchatka and northeast Russia).  Ocean age-1 chum 
salmon spending their first winter in the Gulf of Alaska were almost entirely from southeast Alaska (39%), Prince 
William Sound (31%), or southern British Columbia (26%).  However, by the second winter, 30% of ocean age-2 
chum salmon were identified as of Asian origin (18% Japanese, 12% Russian).

Beamish, R.J.  1993.  Climate and exceptional fish production off the west coast of North America.  Can. J. Fish. Aquat. 
Sci. 50: 2270–2291.

From 1976 to 1978 there was a change in the climate over the North Pacific Ocean.  The Aleutian Low intensified 
and there was a warming of the sea surface adjacent to North America and a cooling offshore.  Associated with this 
change was a period of exceptional fish production.  Strong year classes and above-average survival occurred for 
many commercially important species all along the west coast of Canada and the United States.  Trends in total 
salmon catches increased primarily from increased salmon production in Alaska.  Some stocks of maturing pink 
(Oncorhynchus gorbuscha), coho (O. kisutch), and Chinook salmon (O. tshawytscha) also had above-average growth 
in 1977.  A majority of commercially important nonsalmon species that spawned from California to the Bering 
Sea and have a wide range of life history types also had exceptionally strong year classes from 1976 to 1978.  The 
exceptional survival appears to be related to improved ocean productivity caused by changes in the intensity of the 
Aleutian Low.

Beamish, R.J. (Editor).  1995.  Climate change and northern fish populations.  Can. Sp. Pub. Fish. Aquat. Sci. No. 121.  
739 pp.

These proceedings summarize some of the recent studies of the relationships among climate, the aquatic environ-
ment, and the dynamics of fish populations.  The studies are mostly from the North Pacific Ocean, but there are 
reports of investigations from the North Atlantic Ocean and from fresh water.  The various papers include numerous 
examples of the relationships between fish abundance trends and the environment.

Beamish, R.J.  2002.  Recent returns of pink salmon to the Fraser River indicate the importance of relating stock to 
recruitment on a regime scale.  N. Pac. Anadr. Fish Comm. Doc. 633.  23 pp.  (Available at www.npafc.org).
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Catches of pink salmon produced in the Fraser River traditionally are equivalent to approximately 60% of the Cana-
dian commercial catch of this species.  Historic abundances may have been as high as 60 million fish, but a natural 
obstruction in 1913 dramatically reduced production which was 6.5 million fish in 1959 when catch data became 
reliable.  Since that time, total abundances have fluctuated between approximately 2 and 22 million fish.  The rela-
tionship between the spawning stock and recruitment for the time series from 1959 to 2001 shows no obvious pattern 
and fits a Ricker curve poorly.  However, the stock and recruitment relationships are much more informative when 
estimated separately for the climate/ocean regimes of 1947 to 1976, 1977 to 1988, 1989 to 1998 and 1999 to present.  
The most obvious relationship between stock, recruitment, and regimes occurred around the 1989 and 1998 regime 
shifts when there were significant changes in trends in productivity.  The new regime shift was associated with an 
exceptional return of at least 20 million fish in 2001, from one of the lowest spawning abundances in 1999.  The 
historic high escapement of at least 20 million fish in 2001 occurred during the present regime that should remain 
productive for Pink salmon.  The returns in 2003 from this record high escapement may also be of historic impor-
tance if abundances return at pre-1913 levels.

Beamish, R.J.  2007.  Getting the message out.  N. Pac. Anadr. Fish Comm. Bull. 4: 1–6.  (Available at www.npafc.
org).

Total Pacific salmon production as indicated by the total catch of all Pacific salmon-producing countries is at his-
toric high levels. Most scientists agree that the current high levels of production result from favourable ocean and 
climate conditions.  There also is agreement that the technology and international cooperation exist to establish an 
international program that will determine the processes that regulate Pacific salmon abundance and develop reliable 
forecasting models.  Combining information on production of salmon from fresh water or hatcheries with an under-
standing of how ocean conditions regulate marine survival will identify for the first time the processes regulating 
recruitment.  This understanding will provide regional fisheries managers with new models that more accurately link 
climate and physical processes to recruitment, abundance and distribution.  An international team of researchers can 
carry out the required research within the organization established for the North Pacific Anadromous Fish Commis-
sion if private and public funds are available.  In order to receive these funds, researchers need to convince funding 
agencies that they are committed, capable and accountable.  Open, honest and direct communication with clients and 
patrons will establish the trust needed to carry out the long-term research that will provide managers with the models 
needed to manage Pacific salmon in a future dominated by the impacts of climate change.

Beamish, R.J.  2008.  Impacts of climate and climate change on the key species in the fisheries in the North Pacific.  
PICES Sci. Rep. No. 35.  217 pp.  (Available at www.pices.int).

This is the report of the PICES Fishery Science Committee Working Group on Climate Change, Shifts in Fish Pro-
duction, and Fisheries Management (WG 16).  There is general agreement that climate change strongly affects the 
production of many species around the North Pacific and that the impact of greenhouse gas-induced changes on key 
species and their fisheries are poorly understood.  Some PICES member countries consider global warming effects 
on fish populations to be less important than fishing impacts and natural climate cycles.  The productivity of key 
species in the fisheries off Canada is generally recognized to be related to climate and climate change. Regimescale 
changes in climate variability affect many important fisheries.  If global warming results in more frequent and more 
intense Aleutian Lows, as might be indicated by climate change trends since the 1970s, then the productivity of the 
many species that had increased marine survival in the 1980s may improve.  However, species at the southern limits 
of their distributions may decline even if there is an intensification of the Aleutian Low.  A major influence on fish 
productivity in the Japanese coastal and offshore fisheries is the structure and dynamics of the subarctic Oyashio cur-
rent, the subtropical Kuroshio and Tsushima currents, and the transition area between the Oyashio and the Kuroshio.  
Climate and ocean conditions are known to have major impacts on the abundance of key species in the Japanese com-
mercial fisheries.  If winds are reduced by future warming of the ocean, the primary production in the seas around 
Japan may also decrease because of reduced vertical ocean mixing in the winter.  In general, however, the impacts of 
climate and ocean changes vary among areas and species, and are poorly understood, but it is clear that climate and 
ocean conditions are major influences in the productivity of fishes in the seas around Japan.  Thus, it is predicted that 
global warming-induced changes will affect future fisheries.  The People’s Republic of China has the largest marine 
fisheries in the world.  It also has the largest sea water aquaculture production that exceeds their wild catch.  Climate 
and ocean conditions are known to affect production and distribution, but fishing is considered to be the major factor 
influencing the population dynamics of key commercial species.  There are distinct patterns in ocean temperatures 
that appear to be a result of regional rather than global influences.  Catches of marine species by the Republic of 
Korea (most commercially important species range around the Korean Peninsula) were relatively stable from the 
late 1980s to the mid-1990s and have declined slightly in recent years.  Overfishing has been, and continues to be, 
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a serious threat to productivity, resulting in populations of smaller, very young individuals.  Climate-related ocean 
changes also profoundly affect productivity.  It is recognized that future climate change will have important impacts 
on productivity which will require reducing the effects of overfishing.  However, the impacts of global warming are 
speculative.  Climate and ocean conditions have traditionally been a major consideration in Pacific fisheries science 
in Russia.  Natural cycles in atmospheric circulation, sea surface temperatures, lunar and solar cycles are all asso-
ciated with the aggregate productivity of marine ecosystems.  In particular, it appears that there is a natural 50- to 
60-year periodicity that is proposed to continue to influence fish productivity in the 21st century.  Russian fisheries 
scientists assess global warming impacts relative to these natural cycles.  Because these cycles are so influential on 
physical and biological processes in the ocean, global warming impacts are not considered as the first priority prob-
lem, at least for the next few decades, especially because the Far Eastern seas have cooled in recent years.  There is 
convincing evidence that natural climate-related changes strongly affect the dynamics of key commercial species 
in the United States fisheries off Alaska.  A major change in ecosystem dynamics and species composition occurred 
after the 1977 regime shift, indicating the importance of large-scale climate changes that can be relatively fast.  It is 
generally agreed that future climate change will alter the ecological dynamics of marine ecosystems but the mecha-
nisms that regulate recruitment are so poorly understood that it is difficult to do more than speculate on the impacts 
of global warming.

Beamish, R.J., A.J. Benson, et al.  2004.  Regimes and the history of the major fisheries off Canada’s west coast.  Prog. 
Oceanogr. 60(2–4): 355–385.

The major fisheries on the Pacific coast of Canada can be grouped into 12 species that have consistently repr sented 
about 80–90% of the total catch from the past to the present.  A review of population dynamics of these species in-
dicates that climate and the ocean environment have a major impact on their productivity.  We review the history of 
Canada’s Pacific coast fishery to show that trends in catch were similar to trends in the climate and ocean environ-
ment.  Decadal scale patterns in climate and the ocean are termed regimes and we show that it is the regime scale of 
climate variability that most influences the long-term trends in the catches in these major fisheries.  Ignoring the im-
pacts of regime shifts on the abundance trends in the future could result in collapses of major fisheries.  The difficulty 
of knowing when a regime shift will occur may be overcome as we discover more about the mechanisms that affect 
the decadal-scale trends in the rotational velocity of the solid earth which is measured as the length of day (LOD).

Beamish, R.J., and D.R. Bouillon.  1993.  Pacific salmon production trends in relation to climate.  Can. J. Fish. Aquat. 
Sci. 50: 1002–1016.

Pink (Oncorhynchus gorbuscha), chum (O. keta), and sockeye salmon (O. nerka) represent approximately 90% of 
the commercial catch of Pacific salmon taken each year by Canada, Japan, the United States, and Russia.  Annual 
all-nation catches of the three species and of each species, from 1925–1989, exhibited long-term parallel trends.  
National catches, in most cases, exhibited similar but weaker trends.  The strong similarity of the pattern of the all-
nation pink, chum, and sockeye salmon catches suggests that common events over a vast area affect the production 
of salmon in the North Pacific Ocean.  The climate over the northern North Pacific Ocean is dominated in the winter 
and spring by the Aleutian Low pressure system.  The long-term pattern of the Aleutian Low pressure system corre-
sponded to the trends in salmon catch, to copepod production, and to other climate indices, indicating that the climate 
and marine environment may play an important role in salmon production.

Beamish, R.J., and D.R. Bouillon.  1995.  Marine fish production trends off the Pacific coast of Canada and the United 
States.  In Climate change and northern fish populations.  Edited by R.J. Beamish.  Can. Sp. Pub. Fish. Aquat. Sci. No. 
121: 585–591.

Trends in production were reviewed for salmon and nonsalmon species in the principal commercial fisheries off the 
Pacific coast of Canada and the United States.  Salmon species included pink (Oncorhynchus gorbuscha), chum (O. 
keta), sockeye (O. nerka), and nonsalmon species included demersal fishes and small pelagic species.  The catches 
of the three species of salmon from all the Pacific salmon producing countries showed parallel trends, which varied 
almost three times from the period of high catches to the period of low catches.  The average nonsalmon production 
as indicated by annual recruitment patterns also showed a trend, despite some variation in the individual species 
response.  The combined salmon and nonsalmon production trend follows a pattern similar to the Aleutian Low 
Pressure Index, an index of winter weather over the northern North Pacific Ocean; this indicates a linkage between 
long-term abundance trends for most of the major fisheries off the west coast of Canada and the United States and 
climate.  Because the index of climate trends shows a fluctuating trend, it appears that in general, carrying capacities 
for the marine fishes in this study also fluctuate.
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Beamish, R.J., E.V. Farley, et al. (Editors).  2006.  Second International Workshop on Factors Affecting Production of 
Juvenile Salmon: Survival Strategy of Asian and North American Juvenile Salmon in the Ocean.  N. Pac. Anadr. Fish 
Comm. Tech. Rep. No. 7.  135 pp.  (Available at www.npafc.org).

The Second International Workshop on Factors Affecting Production of Juvenile Salmon:  Survival Strategy of Asian 
and North American Juvenile Salmon in the Ocean was held at the Conference Hall of Hokkaido University in Sap-
poro, Japan, on April 26–27, 2006.  The Workshop was organized and sponsored by the North Pacific Anadromous 
Fish Commission (NPAFC).  The Workshop Organizing Committee consisted of scientists from Canada, Japan, Re-
public of Korea, Russian Federation and U.S.A.  All necessary arrangements were made by the NPAFC Secretariat 
in cooperation with the Organizing Committee.  Over 70 scientists, industry representatives, and fisheries officials 
attended the Workshop.  There were 25 oral presentations including five national overviews, followed by a panel 
discussion, and 24 poster presentations. Extended abstracts of the oral and poster presentations are included in this 
Technical Report, which also contains opening remarks and short review of the workshop.  The material presented 
in this Technical Report has not been peer-reviewed, and does not necessarily reflect the views of the NPAFC or the 
member countries. Some work may be preliminary.  The material has been edited for clarity and publication purposes 
only.

Beamish, R.J., E. Gordon, et al.  2006.  Evidence of a linkage between fall-winter ocean conditions and the critical size 
hypothesis for a study of pink salmon in the central coast area of British Columbia.  N. Pac. Anadr. Fish Comm. Doc. 
982.  14 pp.  (Available at www.npafc.org).

Intercirculi spacing of scales from the even year line of pink salmon from stocks in areas of the central coast of Brit-
ish Columbia was measured for the 2003/2004 and 2005/2006 brood years.  All juvenile pink salmon in the 2003 
sample had five circuli by the end of June.  The average spacing of the first five circuli of juveniles in 2003 was larger 
than the spacing of the first five circuli on the scales of the adults from the same brood year that returned to spawn in 
2004.  In 2006, the spacing observed on the scales of returning adult pink salmon from the same line (even year) was 
significantly larger than the spacing observed on scales of juveniles in 2005.  The marine survival was exceptionally 
high in 2003/2004 and lower in 2005/2006.  We propose that there was not a critical size effect in 2003/2004 because 
the feeding and ocean conditions were favourable for juvenile pink salmon after they left the coastal area in 2003.  
The ocean conditions probably were less favourable for growth and survival in 2005/2006, resulting in large mortali-
ties of the smaller pink salmon consistent with the critical size-critical period hypothesis.  The timing of the size-
based mortality is not known except that significant mortality of the smaller pink salmon occurred after June, 2005.

Beamish, R.J., M. Henderson, et al.  1997.  Impacts of climate change on the fisheries of British Columbia.  In Respond-
ing to global climate change in British Columbia and the Yukon.  Edited by E. M. Taylor and B. G. Taylor.  pp. 12-1 to 
12-16.  (Available at http://www.pyr.ec.gc.ca/EN/_pdf/Climate_impact_vol1.pdf).

Climate change may cause pink, chum, and sockeye salmon stocks from the Fraser River to decline in abundance 
from the recent high levels and probably to below the long-term mean.  These species represent about 40% of all 
salmon landings and will be affected in freshwater by the higher temperatures and lower summer and fall stream 
flows.  Some increased productivity may occur in northern British Columbia and the Yukon.  However, the overall 
abundance may still be lower as the marine ecosystems are affected by a weakening of winds and reduced nutrient 
flows into the surface which will reduce food levels and increase predation.  Steelhead may do better in freshwater, 
but the decrease in ocean productivity will increase marine mortality and the net change may be lower abundance.  
The abundance of Pacific herring may remain about the same.  Halibut are known to fluctuate in abundance naturally 
and these cycles should continue with relatively minor impacts from climate change over the next 50 years.  Sable-
fish and many rockfish species are naturally long lived and should not be seriously affected over a 50 year period if 
the fishery does not exert a stress that prevents the population from replenishing itself.  Pacific cod will be affected 
by the warmer temperatures and reduced ocean productivity and stocks may remain at low average levels.  Pacific 
hake should remain at present levels if they are not over-fished.  In freshwater, perch, pike, bass, and other warm 
water species should not be harmed if they reside in larger rivers and lakes.  In the north these species may increase 
in abundance.  Trouts, chars, whitefish, and graylings may do better in the north provided percids and centrarchids 
are not introduced into the lakes and rivers.  In the south there may be increased competition from these species and 
from introductions of exotics.  The most important impact in freshwater and in saltwater will be to the dynamics of 
the ecosystem and these changes may be large and occur quickly.  Global warming changes will be confounded by 
natural variation and by fishing effects further complicating management.

Beamish, R.J., J.R. King, et al.  1998.  Evidence of a new regime starting in 1996 and the relation to Pacific salmon 
catches.  N. Pac. Anadr. Fish Comm. Doc. 321.  31 pp.  (Available at www.npafc.org).
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Changes in climate trends in the Pacific have been reported about 1890, 1925, 1947, 1977, and 1989. Indices of 
northern Hemisphere climate, changed in approximately 1996, possibly indicating a new shift in climate/ocean 
ecosystems.  If we are in a new regime, it may be characterised by greater variability in association with a general 
warming trend.  There has been a decrease in the length of day, indicating speeding up of the Earth’s rotation.  In 
the winter of 1998, there was an intense Aleutian Low.  The Southern Oscillation Index has oscillated between a La 
Niña in 1995/96, an El Niño in 1997 and a La Niña in 1998.  The dominant wind direction in the Pacific changed 
from the Z-type, or westerly type, to the M1-type, or the northwesterly type.  In the Atlantic, there was a dramatic 
drop in the North Atlantic Oscillation Index in 1996.  In British Columbia, Fraser River flows have fluctuated from 
the second highest this century in 1977 to the lowest in 1998.  All this is occurring while sea surface temperatures 
off North America are continuing to warm.  Declines in total Pacific salmon catch started about 1996 and continued 
through 1997 and 1998.  Declines off Canada have been most dramatic since 1995 and when lagged to account for 
life history timings, the decline is associated with a 1989/90 regime shift.  In Canada, coho stocks have experienced 
increases in marine mortality that have been associated with shifts in climate, resulting in management measures 
that in combination with naturally low abundances of wild coho may result in the 1998 total salmon catches being 
the lowest in this century.  In 1998 there was an intense Aleutian low.  If the intense lows persist, the productivity of 
Pacific salmon stocks in the subarctic Pacific may improve, but it is important to understand the nature of the new 
regime, if it is real, before forecasting the impact on Pacific salmon abundance trends.

Beamish, R.J., and C. Mahnken.  2001.  A critical size and period hypothesis to explain natural regulation of salmon 
abundance and the linkage to climate and climate change.  Prog. Oceanogr. 49(1–4): 423–437.

We hypothesise that salmon year class strength is determined in two stages during the first year in the ocean. There 
is an early natural mortality that is mostly related to predation, which is followed by a physiologically-based mor-
tality.  Juvenile salmon that fail to reach a critical size by the end of their first marine summer do not survive the 
following winter.  In this study we describe our initial tests of this critical size and critical period hypothesis using 
data from ocean surveys of juvenile salmon and from experimental feeding studies on coho.  Conservative swept 
volume abundance estimates for juvenile coho, and possibly Chinook, indicate that there is high mortality in fall and 
winter during their first year in the sea.  Studies of otolith weight show that the length and otolith-weight relationship 
for young coho changes in the early fall of their first ocean year.  Studies of growth and associated hormone levels 
in feeding studies show that slow growing juvenile coho are stunted and deficient in an insulin-like growth factor-I 
(IGF-I).  Juvenile coho sampled in September had low IGF-I values, indicative of poor growth.  The results of these 
studies provide evidence for the general hypothesis that growth-related mortality occurs late in the first marine year 
and may be important in determining the strength of the year class (brood year).  The link between total mortality 
and climate could be operating via the availability of nutrients regulating the food supply and hence competition for 
food (i.e. bottom-up regulation).

Beamish, R.J., C. Mahnken, et al.  1997.  Hatchery and wild production of Pacific salmon in relation to large-scale, 
natural shifts in the productivity of the marine environment.  ICES J. Mar. Sci. 54(6): 1200–1215.

Pacific salmon have been fished extensively for at least a century and artificial production of Pacific salmon has been 
a management strategy to improve production for almost as long.  Hatchery production is considered important be-
cause it is commonly believed that the carrying capacity for salmon in the ocean has remained more or less constant 
and is underutilized as a consequence of limited production of smolts in fresh water.  Since the mid-1960s, there has 
been an increase in hatchery production, partly as a response to a desire to increase catch and partly because of im-
proved hatchery techniques.  Since the late 1970s there has been a dramatic increase in the total Pacific salmon catch.  
The increases in catch are now known to result from a large-scale shift in the productivity of the sub-arctic Pacific 
and management and enhancement actions.  Environmental indices changed about 1989–1990 and may indicate 
that the productive regime of the 1980s has ended.  This would imply that under natural conditions Pacific salmon 
abundance would decline.  There are no clear indications of what to expect in the new regime, but it is apparent that 
the massive production of artificially reared Pacific salmon would not be necessary in a less productive regime.  Of 
concern is the impact that the large numbers of artificially reared salmon will have on wild salmon stock levels.

Beamish, R.J., C. Mahnken, et al.  2004.  Evidence that reduced early marine growth is associated with lower marine 
survival of coho salmon.  Trans. Am. Fish. Soc. 133(1): 26–33.

Coho salmon, Oncorhynchus kisutch, from the Strait of Georgia were used to test the hypothesis that slower growing 
fish in their first ocean year had lower survival over the late fall and winter than faster growing fish.  The Strait of 
Georgia provided a suitable area for this study because it is a semi-enclosed rearing area for juvenile Pacific salmon 
that is distinct from the open marine rearing areas off the west coast.  Coho salmon that survived the winter had sig-
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nificantly larger spacing between circuli on scales, indicating that brood year strength is related to growth in the first 
marine year.  Other studies have shown that smaller fish of a cohort are less able to survive periods of energy deficit 
than larger fish.  Thus, size-related mortality in the first marine fall and winter may be an important determinant of 
brood year strength of some coho salmon stocks and stocks of other species of Pacific salmon.

Beamish, R.J., G.A. McFarlane, et al.  1999.  Recent declines in the recreational catch of coho salmon (Oncorhynchus 
kisutch) in the Strait of Georgia are related to climate.  Can. J. Fish. Aquat. Sci. 56: 506–515.

Wild and hatchery-reared coho salmon (Oncorhynchus kisutch) from streams and rivers that flow into the Strait 
of Georgia are caught in the Strait of Georgia and off the west coast of Vancouver Island.  The percentage of coho 
caught in either of these two areas varies from year to year.  The variation is associated with the flow of freshwater 
from the Fraser River and became more extreme in the 1990’s.  In four of eight years in the 1990’s and in the past 
three years, most coho have been caught outside the Strait of Georgia.  The dramatic decline in the sport catch in 
the Strait is related to ocean conditions in the Strait.  The change in ocean conditions is related to an increase in the 
number of days of zonal (westerly) winds in October, November, and December and to an increase in relative sea 
level height.  The climate change about 1989 that affected the pattern of winter winds and the circulation in the Strait 
of Georgia was associated with changes in other global climate indices, demonstrating the impact that global climate 
events can have on the dynamics of regional salmon stocks.

Beamish, R.J., G.A. McFarlane, et al.  2000.  Fisheries climatology: understanding decadal scale processes that natu-
rally regulate British Columbia fish populations.  In Fisheries oceanography:  an integrative approact to fisheries ecol-
ogy and management.  Edited by P.J. Harrison and T.R. Parsons.  Blackwell Science, Oxford.  pp. 94–145.

We were all taught in basic ecology that the abundance of plants and animals that produce large numbers of seeds 
or young is not regulated by the number of adults, but by the available habitat (Colinveaux, 1978).  Most of the 
commercially fished species off the west coast of Canada are animals that produce large numbers of young.  Thus, 
it should not be a surprise to biologists that the ocean habitat plays a major role in the regulation of fish abundance.  
Since the development of large-scale commercial fisheries, fishing impacts have also been a factor in the regulation 
of abundance.  As the world fisheries catches rapidly increased in the 1970s and 1980s, considerable emphasis was 
placed on the understanding of fishing effects.  Unfortunately, the coordinated understanding of fishing impacts and 
environmental impacts on the population dynamics of fishes that was developing in the 1960s deteriorated.  In the 
extreme, a few senior managers believed that it was not necessary to study ocean impacts, since ocean processes 
could not be controlled.  Fortunately, attitudes began to change in the 1990s and we came to recognize that we are 
stewards of our marine ecosystems and that the ocean is a dynamic system in which changes have implications for 
the organisms that inhabit it.

Beamish, R.J., G.A. McFarlane, et al.  2001.  Changes in the Strait of Georgia ECOPATH model need to balance the 
abrupt increases in productivity that occurred in 2000.  In PICES-GLOBEC international program on climate change 
and carrying capacity: report of the 2000 bass, model, monitor and rex workshops, and the 2001 bass/model workshop.  
Edited by G. A. McFarlane, B.A. Megrey, B.A. Taft and W.T. Peterson.  PICES Sci. Rep. 17: 5–9.  (Available at www.
pices.int).

ECOPATH is a trophic accounting model that is a practical way of studying the interactions of all species in an 
ecosystem. We used ECOPATH to study the dynamics of the Strait of Georgia ecosystem (area: 6,900 km2), located 
between Vancouver Island and the British Columbia mainland.  The Strait of Georgia is probably the most important 
marine ecosystem on Canada’s west coast, as much of the population of British Columbia lives within 10 km of its 
shores and it is a key rearing area for Pacific salmon, herring, and other species.

Beamish, R.J., G.A. McFarlane, et al.  2005.  Migratory patterns of pelagic fishes and possible linkages between open 
ocean and coastal ecosystems off the Pacific coast of North America.  Deep-Sea Res. II 52(5–6): 739–755.

We review studies relevant to the migration of pelagic fishes between the coastal and open-ocean ecosystems off the 
subarctic coast of North America.  We review the life history strategies of these migratory fish and to compare to the 
life history strategies of major coastal migrants.  The oceanography in this region is dominated by north and south 
currents that provide a boundary between the offshore and coastal waters.  Commercial fisheries off the west coast of 
North America are virtually all inshore of this oceanographic separation.  Migrations for some species in these major 
fisheries are also north and south rather than east and west.  However, exceptions occur for Pacific salmon, species 
associated with seamounts, and for transitional pelagic species such as tuna, squid and sharks.  Three species of Pa-
cific salmon, sockeye, pink and chum salmon, migrate along the coast in their first marine year and move off shore in 
the fall and winter in their first marine year.  Three other species, coho salmon, Chinook salmon, and steelhead trout, 
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also migrate offshore, although they are less abundant and some stocks remain within the coastal regions.  Pacific 
salmon species are a dominant daytime biomass in the surface waters in the offshore areas.  It is known that albacore 
tuna and some sharks migrate between the offshore and coastal areas, but more research is needed to assess the rela-
tive importance of these migrations.  Although the biomass of species on seamounts is small relative to coastal areas, 
the similarity in fauna is evidence that there is recruitment from coastal ecosystems.

Beamish, R.J., G.A. McFarlane, et al.  2006.  Longevity overfishing.  Prog. Oceanogr. 68(2–4): 289–302.
Overfishing is generally considered to be a reduction in biomass below some critical level such that the remaining 
fish are not able to replenish the population. We propose that the removal of large numbers of older age groups by 
fishing is also a form of overfishing, which we identify as longevity overfishing.  Longevity overfishing is a poten-
tially important consideration for the commercial fisheries off Canada’s Pacific coast that are dominated by species 
that have maximum ages of 30 years or longer.  Sablefish is one of the key long-lived species that is managed for 
biomass and not longevity.  An age structured model showed that if younger fish do not have the same productivity 
per unit biomass as older fish, the population depleted of older fishes would not recover after a shift of carrying ca-
pacity from a prolonged period of poor productivity to a more productive ocean ecosystem.  Current management of 
long-lived species implicitly assumes that young fish will have the same productivity as older fishes, an assumption 
that is not supported by a sparse literature, and is thus not precautionary.  We propose that the evolved age structure 
is an indication that long-lived species must be managed for longevity as well as biomass, which requires a manage-
ment time frame that is decades and not annual.

Beamish, R.J., C.M. Neville, et al.  1994.  A relationship between Fraser River discharge and interannual production of 
Pacific salmon (Oncorhynchus spp.) and Pacific herring (Clupea pallasi) in the Strait of Georgia.  Can. J. Fish. Aquat. 
Sci. 51: 2843–2855.

We identified years of anomaiously high and low discharge from the Fraser River and compared these years with 
indices of anomalously high and low production of Pacific salmon (Oncorhynchus spp.) and Pacific herring (Clupea 
pallasi).  For Chinook (O. tshawytscha) and coho salmon (O. kisutch), we found that brood years that went to sea in a 
year when the Fraser River discharge was very high compared with the previous year virtually never had an index of 
production that was higher than the previous year.  Similarly, brood years that went to sea in a year when the Fraser 
River discharge was very low compared with the previous year almost never had an index of productivity that was 
lower than the previous year.  The analysis identified a weaker association between extreme discharge anomalies and 
chum salmon (O. keta) production.  A close association was not found between extreme discharge anomalies and 
pink salmon (O. gorbuscha), sockeye salmon (O. nerka), or herring production.  The relationships identify a connec-
tion between annual fluctuations in river flow and production of some marine fishes and may be of use in forecasting 
abundance changes.

Beamish, R.J., C.M. Neville, et al.  1997.  Production of Fraser River sockeye salmon (Oncorhynchus nerka) in relation 
to decadal-scale changes in climate and the ocean.  Can. J. Fish. Aquat. Sci. 54: 543–554.

The abundance of Fraser River sockeye salmon (Oncorhynchus nerka) stocks was low in the 1960s, increased to 
high levels in the 1980s, and possibly entered a period of low abundance in recent years.  The abundance changes of 
the combined stocks can be separated into productivity regimes that correspond to changes in climate trends.  The 
most distinct change occurred when there was a major change in the climate over the Pacific Ocean in the winter of 
1976–1977.  The existence of natural shifts in abundance trends means that the high returns that occur during periods 
of high productivity would not be expected to occur during the low-productivity periods. The response of Fraser 
River sockeye to climate changes may be a specific example of a more general response by a number of species of 
fishes in the Pacific and perhaps in other oceans.  Because the shift from one regime to the other occurred quickly in 
the 1970s, future shifts could also occur quickly.  It is necessary to detect natural shifts in productivity when attempt-
ing to manage fishing impacts to ensure that economic expectations are sound and that overfishing does not occur.

Beamish, R.J., and D.J. Noakes.  2002.  The role of climate in the past, present, and future of Pacific salmon fisheries 
off the west coast of Canada.  In Fisheries in a changing climate.  Edited by N.A. McGinn.  Am. Fish. Soc. Symp. 32:  
231–244.

Beamish, R.J., and D.J. Noakes. 2004.  Global warming, aquaculture, and commercial fisheries.  In Stock enhancement 
and sea ranching:  developments, pitfalls and opportunties.  Edited by K.M. Leber, S. Kitada, H.L. Blankenship and T. 
Svasand.  Blackwell Publishing Ltd., Oxford.  pp. 25–47.
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Beamish, R.J., D.J. Noakes, et al.  1998.  The regime concept and recent changes in Pacific salmon abundance.  N. Pac. 
Anadr. Fish Comm. Tech. Rep. 1: 1–3.  (Available at www.npafc.org).

In 1991, we reported a relationship between long-term trends in total Pacific salmon catches and the intensity of the 
Aleutian Low (Beamish and Bouillon 1991).  A more complete version of the study was published two years later 
(Beamish and Bouillon 1993).  Since then there have been a number of papers that have shown convincing relation-
ships between decadal-scale climate trends and long-term trends in Pacific salmon production (i.e., Beamish 1995, 
Hare and Francis 1995, Mantua et al. 1997).  However, others have reported that changes in salmon abundance could 
be explained entirely by fishing effects (Farley and Murphy 1997).  The issue is not which explanation is correct, as 
both fishing and the environment can be important, but how fishing and long-term trends in the climate/ocean envi-
ronment interact to regulate recruitment (Steele 1996).

Beamish, R.J., D.J. Noakes, et al.  1999.  The regime concept and natural trends in the production of Pacific salmon.  
Can. J. Fish. Aquat. Sci. 56: 516–526.

Large fluctuations in the trends of Pacific salmon production in this century have been linked to trends in climate 
in the Pacific that are in turn associated with climate trends throughout the Northern Hemisphere.  The close cor-
respondence in the persistence of climate trends and the synchrony of the changes is evidence that a common event 
may cause the regime shifts.  The trends or regimes can be characterized by stable means in physical data series or 
multiyear periods of linked recruitment patterns in fish populations.  The regime concept is important in fisheries 
management because the natural shifts in abundance may be large and sudden, requiring that these natural impacts 
be distinguished from fishing effects.  An equally important consideration is that biological and physical mechanisms 
may change when regimes shift, resulting in conditions that may not be characterized in the earlier part of the data se-
ries.  Fluctuations in Pacific salmon abundance in this century were synchronous with large fluctuations in Japanese 
sardine abundance, which can be traced back to the early 1600’s.  The synchrony in the fluctuations suggests that 
Pacific salmon abundance may have fluctuated for centuries in response to trends in climate.  The concept of regimes 
and regime shifts stresses the need to improve our understanding of the mechanisms that regulate the dynamics of 
fish and their ecosystems.

Beamish, R.J., D.J. Noakes, et al.  2000.  Trends in coho marine survival in relation to the regime concept.  Fish. Ocean-
ogr. 9: 114–119.

The marine survival of coho in the Strait of Georgia, Puget Sound, and off the coast of Oregon decreased abruptly 
after the pattern of the Aleutian Low changed in 1989.  This large scale, synchronous change indicates that trends 
in coho marine survivals were linked over the southern area of their distribution in the northeast Pacific and that 
these linkages were associated with a common event.  The pattern of April flows from the Fraser River also changed 
abruptly about the same time as the changes that occurred in the Aleutian Low and was used as an indicator of re-
gional climate change.  These large scale, persistent trends in a biological or physical time series that shift quickly 
from one state to another can be considered to be regimes.  The persistence and synchrony inherent in the regime 
concept can be used to conclude that the current trends of low coho marine survival may not change as long as April 
flows remain high.

Beamish, R.J., I. Pearsall, et al.  2003.  A history of the research on the early marine life of Pacific salmon off Canada’s 
Pacific coast.  N. Pac. Anadr. Fish Comm. Bull. 3: 1–40.  (Available at www.npafc.org).

We review studies of the early ocean period of salmon life history conducted in the coastal areas off Canada’s West 
Coast. The role of the ocean in the dynamics of salmon populations has received considerably less study than their 
life cycle in fresh water, even though Pacific salmon in general spend more time in the ocean then in fresh water 
and the survivals in the ocean are extremely low and variable.  Feeding, growth and distribution studies from late 
1950s until the present have contributed to an improved appreciation of biology of salmon during the marine phase 
of their life history.  However, conclusions about the processes that cause the high and variable mortality in the ocean 
remain speculative.  How fishing impacts interact with natural processes also remain to be clarified.  Recent studies 
have demonstrated that ocean and climate conditions are important contributors to the total marine mortality of a 
number of species, and to the stock and recruitment relationship.  We suggest that it is time to conduct the definitive 
studies that will identify the processes that regulate the survival of Pacific salmon throughout their entire life cycle.  
We propose that an international effort to study the early marine period is the way to change the current beliefs and 
speculations into explanations.

Beamish, R.J., K.L. Poier, et al.  2000.  An abrupt increase in the abundance of juvenile salmon in the Strait of Georgia.  
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N. Pac. Anadr. Fish Comm. Doc. 473.  21 pp.  (Available at www.npafc.org).
The abundance of ocean age 0 coho, Chinook, and chum salmon estimated from surveys.  Conducted in the Strait of 
Georgia in June and July indicated a substantial increase in 2000 compared to the previous three years. Pink salmon 
catch per unit effort increased from 1998 to 2000; however sockeye catch per unit effort was the lowest in 2000 
among the four years.  The increases in coho abundance in 2000 may be related to reduction in fishing mortality in 
1998 or an improved freshwater survival or both.  The synchrony of increased abundances among species, except 
sockeye, indicates that a common factor is involved.  These increases were also associated with good growth relative 
to previous years.  This indicates that the productivity of the marine habitat may have increased in 2000.  Because 
of the improvement of the early marine survival it is tempting to suggest that marine survival increased, but this will 
not be known until 2001 for pink, coho salmon and later for Chinook, chum and sockeye.  This common factor may 
be related to a change in climate, which could be indicative of a regime shift.

Beamish, R.J., B. Riddell, et al.  1995.  Declines in Chinook salmon catches in the Strait of Georgia in relation to shifts 
in the marine enivronment.  Fish. Oceanogr. 4(3): 243–256.

Chinook, Oncorhynchus tshawytscha, catches in the Strait of Georgia increased in the 1970s and reached maximum 
levels from 1976 to 1978.  Catches then declined until they stabilized through regulation at levels approximately one-
quarter of the 1976 to 1978 levels.  The timing of the decline in catch was synchronous with an increase in the mean 
temperature of the Strait of Georgia, a decline in annual Fraser River flows, and an abrupt decrease in the marine 
survival of hatchery-reared Chinook released into the Strait of Georgia.  Surprisingly, the number of young Chinook 
salmon (smolts) more than doubled over the period of declining catches compared with the number produced during 
the period of high catches.  The increase in smolt abundance was a consequence of the production from hatcher-
ies that was approximately equal to wild production.  We conclude that there was a change in the carrying capacity 
for Chinook salmon in the Strait of Georgia in the late 1970s that contributed to the declines in abundance and that 
rebuilding stocks to the high abundance of the late 1970s is unlikely until the carrying capacity for Chinook salmon 
changes either naturally or through manipulation.  Although we did not separate density-dependent and densityinde-
pendent effects on marine survival, the current total number of Chinook smolts produced appears larger than required 
for the current marine carrying capacity.

Beamish, R.J., J.T. Schnute, et al.  2004.  The Influence of climate on the stock and recruitment of pink and sockeye 
salmon from the Fraser River, British Columbia, Canada.  Trans. Am. Fish. Soc. 133(6): 1396–1412.

The relationships between the spawning stock and the subsequent recruitment of pink salmon, Oncorhynchus gor-
buscha, and sockeye salmon, O. nerka, from the Fraser River improve significantly when the data are separated by 
climate and ocean regimes.  Our analyses show changes in these relationships as regimes shift, indicating that the 
trend in marine survival of pink and sockeye salmon changes on a decadal scale.  In general, the climate and ocean 
regime from 1977 to 1988 was productive for pink and sockeye salmon.  However, the regime in the 1990s was 
characterized by reduced productivity for both species.  The occurrence of a natural shift in the trend of pink and 
sockeye salmon production on a decadal scale should be incorporated into the management of Pacific salmon stocks 
to ensure that annual catches, escapements, and planned stock abundances are consistent with the productivity of a 
particular regime.

Beamish, R.J., R.M. Sweeting, et al.  2002.  A climate related explanation for the natural control of Pacific salmon 
abundance in the first marine year.  N. Pac. Anadr. Fish Comm. Tech. Rep. 4: 9–11.  (Available at www.npafc.org).

The belief that most natural losses of Pacific salmon occurred during the freshwater stage of their life cycle pro-
foundly influenced how Pacific salmon were managed and researched in Canada for the past 50 years.  It has only 
been recognized in the last few years that an understanding of the impacts of ocean habitat and climate are essential 
ingredients in the assemblage of considerations needed to manage salmon.  We studied climate and ocean impacts 
on the productivity of coho salmon in the Strait of Georgia from 1996 to 2001.  From September of 1996 to the end 
of 2001, we completed 27 surveys, 3,203 sets and sampled 123,519 juvenile Pacific salmon (Table 1).  Our study 
benefited from a managed fishing closure, an almost constant production of hatchery-reared coho that was approxi-
mately two times the production of wild smolts, and an abrupt increase in coho prey productivity in the Strait of 
Georgia in 2000.  In the late 1990s, the total Canadian catch of all species of Pacific salmon declined to historic low 
levels.  In the Strait of Georgia, coho marine survival declined from levels of 10–15% in the early 1980s to below 
2% in the late 1990s.  The number of adults produced declined from average abundances of 1.5 million in the 1980s 
to less than 200,000 from 1996 to 19992.  The decline in production of coho and other species of salmon in 1992.  
The decline in production of coho and other species of salmon in the 1990s followed a shift in large-scale climate 
indicators in 1989.  The recent productivity increase was associated with another decadal-scale climate shift in mid-
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1998 (Beamish et al. 1998).

Beamish, R.J., R.M. Sweeting, et al.  2004.  Improvement of juvenile Pacific salmon production in a regional ecosystem 
after the 1998 climatic regime shift.  Trans. Am. Fish. Soc. 133(5): 1163–1175.

Beginning in 2000, juvenile Pacific salmon (Oncorhynchus spp.) in the Strait of Georgia, British Columbia, fed more 
frequently, contained greater volumes of prey in their stomachs compared with the previous 3 years, and increased in 
size.  Abundances in July also increased in 2000 and 2001.  Marine survival increased, as indicated by the early ma-
rine survival of coho salmon (O. kisutch) in 2000 and 2001, which improved to more than twice the annual survival 
estimates for 1997–1999.  Other indicators of improved marine survival included exceptional returns of pink salmon 
O. gorbuscha to the Fraser River in 2001 and sockeye salmon (O. nerka) in 2002.  The change to a more produc-
tive regime for juvenile Pacific salmon was a lagged response to an abrupt change in climate in 1998, as shown by 
regional, basinscale, and planetary indices.

Beamish, R.J., R.M. Sweeting, et al.  2005.  Changing trends in the rearing capacity of the Strait of Georgia ecosystem 
for juvenile Pacific salmon.  N. Pac. Anadr. Fish Comm. Doc. 875.  15 pp.  (Available at www.npafc.org).

There was an increase in the abundances of juvenile Pacific salmon (Oncorhynchus spp.) in the Strait of Georgia fol-
lowing the 1998 regime shift, indicating that the productive capacity for juvenile salmon had improved.  Abundances 
particularly improved for juvenile chum and pink salmon (O. keta and O. gorbuscha, respectively), with subsequent 
returns of adult pink salmon to the Fraser River being at historic high levels.  Abundances of juvenile coho and Chi-
nook salmon increased in 2000 and 2001, but have declined since 2001.  In July 2005, the abundances of juvenile 
coho (O. kisutch) and Chinook (O. tshawytscha) salmon were the lowest in the 9 years of surveys, whereas juvenile 
chum abundances were the second highest observed.  These fluctuations in production appear to be related to ocean 
entry times in relation to timing of the spring bloom of productivity.  The timing of the spring bloom relates to a 
number of short-term and long-term climate and ocean conditions that currently are being studied.

Beamish, R.J., R.M. Sweeting, et al.  2006.  Hatchery and wild percentages of coho salmon in the Strait of Georgia are 
related to shifts in species dominance.  N. Pac. Anadr. Fish Comm. Doc. 981.  21 pp.  (Available at www.npafc.org).

The Strait of Georgia is the major rearing area for juvenile Pacific salmon on the west coast of Canada.  Historically, 
there have been major commercial and recreational fisheries for all five species of Pacific salmon in the strait.  In 
recent years, fisheries for coho have collapsed.  At the same time abundances of other species increased.  Presently 
there may be three and a half times more juvenile Pacific salmon in the strait than in the past.  Our studies of the 
hatchery percentages of wild and hatchery coho indicate that early food production for juvenile salmon may be 
shifting the Strait of Georgia to an ecosystem that is more favourable for pink, chum and sockeye salmon and less 
favourable for coho and Chinook salmon.

Beamish, R.J., R.M. Sweeting, et al.  2007.  Ocean changes in the Strait of Georgia indicate a need to link hatchery 
programs, fishing strategies and early marine studies of ocean carrying capacity into an ecosystem approach to man-
age coho salmon.  N. Pac. Anadr. Fish Comm. Tech. Rep. 7: 49–51.  (Available at www.npafc.org).

We studied the factors that affected the early marine survival of juvenile Pacific salmon in the Strait of Georgia since 
1997 using a standard midwater trawl (Beamish and Folkes 1998) that is fished throughout the water column at 15 m 
intervals.  The Strait of Georgia is perhaps the most important juvenile Pacific salmon rearing area off the west coast 
of Canada.  Historically, about one third of all the salmon in the commercial catch originated from rivers around the 
Strait of Georgia and reared as juveniles in the strait.  The Fraser River is the major river producing these salmon 
that enter the Strait of Georgia.  The salmon from the Fraser River have traditionally been fished by Canada and the 
United States requiring a treaty and a joint management agency.  The original commission that is now the Pacific 
Salmon Commission was established in 1937.  The Commission has been responsible for maintaining accurate catch 
and escapement records for sockeye salmon and, up to a few years ago, for pink salmon.  We used this information 
and records from the Department of Fisheries and Oceans to estimate the average annual number of juvenile Pacific 
salmon that reared in the Strait of Georgia from 1970 to 1979 and from 1996 to 2004.  We estimated that there has 
been an increase in the numbers of juvenile pink, chum and sockeye salmon in recent years, whereas the numbers of 
juvenile coho and Chinook salmon has not increased.  The result has been a doubling of the dominance of pink, chum 
and sockeye over coho and Chinook salmon.  An example of the increased abundance of pink, chum and sockeye 
salmon is shown in the returns of adult pink salmon to the Fraser River.

Beamish, R.J., R.M. Sweeting, et al.  2008.  Changes in the population ecology of hatchery and wild coho salmon in the 
Strait of Georgia.  Trans. Am. Fish. Soc. 137(2): 503–520.
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An analysis of the results of a 10-year study of the population ecology of juvenile hatchery and wild coho salmon, 
Oncorhynchus kisutch, in the Strait of Georgia produced new information about the interannual and interseasonal 
fluctuations in abundance and marine survival.  A decline in the percentage of hatchery coho salmon was related to 
declines in hatchery fish abundance and marine survival; wild coho salmon abundance was more stable.  The declin-
ing marine survival of hatchery coho salmon appeared to be related to a fixed average date of release from hatcher-
ies and a possibility of earlier prey production.  The relatively stable abundance of wild coho salmon may relate to 
a natural trend toward earlier ocean entry dates.  Oscillations in hatchery coho salmon percentage and abundance 
were related to oscillations in abundance of juvenile pink salmon, O. gorbuscha.  The impact of oscillating density 
affected marine survival of hatchery coho salmon more than that of wild coho salmon.  Marine survival and abun-
dance of hatchery and wild coho salmon in July were positively related to average fork length, indicating that growth 
within the first few months after ocean entry affected marine survival.  However, absolute size was not important, 
as wild coho salmon were consistently smaller than hatchery coho salmon.  Wild coho salmon responded to condi-
tions in the marine ecosystem differently than hatchery coho salmon, as relationships among growth, survival, and 
abundance were apparent for wild coho salmon earlier in the year than for hatchery fish.  The length increase between 
July and September was inversely related to marine survival, suggesting that fish that were larger in July grew less 
and survived better because they were storing more lipids than smaller coho salmon.  The study indicated that a more 
experimental management strategy is needed for both hatchery and wild coho salmon.

Beauchamp, D.A., A.D. Cross, et al.  2007.  Bioenergetic responses by Pacific salmon to climate and ecosystem varia-
tion.  N. Pac. Anadr. Fish Comm. Bull. 4: 257–269.  (Available at www.npafc.org).

Salmon growth can respond to changes in temperature, food availability, food quality, and activity.  Climatic variabil-
ity can affect one or more of these factors, because different climate regimes are associated with different temporal-
spatial patterns of temperature, salinity, and other oceanographic features that can alter ocean distribution patterns 
of salmon and cause shifts in assemblages of other organisms.  Consequently, climate variability can simultaneously 
change the availability or productivity of exploitable prey, and the intensity of competition or predation experienced 
by salmon at various stages of ocean life.  Variability across multiple factors can potentially confound the under-
standing and prediction of salmon growth or survival.  Bioenergetics models can account for changing thermal and 
food conditions explicitly, and are valuable analytical tools for isolating and evaluating the relative contribution of 
different factors (e.g., temperature, feeding rate, food availability, food quality) to the consumption and growth of 
salmon during different life stages.  Model simulations, coupled with data on growth trajectories, diet composition, 
and thermal experience, provide estimates of: 1) consumption rates on each prey (measures of both the importance 
of various prey to the energy budget of salmon, and the predation impact of salmon on prey species); 2) feeding rate 
as a proportion of the theoretical maximum consumption rate, a measure of relative food availability; and 3) growth 
efficiency, a measure of how much food was required to achieve the observed growth rate.  We applied bioenergetics 
models to juvenile pink salmon in the Gulf of Alaska during years of low (2001) versus high (2002) ocean survival 
to examine feeding and growth performance between years while explicitly accounting for significant variability in 
stage-specific distribution, diet, growth, and consumption.  From these simulations, we determined that higher feed-
ing rates on pteropods, primarily during July–August 2002, explained the higher growth rates and larger body mass 
of juveniles that were associated with higher stage-specific marine survival for juveniles in 2002.  Current bioener-
getics models for salmonids provide valuable diagnostic and analytical tools.  However, as modeling applications 
become more predictive and demanding, modifications and improvements will be required to address important top-
ics like behaviour, variable activity costs, seasonal and ontogenetic energy allocation, and foraging models.

Beechie, T., E. Buhle, et al.  2006.  Hydrologic regime and the conservation of salmon life history diversity.  Biol. Con-
serv. 130(4): 560–572.

Life history diversity of imperiled Pacific salmon (Oncorhynchus spp.) substantially contributes to their persistence, 
and conservation of such diversity is a critical element of recovery efforts.  Preserving and restoring diversity of life 
history traits depends in part on environmental factors affecting their expression.  We analyzed relationships between 
annual hydrograph patterns and life history traits (spawn timing, age at spawning, age at outmigration, and body size) 
of Puget Sound Chinook salmon (O. tshawytscha) to identify environmental indicators of current and historic diver-
sity.  Based on mean monthly flow patterns, we identified three hydrologic regimes:  snowmeltdominated, rainfall-
dominated, and transitional.  Chinook populations in snowmelt-dominated areas contained higher proportions of the 
stream-type life history (juvenile residence > 1 year in freshwater), had older spawners, and tended to spawn earlier 
in the year than populations in rainfall-dominated areas.  There are few extant Puget Sound populations dominated by 
the stream-type life history, as several populations with high proportions of stream-type fish have been extirpated by 
construction of dams that prevent migration into snowmelt-dominated reaches.  The few extant populations are thus 



NPAFC Special Publication No. 2 (2010)18

a high priority for conservation.  The low level of genetic distinction between stream-type and ocean-type (juvenile 
residence < 1 year in freshwater) life histories suggests that allowing some portion of extant populations to recolo-
nize habitats above dams might allow re-expression of suppressed life history characteristics, creating a broader 
spatial distribution of the stream-type life history.  Climate change ultimately may limit the effectiveness of some 
conservation efforts, as stream-type Chinook may be dependent on a diminishing snowmelt-dominated habitat.

Benson, A.J., and A.W. Trites.  2002.  Ecological effects of regime shifts in the Bering Sea and eastern North Pacific 
Ocean.  Fish and Fisheries 3: 95–113.

Large-scale shifts occurred in climatic and oceanic conditions in 1925, 1947, 1977, 1989 and possibly 1998.  These 
shifts affected the mix and abundance of suites of coexisting species during each period of relative environmental 
stability—from primary producers to apex predators.  However, the 1989 regime shift was not a simple reversal 
of the 1977 shift.  The regime shifts occurred abruptly and were neither random variations nor simple reversals to 
the previous conditions.  Timing of these anomalous environmental events in the North Pacific Ocean appears to 
be linked to physical and biological responses in other oceanic regions of the world.  Changes in the atmospheric 
pressure can alter wind patterns that affect oceanic circulation and physical properties such as salinity and depth of 
the thermocline.  This, in turn, affects primary and secondary production.  Data from the North Pacific indicate that 
regime shifts can have opposite effects on species living in different domains, or can affect similar species living 
within a single domain in opposite ways.  Climatic forcing appears to indirectly affect fish and marine mammal 
populations through changes in the distribution and abundance of their predators and prey.  Effects of regime shifts 
on marine ecosystems are also manifested faster at lower trophic levels.  Natural variability in the productivity of 
fish stocks in association with regime shifts indicates that new approaches to managing fisheries should incorporate 
climatic as well as fisheries effects.

Bigler, B.S., D.W. Welch, et al.  1996.  A review of the size trends among North Pacific salmon (Oncorhynchus spp.).  
Can. J. Fish. Aquat. Sci. 53: 455–465.

The abundance of North Pacific salmon (Oncorhynchus spp.) has nearly doubled during the period 1975–1993. As 
salmon population numbers have increased, there have been corresponding decreases in average adult size at return 
(maturity).  As nearly all of the growth of Pacific salmon occurs in the ocean, the ocean plays an important role in 
determining salmon abundance.  We found that 45 of 47 North Pacific salmon populations, comprising five species 
from North America and Asia, are decreasing in average body size.  Total salmon production correlated well with en-
vironmental trends between 1925 and 1989, but the inverse relationship between population abundance and average 
size during the period 1975–1993 indicates that there is a limitation to the salmon-sustaining resources of the ocean.  
The increased ocean survivorship and expansion of enhancement programs in the 1980s and early 1990s are probable 
factors in the ocean-wide reduced size of salmon.  If these trends continue, the productivity of salmon populations 
may decrease as fecundity, egg size, and age at maturity change in response.

Bisbal, G.A., and W.E. McConnaha.  1998.  Consideration of ocean conditions in the management of salmon.  Can. J. 
Fish. Aquat. Sci. 55: 2178–2186.

An ecologically based conceptual foundation is presented as a way to incorporate environmental variability in salm-
on management.  The argument addresses the problem of accommodating marine environment variability through 
actions in freshwater.  We argue for an approach that considers marine and freshwater environments as integral 
components of a larger salmonid ecosystem.  This contrasts with previous propositions that either relied heavily on 
technological fixes in the freshwater environment or questioned the value of any recovery effort designed to with-
stand overwhelming ocean forces.  Salmon management requires a more holistic approach incorporating modern 
understanding of the salmonid ecosystem and its variability.  We suggest two strategies.  The first calls for deliberate 
improvement of estuarine and nearshore ocean conditions through regulation of upstream flows, river operations, 
hatchery production, and other actions.  The second calls for improving the resilience of salmon to a variable envi-
ronment.  This requires relaxing anthropogenic factors that hinder the natural range of salmon life history diversity 
within and between populations, a survival mechanism that evolved in response to changing conditions.  These 
strategies recognize that although the ocean primarily determines overall salmon abundance, management actions, 
particularly in freshwater, are critical to the ability of salmon to cope with a variable ocean environment.

Blackbourn, D.J.  1987.  Sea surface temperature and pre-season prediction of return timing in Fraser River sockeye 
salmon (Oncorhynchus nerka).  Can. Spec. Publ. Fish. Aquat. Sci. 96: 296–306.

A simple temperature-displacement model is proposed to account for the annual variation in run timing in Fraser 
River sockeye salmon (Oncorhynchus nerka) stocks.  Results of the application of the model show that sea surface 
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temperature (SST) in the central Gulf of Alaska is positively related to annual return timing for seven stocks of Fraser 
River sockeye and alone accounts for between 30 and 94% of the variation in timing from 8 to 31 years of data.  That 
part of the Gulf and time of year showing the strongest statistical relationship vary in an apparently logical manner 
from stock to stock.  Predictions of the general utility of the model are supported by timing data from four stocks of 
sockeye returning to the northern Gulf of Alaska.  The consequences of using specific areas of the Gulf in this method 
are discussed, with the 1985 Fraser sockeye run as an example.

Blackbourn, D.J.  1993.  Sea surface temperature and the subsequent freshwater survival rate of some salmon stocks:  
A surprising link between climate of land and sea.  In Ninth Annual Pacific Climate (PACLIM) Workshop.  Edited by 
K. T. Redmond and V. L. Tharp.  California Department of Water Resources, Interagency Ecological Studies Program.  
Technical Report 34:  23–32.

Boldt, J.L., and L.J. Haldorson.  2004.  Size and condition of wild and hatchery pink salmon juveniles in Prince Wil-
liam Sound, Alaska.  Trans. Am. Fish. Soc. 133(1): 173–184.

Declining wild stocks and reduced body size of pink salmon (Oncorhynchus gorbuscha) in Prince William Sound 
have led to the hypothesis that the carrying capacity of the sound, and possibly that of the Gulf of Alaska, for salmon 
has been reached.  We compared the length, weight, and energetic content of juvenile pink salmon (1) among dif-
ferent stations, (2) between one hatchery group and wild pink salmon from several stations, and (3) among several 
hatchery release groups and wild pink salmon from two stations in the sound using analysis of variance.  There were 
significant differences in the lengths of fish among stations but no geographic pattern.  Pink salmon at two nearby 
stations in southwestern Prince William Sound were the smallest (71.5 mm in Whale Bay) and largest (92.4 mm in 
Bainbridge Passage) of the six stations sampled.  There were also differences in size among the hatchery and wild 
groups.  Wild fish were consistently larger than the most abundant hatchery group (Cannery Creek).  Within central 
Prince William Sound, Cannery Creek Hatchery pink salmon were significantly shorter than other hatchery release 
groups and wild salmon.  Size variation was probably dependent on size upon entry and time of entry into marine wa-
ters.  The energy content of juvenile pink salmon did not differ significantly between wild and hatchery fish but did 
vary among stations, albeit with no geographic pattern.  Hatchery fish west of Naked Island had significantly higher 
energy content than those east of Naked Island.  The consistencies in energy content among groups of fish from the 
same geographic area suggest that processes occurring on local scales (e.g., the effect of stratification on secondary 
production and local depletion by planktivores) are important in determining the condition of juvenile pink salmon.

Botsford, L.W., and C.A. Lawrence.  2002.  Patterns of co-variability among California Current Chinook salmon, coho 
salmon, Dungeness crab, and physical oceanographic conditions.  Prog. Oceanogr. 53(2–4): 283–305.

One of the primary motivations for the GLOBEC NEP program was the apparent inverse relationship between the 
increase in salmon populations in the Gulf of Alaska since the mid-1970s and concurrent declines in salmon popula-
tions in the California Current.  The increase in abundance of some salmon species in the Gulf of Alaska can be plau-
sibly explained based on mechanisms involving changes in physical structure, biological productivity, and salmon 
survival.  To assess concurrent changes in salmon populations in the California Current and their possible physical 
and biological bases we examined temporal and spatial patterns of co-variability between biological variables and 
physical descriptors along the coasts of Washington, Oregon and California, from 1950 to 1990.  The biological vari-
ables were catch records of coho salmon, Chinook salmon and an ecologically related species, Dungeness crab.  The 
physical variables were sea surface temperature, sea surface height (SSH) and the upwelling index (UWI).  We found 
that while California Current coho salmon declined uniformly in the mid-1970s, consistent with the proposed inverse 
relationship, Chinook salmon did not.  All three species appear to be driven by the dominant mode of co-variability 
in the three physical variables, an indicator of warm/cool water conditions, but in different ways.  In general, warm 
conditions have a negative effect on salmon at the age of ocean entry and spawning return, and Dungeness crab dur-
ing the larval stage, while cool conditions have a positive effect.  Differences in spatio-temporal variability between 
the two salmon species suggest they may respond to ocean conditions differently:  coho salmon vary synchronously 
along the coast on annual time scales, while Chinook salmon vary on slightly longer time scales in a specific spatial 
pattern.  Dungeness crab vary on 10-year time scales, synchronously along the coast, except for the most southern 
areas (central California) where populations collapsed in the late 1950s.  The dominant, warm/cool mode of physical 
co-variability, which drives these populations regionally, is related to basin-scale indices; it appeared to follow these 
indices in the 1950s and 1975–1990, but differs from them1960-1975, in ways that may be biologically important.

Bradford, M.J.  1995.  Comparative review of Pacific salmon survival rates.  Can. J. Fish. Aquat. Sci. 52: 1327–1338.
I collated estimates of survival from the literature for naturally reproducing populations of the five major commer-
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cially harvested species of Pacific salmon (Oncorhynchus spp.) and compared the mean and variability of survival 
across species and life-history stages.  The conclusion that survival rates can be described with a lognormal distribu-
tion was extended to include both the marine and freshwater stages.  Average egg-fry survival of pink (O. gorbus-
cha), chum (O. keta), and sockeye (O. nerka) salmon was similar (average 7%) but was significantly lower than that 
of coho salmon (O. kisutch, 19%).  The egg-smolt survival of Chinook (O. tshawytscha) was much higher than coho 
or sockeye that also rear in freshwater for similar periods (7’ compared with 1–2%).  No direct estimates exist for the 
marine survival rate of naturally spawning Chinook stocks; however, from fecundity and freshwater survival data a 
species average of 1–296 was derived.  Across all species freshwater contributes slightly more to total variation in 
egg-adult survival than does the ocean, and the schedule of mortality during the egg-adult interval depends on the 
natural history of each species.

Bradford, M.J.  1999.  Temporal and spatial trends in the abundance of coho salmon smolts from western North 
America.  Trans. Am. Fish. Soc. 128(5): 840–846.

Coast-wide trends in the catch of adult Pacific salmon (Oncorhynchus spp.) are often attributed to large-scale varia-
tion in marine survival caused by changing ocean conditions; however, the roles of the freshwater stages have not 
usually been assessed.  I used a compilation of published coho salmon O. kisutch data to determine whether the 
spatial scale of common variation in smolt abundance is sufficient for the freshwater segment of the life cycle to 
contribute to regional trends in adult coho salmon abundance.  I found positive covariation in annual smolt estimates 
for streams that were less than 20–30 km apart, but smolt abundances were, on average, uncorrelated for streams that 
were more separated by a greater distance.  The proportion of variation of interannual fluctuations in coho salmon 
smolt abundance that was common to neighbouring streams was small.  Thus, it appears that large-scale influences 
on smolt production are likely diluted by the effects of watershed-specific landscape and biotic factors.  Because 
variation in smolt production is not spatially coherent, the freshwater part of the life history is not likely to contribute 
to regional variations in adult abundance, unless spawner abundances are very low.

Bradford, M.J., J.A. Grout, et al.  2001.  Ecology of juvenile Chinook salmon in a small non-natal stream of the Yukon 
River drainage and the role of ice conditions on their distribution and survival.  Can. J. Zool. 79: 2043–2054.

We investigated the ecology of juvenile stream-type Chinook salmon (Oncorhynchus tshawytscha) in Croucher 
Creek, a small non-natal tributary of the upper Yukon River, in 1998 and 1999.  Underyearling (age 0+) salmon enter 
Croucher Creek from the Yukon River in June, and by midsummer reached an average density of > 0.5 m-2.  Fish were 
most commonly found in small pools.  Their mean size increased until the end of August, but growth virtually ceased 
after that, when water temperatures fell.  Juveniles remained in the stream through winter, and their distribution 
and survival were strongly influenced by aufeis, a thick layer of ice that develops from the freezing of groundwater.  
Over-winter survival was not dependent on fish size.  Those fish that survived the winter grew rapidly and doubled 
in body mass in the spring.  About 900 yearling fish emigrated from Croucher Creek in late June and early July at a 
mean length of 89 mm and mass of 7.2 g.  Most of the migrants overwintered in a 700 m long reach of the creek that 
was downstream from groundwater sources and did not experience severe icing conditions.  We suggest that small 
streams may be important habitats for juvenile salmon in the Yukon drainage, especially if there is a year-round 
source of groundwater flow that creates conditions suitable for overwintering.

Bradford, M.J., and J. Irvine.  2000.  Land use, fishing, climatic change, and the decline of Thompson River, British 
Columbia coho salmon.  Can. J. Fish. Aquat. Sci. 57: 13–16.

We investigated a recent, major decline in the abundance of a large aggregate of coho salmon (Oncorhynchus kisutch) 
spawning in the Thompson River, British Columbia watershed.  We found that the decline could be attributed to a 
declining trend in productivity likely related to changing ocean conditions, overfishing, and freshwater habitat al-
teration.  Among individual watersheds, rates of decline in adult coho salmon abundance were correlated with agri-
cultural land use, road density, and a qualitative measure of stream habitat status but not with the proportion of land 
recently logged.  The recovery of these populations will require the prudent regulation of fishing, the restoration of 
salmon producing watersheds, and an improvement in ocean conditions.

Brett, J.R.  1952.  Temperature tolerance in young Pacific salmon, genus Oncorhynchus.  J. Fish. Res. Board Can. 9(6): 
265–323.

Lethal limits of high and low temperatures were determined for the young of five species of Pacific salmon, the 
spring (Oncorhynchus tshawytcha), the pink (O. gorbuscha), the sockeye (O. nerka), the chum (O. keta) and the 
coho (O. kisutch).  For acclimation temperatures ranging from 5°C to 24°C, significant differences between species 
in their resistance to high temperatures was obtained.  The spring and coho were most resistent.  The pink and chum 
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were least resistent, and the sockeye was distinguishable from the latter two by greater resistence for prolonged ex-
posure to high temperatures.  No species could tolerate temperatures exceeding 25.1°C, when exposed for one week.  
A fanning-out of the opercula was shown to be directly correlated with the onset of death from a low temperature.  
By use of this criterion mixed lethal effects at low temperatures were demonstrated and found to be influenced by 
the size of the fish and by the salinity of the water.  None of the species could withstand temperatures lower than 
4°C when acclimated to 20°C and above.  When taken from holding troughs as low as 5°C, coho and sockeye could 
not tolerate long exposure (four days) to 0°C.  In a vertical gradient little difference in preffered temperature was 
observed, either between species or for different acclimation temperatures.  The 12 to 14°C stratum was the region of 
greatest concentration.  Specific differences in temperature responses are in keeping with taxonomic and ecological 
distictions.

Briscoe, R.J., M.D. Adkison, et al.  2005.  Biophysical factors associated with the marine survival of Auke Creek, 
Alaska, coho salmon.  Trans. Am. Fish. Soc. 134(4): 817–828.

Correlation analyses and stepwise regression models were run to examine relationships between the marine survival 
of Auke Creek coho salmon (Oncorhynchus kisutch) and a number of physical and biological covariates: local sea 
surface temperature, local precipitation, local hatchery releases of pink salmon (O. gorbuscha)and chum salmon 
(O. keta), regional and state coho and pink salmon catches, and smolt survival of three other regional coho salmon 
stocks.  Auke Creek jack return rates and adult marine survival covaried, indicating that a significant amount of the 
variation in marine survival is due to conditions encountered in the first 4 to 5 months of marine life.  Sea surface 
temperature was not significantly correlated with adult survival but was significantly associated with jack return 
rates.  Precipitation had no relationship with marine survival.  The number of locally released hatchery pink and 
chum salmon had the strongest correlation with marine survival (r = 0.71).  Marine survival trends of coho salmon 
stocks within 64 km of Auke Creek closely followed Auke Creek marine survival, indicating that the factors af-
fecting the marine survival of coho salmon are similar in localized regions of northern Southeast Alaska.  Regional 
similarities in marine survival with Auke Creek coho salmon also extend to the larger Southeast Alaska region with 
respect to the analysis of commercial coho salmon catch.  The specific mechanisms were not identified, but these 
results indicate that biological covariates were more associated with Auke Creek coho salmon marine survival than 
were physical covariates.

Brodeur, R.D., G.W. Boehlert, et al.  2000.  A Coordinated research plan for estuarine and ocean research on Pacific 
salmon.  Fisheries 25(6): 7–16.

The National Marine Fisheries Service (NMFS) is charged with restoring and protecting anadromous Pacific salmon 
stocks in all habitats of U.S. waters, including their period of residence in estuarine and oceanic waters. Recent 
studies have implicated the estuarine and coastal phase of the salmon life cycle as being of equal importance to 
the freshwater phase in determining production.  Evaluation of the freshwater phase of salmon has yielded a better 
understanding of the factors limiting production in this environment; however, a comparable understanding in the 
marine environment is lacking.  Currently, some marine salmon research is being conducted at various NMFS labs on 
the West Coast, but there has been little attempt to coordinate activities among the different regions.  In response, we 
propose a comprehensive plan to address ocean and estuarine survival of salmon by identifying research needs and 
suggesting ways to meet these needs.  We recommend that NMFS research focus on (1) distribution and movement 
patterns of salmon in marine waters, (2) health and condition of hatchery and wild salmon, (3) trophic dynamics of 
salmon, and (4) largescale effects of the atmosphere and ocean.

Brodeur, R.D., E.A. Daly, et al.  2007.  Interannual and interdecadal variability in juvenile coho salmon (Oncorhynchus 
kisutch) diets in relation to environmental changes in the northern California Current.  Fish. Oceanogr. 16(5): 395–
408.

The feeding habits of juvenile coho salmon, Oncorhynchus kisutch, in the northern California Current were exam-
ined using samples from two different time periods (1980–85 and 1998–2003) of highly contrasting oceanographic 
conditions.  The goal was to test the influence of interannual and interdecadal changes in taxonomic composition 
of prey, feeding intensity, and size spectra of teleost prey.  Analyses were done for samples taken both early in the 
summer (June) shortly after the salmon enter the ocean, and also in late summer (September) following some ocean 
residency.  Fish prey dominated coho salmon diets by weight during most years, but this trend was more pronounced 
during the 1980–85 sampling period. In terms of numerical composition, the diets were more variable on an interan-
nual basis, but decapod larvae and euphausiids were important prey in most years.  Pteropods and copepods were 
important prey during weak upwelling or El Niño years, whereas euphausiids were important during strong upwell-
ing or otherwise highly productive years.  Hyperiid amphipods comprised a substantial proportion of the diets only in 
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2000.  Coho salmon showed highly significant differences in prey composition among years or between decades both 
in weight and numerical composition.  The percentage of empty stomachs was highly variable by year in both June 
and September, but was significantly different only for September between decades.  In contrast, an index of feeding 
intensity did not show many significant changes in either comparison.  However, the relative size ratios for fish prey 
consumed were highly variable by year, and larger than average fish prey were consumed during 1998, leading to the 
highest feeding intensity observed.

Brodeur, R.D., E.A. Daly, et al.  2007.  Regional comparisons of juvenile salmon feeding in coastal marine waters off 
the west coast of North America.  Am. Fish. Soc. Symp. 57: 183–203.

Upon entering marine waters, juvenile Pacific salmon (Oncorhynchus spp.) depend on feeding at high and sustained 
levels to achieve growth necessary for survival.  In the last decade, several concurrent studies have been examining 
the food habits and feeding intensity of juvenile Pacific salmon in the shelf regions from California to northern Gulf 
of Alaska.  In this paper, we compared results from feeding studies for all five species of juvenile salmon (Chinook 
salmon O. tshawytcha, coho salmon O. kisutch, chum salmon O. keta, sockeye salmon O. nerka, and pink salmon 
O. gorbuscha) between 2000 and 2002, years when these regions were sampled extensively.  Within these years, we 
temporally stratified our samples to include early (May–July) and late (August–October) periods of ocean migra-
tion.  Coho and Chinook salmon diets were most similar due to high consumption of fish prey, whereas pink, chum, 
and sockeye salmon diets were more variable with no consistently dominant prey taxa.  Salmon diets varied more 
spatially (by oceanographic and regional factors) than temporally (by season or year) in terms of percentage weight 
or volume of major prey categories.  We also examined regional variations in feeding intensity based on stomach 
fullness (expressed as percent body weight) and percent of empty or overly full stomachs.  Stomach fullness tended 
to be greater off Alaska than off the west coast of the United States, but the data were highly variable.  Results from 
these comparisons provide a largescale picture of juvenile salmon feeding in coastal waters throughout much of their 
range, allowing for comparison with available prey resources, growth, and survival patterns associated with the dif-
ferent regions.

Brodeur, R.D., J.P. Fisher, et al.  2004.  Juvenile salmonid distribution, growth, condition, origin, and environmental 
and species associations in the North California Current.  Fish. Bull. 102: 25–46.

Information is summarized on juvenile salmonid distribution, size, condition, growth, stock origin, and species and 
environmental associations from June and August 2000 GLOBEC cruises with particular emphasis on differences 
related to the regions north and south of Cape Blanco off Southern Oregon.  Juvenile salmon were more abundant 
during the August cruise as compared to the June cruise and were mainly distributed northward from Cape Blanco.  
There were distinct differences in distribution patterns between salmon species:  Chinook salmon were found close 
inshore in cooler water all along the coast and coho salmon were rarely found south of Cape Blanco.  Distance 
offshore and temperature were the dominant explanatory variables related to coho and Chinook salmon distribu-
tion.  The nekton assemblages differed significantly between cruises.  The June cruise was dominated by juvenile 
rockfishes, rex sole, and sablefish, which were almost completely absent in August.  The forage fish community dur-
ing June comprised Pacific herring and whitebait smelt north of Cape Blanco and surf smelt south of Cape Blanco.  
The fish community in August was dominated by Pacific sardines and highly migratory pelagic species.  Estimated 
growth rates of juvenile coho salmon were higher in the GLOBEC study area than in areas farther north.  An unusu-
ally high percentage of coho salmon in the study area were precocious males.  Significant differences in growth and 
condition of juvenile coho salmon indicated different oceanographic environments north and south of Cape Blanco.  
The condition index was higher in juvenile coho salmon to the north but no significant differences were found for 
yearling Chinook salmon.  Genetic mixed stock analysis indicated that during June, most of the Chinook salmon in 
our sample originated from rivers along the central coast of Oregon.  In August, Chinook salmon sampled south of 
Cape Blanco were largely from southern Oregon and northern California; whereas most Chinook salmon north of 
Cape Blanco were from the Central Valley in California.

Brodeur, R.D., K.W. Myers, et al.  2003.  Research conducted by the United States on the early ocean life history of 
Pacific salmon.  N. Pac. Anadr. Fish Comm. Bull. 3: 89–131.  (Available at www.npafc.org).

Research on juvenile Pacific salmon in coastal U.S. waters began almost 50 years ago in Southeast Alaska, and has 
continued somewhat sporadically since then.  The National Marine Fisheries Service (NMFS), through its various 
laboratories in Alaska and along the West Coast of the United States, has done much of the research on the early life 
history of many Pacific salmon stocks in all habitats of U.S. waters, including their period of residence in coastal 
and oceanic waters.  In addition, several of the leading universities in this region (University of Washington, Oregon 
State University, University of Alaska) have contributed greatly to our knowledge of salmon in their early ocean 
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residency.  Much of the early research was done using fine-mesh purse seines, but recently surface fine-mesh trawl 
nets and gill nets have been used more widely.  A large number of programs are actively sampling in coastal waters 
at the present time, and the geographic and temporal coverage is the most complete it has ever been.  In this paper, 
we provide a brief overview of many of the studies that have been done, synthesize their major findings, and discuss 
some of the areas where we believe future efforts should be concentrated.

Brodeur, R.D., and W.G. Pearcy.  1992.  Effects of environmental variability on trophic interactions and food web 
structure in a pelagic upwelling ecosystem.  Mar. Ecol. Prog. Ser. 84: 101–119.

The dietary compositions of 18 species of pelagic nekton were examined from purse seine collections made during 
4 (1981 to 1984) oceanographically contrasting summers in the coastal upwelling zone off Oregon and Washington, 
USA.  Euphausiids, hyperiid amphipods, decapod larvae, pteropods, and larval and juvenile fishes were the dominant 
prey categories consumed during all years by this assemblage of nekton, although their relative proportions varied 
among the years.  Considerable differences were observed in food habits, diet overlap, and food web structure de-
pending upon the prevailing oceanographic conditions.  The moderate to low upwelling year of 1981 showed a gen-
erally high overall trophic diversity and a low level of diet overlap and food web complexity.  During the relatively 
strong upwelling year of 1982, euphausiids were the dominant food consumed, resulting in high dietary overlap and 
low trophic diversity and food web complexity.  During the warm and low productivity El Niño year of 1983, marked 
changes were observed in the taxonomic composition of the diet of many species.  The diets contained many species 
of southern origin leading to a high diversity of prey and low overall dietary overlap.  A late occurrence of strong 
upwelling in 1984 resulted in a trophic diversity and overlap that were intermediate to the other years.  Although 
some species preyed on species of lower trophic level during strong upwelling conditions the overall trophic level 
was lowest during 1983 and 1984 due to the influx of large numbers of pelagic zooplanktivores.

Bryant, M.D.  2009.  Global climate change and potential effects on Pacific salmonids in freshwater ecosystems of 
southeast Alaska.  Clim. Chang. 95: 169–193.

General circulation models predict increases in air temperatures from 1°C to 5°C as atmospheric CO2 continues to 
rise during the next 100 years.  Thermal regimes in freshwater ecosystems will change as air temperatures increase 
regionally.  As air temperatures increase, the distribution and intensity of precipitation will change which will in 
turn alter freshwater hydrology.  Low elevation floodplains and wetlands will flood as continental ice sheets melt, 
increasing sea-levels.  Although anadromous salmonids exist over a wide range of climatic conditions along the 
Pacific coast, individual stocks have adapted life history strategies—time of emergence, run timing, and residence 
time in freshwater—that are often unique to regions and watersheds.  The response of anadromous salmonids will 
differ among species depending on their life cycle in freshwater.  For pink and chum salmon that migrate to the ocean 
shortly after they emerge from the gravel, higher temperatures during spawning and incubation may result in earlier 
entry into the ocean when food resources are low.  Shifts in thermal regimes in lakes will change trophic conditions 
that will affect juvenile sockeye salmon growth and survival.  Decreased summer stream flows and higher water 
temperatures will affect growth and survival of juvenile coho salmon.  Rising sea-levels will inundate low elevation 
spawning areas for pink salmon and floodplain rearing habitats for juvenile coho salmon.  Rapid changes in climatic 
conditions may not extirpate anadromous salmonids in the region, but they will impose greater stress on many stocks 
that are adapted to present climatic conditions.  Survival of sustainable populations will depend on the existing ge-
netic diversity within and among stocks, conservative harvest management, and habitat conservation.

Bugaev, A.V., and K.W. Myers.  2009.  Stock-specific distribution and abundance of immature sockeye salmon in the 
western Bering Sea in summer and fall 2002–2004.  N. Pac. Anadr. Fish Comm. Bull. 5: 71–86.  (Available at www.
npafc.org).

Seasonal stock-specific distribution and abundance of immature sockeye salmon (Oncorhynchus nerka) in the west-
ern Bering Sea in summer 2003 and fall 2002-2004 were determined using scale pattern analysis of Bering-Aleutian 
Salmon International Survey (BASIS) samples.  Most (nearly 100%) of the sockeye salmon in BASIS catches were 
immature.  Four age groups, 1.1, 1.2, 2.1 and 2.2, accounted for more than 90% of immature fish.  Sockeye salmon 
of Asian (primarily Kamchatka) origin dominated catches throughout the region.  In general, abundance of imma-
ture sockeye salmon was highest in the northwestern Bering Sea, where sockeye salmon of North American origin 
(primarily Bristol Bay stocks) were more abundant than in the southwestern Bering Sea.  Estimated abundance of 
immature sockeye salmon in the western Bering Sea in 2002–2004 was high compared to estimated run sizes of adult 
returns, particularly in Asia.  BASIS stock assessment methods may have overestimated the abundance of salmon or 
adult run-size statistics may be inaccurate, or both.  Nevertheless, our stock-composition estimates were corroborated 
by other (genetic) studies.  We concluded that the western Bering Sea in summer–fall is an important area of inter-
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mixing of immature sockeye salmon of Asian and North American origin.

Bugaev, A.V., and K.W. Myers.  2009.  Stock-specific distribution and abundance of immature Chinook salmon in the 
western Bering Sea in summer and fall 2002–2004.  N. Pac. Anadr. Fish Comm. Bull. 5: 87–97.  (Available at www.
npafc.org).

Seasonal stock-specific distribution and abundance of Chinook salmon (Oncorhynchus tshawytscha) were deter-
mined using scale pattern analysis of Bering-Aleutian Salmon International Survey (BASIS) samples and catch data 
collected in the western Bering Sea in summer 2003 and fall 2002–2004.  Chinook salmon were sparsely distributed 
in this region, which greatly limited the number of samples available for stock identification research.  Research 
trawl catches of immature Chinook salmon were highest in northern areas, and catches throughout the region were 
dominated by fish in their second ocean summer.  Estimated percentages of immature Chinook salmon of North 
American (Alaska) origin (50.2–71.2%) were consistently higher than those of Asian (Russia) origin.  The highest 
estimated abundance of immature Chinook salmon was in summer 2003 (~21 million North American and ~20 mil-
lion Asian fish).  These estimates were extraordinarily high compared to adult returns to Asia and North America in 
2004–2006, and we concluded that BASIS stock assessment methods overestimated the abundance of this species.  
Nevertheless, our results provided the first quantitative evidence of the extensive distribution of immature Chinook 
salmon of North American origin in the western Bering Sea in summer and fall.  We concluded that the western Ber-
ing Sea ecosystem is an important summer–fall foraging area for immature Chinook salmon of both Asian and North 
American origin.

Bugaev, A.V., E.A. Zavolokina, et al.  2009.  Stock-specific distribution and abundance of immature chum salmon in the 
western Bering Sea in summer and fall 2002–2003.  N. Pac. Anadr. Fish Comm. Bull. 5: 105–120.  (Available at www.
npafc.org).

Seasonal stock-specific distribution and abundance of immature chum salmon (Oncorhynchus keta) in the western 
Bering Sea in summer 2003 and fall 2002–2003 were determined using scale pattern analysis.  Results indicated that 
immature chum salmon were predominantly of Asian (Russian and Japanese) origin.  There was considerable spatial 
and temporal variation in estimated proportions of regional stocks of chum salmon.  Russian stocks dominated catch-
es in the southwestern Bering Sea.  Japanese and North American stocks were most abundant in the northwestern 
Bering Sea.  Despite low estimated percentages of North American (western Alaska) chum salmon (average ≤ 10%), 
estimated total abundance of immature chum salmon in the western Bering Sea was very high in the early 2000s.  
Thus, we concluded that the western Bering Sea ecosystem is an important summer-fall foraging area for immature 
chum salmon of both Asian and North American origin.

Buser, T.J., N.D. Davis, et al.  2009.  Genetic techniques provide evidence of Chinook salmon feeding on walleye pollock 
offal.  N. Pac. Anadr. Fish Comm. Bull. 5: 225–229.  (Available at www.npafc.org).

Declining runs of Chinook salmon in western Alaska have focused interest on the ocean condition and food habits of 
Chinook salmon in the Bering Sea, including potential mortality from bycatch in the pollock fishery.  Examination of 
Chinook salmon stomach contents collected in the eastern Bering Sea by the U.S. North Pacific Groundfish Observer 
Program (NOAA Fisheries) revealed isolated pieces of skin, bones, and fins (offal) belonging to large-bodied fish 
which were physically identified as either walleye pollock (Theragra chalcogramma) or Pacific cod (Gadus macro-
cephalus).  To confirm the species identification of the offal, we matched DNA sequences of these offal samples to 
known sequences of walleye pollock and Pacific cod.  Novel mitochondrial DNA (mtDNA) primers were designed 
to amplify a 174-base pair (bp)-long section of the cytochrome c oxidase subunit I (COI) gene, which was sequenced 
and compared with sequences downloaded from the GenBank database.  Typically, much longer sections (~700 bp) 
of DNA are used for species identification but due to the state of digestion of the samples, long sequences of DNA 
were no longer present.  The specific design of our primers, however, allowed us to make positive identification and 
differentiation of walleye pollock and Pacific cod.  Of the 15 offal samples, nine yielded usable sequences, all of 
which were positively identified as walleye pollock.  Our results clearly demonstrate the utility of a short COI se-
quence for species identification of Chinook salmon stomach contents that might otherwise be unidentifiable due to 
either the state of digestion, or because the salmon consumed isolated body parts (offal) rather than whole fish.  These 
results suggest that walleye pollock offal supplements the diet of Chinook salmon during winter.

Chatters, J.C., V.L. Butler, et al.  1995.  A paleoscience approach to estimating the effects of climatic warming on sal-
monid fisheries of the Columbia River basin.  Can. Spec. Publ. Fish. Aquat. Sci. 121: 489–496.

Efforts to estimate the effect of climate on fisheries are hampered by the lack of models that project realistic aquatic 
habitat conditions at the regional scale.  Data from the paleosciences are a suitable alternative both for environmental 
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scenario development and model validation.  We are using a paleoscience approach to calculate the potential effect 
of global warming on anadromous salmonid stocks of the Columbia River basin, western North America.  First, 
archaeologically dated fluvial sediments and bivalves were used with terrestrial paleoecological data to reconstruct 
the flow, flow patterns, temperatures, and bed conditions 6000–7000 yr ago, when paleoclimatic indicators and at-
mospheric models suggest regional temperatures were up to 2°C warmer.  Next, these conditions were imposed on 
Columbia system subbasins and their effects on salmon stocks were modeled.  Results thus far indicate a 30–60% 
decline in salmon stocks relative to current conditions.  Finally, fish remains from archaeological sites were analyzed 
for evidence of actual salmon production under the reconstructed stream conditions to assess the validity of model 
projections.  Preliminary findings are comparable to model predictions.

Chatters, J.C., D.A. Neitzel, et al.  1991.  Potential impacts of global climate change on Pacific Northwest spring Chi-
nook salmon: an exploratory case study.  Northwest Environ. J. 7: 71–92.

Increases in atmospheric concentrations of greenhouse gases are predicted to raise global temperatures by up to 3°C 
over the next one-hundred years, which may have significant effects on natural resources.  Even a smaller (2°C) 
temperature change may impact one prominent Pacific Northwest natural resource, the spring Chinook salmon, 
Oncorhynchus tshawytscha .  A computer model was developed by the Northwest Power Planning Council (NPPC) 
for use in developing the NPPC salmon enhancement plan for their fish and wildlife program.  Using this model, we 
investigate the impact of global warming on the production of spring Chinook salmon in the Yakima subbasin of the 
Columbia River system.

Chelton, D.B.  1984.  Short-term climatic variability in the northeast Pacific Ocean.  In The influence of ocean condi-
tions on the production of salmonids in the North Pacific.  Edited by W.G. Pearcy.  Oregon State University Sea Grant 
Coll. Program, Corvallis, OR.  pp. 489-496.

There are three important issues to be dealth with in the search for physical causes of year-to-year variability of 
salmon catches in the Northeast Pacific Ocean: (1) identification of data sets available for statistical analysis, (2) 
determination of the nature of variability from these data sets, and (3) statistical analysis of the data sets to reveal 
plausible causal connections.  This paper addresses each of these issues.  An inventaory of atmospheric and physical 
oceanographic data available in the Northeast Pacific Ocean is given along with sources from which the data may be 
obtained.  Examination of two of these data sets reveals interesting interannual variability of physical oceanographic 
conditions in the Northeast Pacific Ocean over the past few decades.  Some speculations are made about possible 
consequences of the observed physical variability on salmon stocks in the Northeast Pacific Ocean.  A review of sta-
tistical analysis techniques underscores limitations in drawing dirm conclusions about cause and effect relationships 
from inherently low-frequency time series such as salmon catches.

Chigirinsky, A.I.  1993.  Global nature factors, fisheries and abundance of Pacific salmons.  Rybnoye Khoziaystvo 
(Fisheries) 2: 19–22.  (In Russian).

Short review of Pacific salmon abundance in relation to global nature factors was performed.  Relationship between 
changes of domination of odd and even pink salmon generation and climatic factors was studied.  Key influence of 
survival conditions of Pacific salmon to their abundance and commercial catches was concluded.

Cieciel, K., E.V. Farley, Jr., et al.  2009.  Jellyfish and juvenile salmon associations with oceanographic characteristics 
during warm and cool years in the eastern Bering Sea.  N. Pac. Anadr. Fish Comm. Bull. 5: 209–224.  (Available at 
www.npafc.org).

We explored possible associations between jellyfish biomass (Aequorea spp., Aurelia labiata, Chrysaora melanaster, 
and Cyanea capillata), juvenile salmon (Oncorhynchus keta, O. nerka, O. gorbuscha, O. kisutch, and O. tshawyts-
cha) abundance, and oceanographic characteristics (temperature, salinity, chlorophyll-a, and bottom depth) during 
two warm years (2004, 2005) and two cool years (2006, 2007) in the eastern Bering Sea from the annual Bering-
Aleutian Salmon International Surveys (US BASIS).  A significant difference was observed in the mean relative 
biomass of the four jellyfish species in response to the various conditions in warm versus cool years.  Our results 
indicated that juvenile O. tshawytscha were significantly associated with cooler temperatures in only cool years and 
shallower bottom depths in all years.  Juvenile O. kisutch were associated with shallower than average bottom depths 
for all years and juvenile O. keta had only cool-year associations with lower salinities and shallower bottom depths.  
Similar spatial distributions were seen between jellyfish and juvenile salmon, suggesting the possibility of competi-
tion.  Immature O. keta were significantly associated with the same physical ocean factors as Aequorea spp. during 
fall warm years, indicating a potential for interaction.
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Clarke, W.C., J.E. Shelbourn, et al.  1989.  Effect of initial daylength on growth, seawater adaptability and plasma 
growth hormone levels in underyearling coho, Chinook, and chum salmon.  Aquaculture 82(1–4): 51–62.

Chum (Oncorhynchus keta), coho (O. kisutch), ocean and stream-type Chinook (O. tshawytscha) salmon fry were 
reared from first feeding under constant 9.5 h or 14.5 h photoperiod for 2 months and then under simulated natural 
photoperiod for 4 months.  The coho and stream-type Chinook grew more rapidly and more uniformly both in fresh 
and in salt water after short than after long day treatment.  In contrast, the chum and ocean-type Chinook salmon 
grew well and adapted readily to sea water after either treatment.  Plasma growth hormone levels in June or in August 
were not significantly different between photoperiod treatments in any of the species.  It is concluded that juvenile 
coho and stream-type Chinook require a period of exposure to short day photoperiod from first feeding in order to 
develop uniformly as zero-age smolts.  This experiment showed that zero-age coho or stream-type Chinook smolts 
can be produced using a 2-month constant short day photoperiod under simple lighting systems.

Cole, J.  2000.  Coastal sea surface temperature and coho salmon production off the north-west United States.  Fish. 
Oceanogr. 9(1): 1–16.

A time series of mean weekly sea surface temperature (SST) images was used to investigate the relationship between 
fluctuations in the marine survival of hatchery-reared coho salmon and coastal ocean dynamics off the north-western 
United States (51° to 37°N) between 1985 and 1996, using univariate and nonlinear bivariate regression analysis.  
Ocean conditions were matched against survival for a number of different annual time frames according to the sum of 
negative or positive weekly SST anomalies.  From the univariate analyses, the sum of negative anomalies from April 
to June, when the juvenile salmon first enter the ocean, was found to have an R2 of 0.88 against survival with 1991 
excluded as an outlier.  The bivariate multiple regressions used the sum of negative anomalies from April to June as 
the first independent variable.  When the sums of positive anomalies from the following periods during the fishes’ 
second calendar year in the ocean were each used as the second independent variable, the R2 values were all greater 
than or equal to 0.92 (with no data points excluded): January to June, February to June, April to June, March to June.  
These results are discussed within the context of coastal ocean processes.  It is concluded that the analysis of SST 
image time series might allow management to make reasonable forecasts of hatchery-reared coho salmon survival.

Connor, W.P., H.L. Burge, et al.  2003.  Influence of flow and temperature on survival of wild subyearling fall Chinook 
salmon in the Snake River.  N. Am. J. Fish. Manage. 23(2): 362–375.

Summer flow augmentation to increase the survival of wild subyearling fall Chinook salmon (Oncorhynchus tshaw-
ytscha) is implemented annually to mitigate for the development of the hydropower system in the Snake River 
basin, but the efficacy of this practice has been disputed.  We studied some of the factors affecting survival of wild 
subyearling fall Chinook salmon from capture, tagging, and release in the free-flowing Snake River to the tailrace 
of the first dam encountered by smolts en route to the sea.  We then assessed the effects of summer flow augmenta-
tion on survival to the tailrace of this dam.  We tagged and released 5,030 wild juvenile fall Chinook salmon in the 
free-flowing Snake River from 1998 to 2000.  We separated these tagged fish into four sequential within-year release 
groups termed cohorts (N 5 12).  Survival probability estimates (mean 6 SE) to the tailrace of the dam for the 12 
cohorts when summer flow augmentation was implemented ranged from 36% 6 4% to 88% 6 5%.  We fit an ordinary 
least-squares multiple regression model from indices of flow and temperature that explained 92% (N 5 12; P , 0.0001) 
of the observed variability in cohort survival.  Survival generally increased with increasing flow and decreased with 
increasing temperature.  We used the regression model to predict cohort survival for flow and temperature conditions 
observed when summer flow augmentation was implemented and for approximated flow and temperature conditions 
had the summer flow augmentation not been implemented.  Survival of all cohorts was predicted to be higher when 
flow was augmented than when flow was not augmented because summer flow augmentation increased the flow 
levels and decreased the temperatures fish were exposed to as they moved seaward.  We conclude that summer flow 
augmentation increases the survival of young fall Chinook salmon.

Cooney, R.T.  1993.  A theoretical evaluation of the carrying capacity of Prince William Sound, Alaska, for juvenile 
Pacific salmon.  Fish. Res. 18(1–2): 77–87.

Present levels of feeding on zooplankton resources by wild and ocean-ranched juvenile Pacific salmon in Prince 
William Sound are estimated to be between 0.6 and 8.0% of the total production, and between 2.0 and 32.2% of the 
annual macrozooplankton production in the region.  However, when annual fry losses to early ocean mortality are 
taken into account, the feeding demand associated with growth rates averaging 3–4% of the body weight per day fall 
to 0.8–3.2% of the total herbivore production and 3.0–10.0% of the macrozooplankton production.  The results of 
this analysis suggest that present levels of salmon feeding have a minimal impact on zooplankton stocks in Prince 
William Sound.  However, several key questions remain to be answered regarding the use of forage resources by wild 
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and hatchery fry populations.  It is important that answers to questions of resource partitioning be sought in light of 
evolving enhancement plans for salmon in this region.

Cooney, R.T., J.R. Allen, et al.  2001.  Ecosystem controls of juvenile pink salmon (Oncorhynchus gorbuscha). Fish. 
Oceanogr. 10(supplement 1): 1–13.

Five years of field, laboratory, and numerical modelling studies demonstrated ecosystem-level mechanisms influenc-
ing the mortality of juvenile pink salmon and Pacific herring.  Both species are prey for other fishes, seabirds, and 
marine mammals in Prince William Sound.  We identified critical time-space linkages between the juvenile stages of 
pink salmon and herring rearing in shallow-water nursery areas and seasonally varying ocean state, the availability 
of appropriate zooplankton forage, and the kinds and numbers of predators.  These relationships defined unique 
habitat dependencies for juveniles whose survivals were strongly linked to growth rates, energy reserves, and sea-
sonal trophic sheltering from predators.  We found that juvenile herring were subject to substantial starvation losses 
during a winter period of plankton diminishment, and that predation on juvenile pink salmon was closely linked to 
the availability of alternative prey for fish and bird predators.  Our collaborative study further revealed that juvenile 
pink salmon and age-0 herring exploit very different portions of the annual production cycle.  Juvenile pink salmon 
targeted the cool-water, early spring plankton bloom dominated by diatoms and large calanoid copepods, whereas 
young-of-the-year juvenile herring were dependent on warmer conditions occurring later in the post bloom summer 
and fall when zooplankton was composed of smaller calanoids and a diversity of other taxa.  The synopsis of our 
studies presented in this volume speaks to contemporary issues facing investigators of fish ecosystems, including 
juvenile fishes, and offers new insight into problems of bottom-up and top-down control.  In aggregate, our results 
point to the importance of seeking mechanistic rather than correlative understandings of complex natural systems.

Cooney, R.T., and R.D. Brodeur.  1998.  Carrying capacity and North Pacific salmon production: stock-enhancement 
implications.  Bull. Mar. Sci. 62: 443–464.

Ocean-ranching programs in Asia and North America are supplementing, or have replaced, the natural production 
of some salmonid populations feeding and maturing in the North Pacific Ocean.  These activities, coupled with 
favourable survival conditions, have raised many stocks to historical or near historical highs during the last decade 
and a half.  Studies of ocean forage production and the response of nekton populations to changes in levels of forage 
demonstrate multi-year and interdecadal variability attributed to large-scale atmospheric cycles.  The period since the 
most recent regime shift favoured salmon production in Alaska waters, but not off Washington and Oregon.  We pres-
ent modeled estimates of the forage demand placed on coastal and oceanic feeding areas by wild and ocean-ranched 
pink salmon originating from Prince William Sound, Alaska, as a case history.  Annual food consumption for these 
stocks rose from less than 100,000 mt prior to 1976 to more than 300,000 mt after 1988, when hatchery production 
began dominating adult returns.  Food demand was distributed nearly equally between survivors and nonsurvivors, 
and most of the food consumption occurred in the oceanic rather than coastal environments.  Because, for all species, 
adults that return at smaller than average size are less fecund and produce smaller eggs and fry, increased competi-
tion for food resulting in smaller body size could influence the survival of progeny, with serious consequences for 
both wild and hatchery populations.  Studies suggest that competition can result from increased salmon production, 
diminished forage production, and decreases in the size of ocean feeding domains.

Cooney, R.T., D. Urquhart, et al.  1978.  Some aspects of the carrying capacity of Prince William Sound, Alaska, for 
hatchery released pink and chum salmon fry.  Publ. 78-4, Alaska Sea Grant; R78-3, University of Alaska, Inst. Mar. 
Resour.  98 pp.

Studies designed to evaluate the impact of localized releases of hatchery reared fry on adjacent estuarine waters are 
described.  At the Evan’s Island (Port San Juan) facility, operated by the Prince William Sound Aquaculture Corpora-
tion, most hatchery fry moved rapidly away from the immediate area of the site after release, eventually schooling 
around the shores of several small islands in nearby Elrington Passage.  Here the fry remained for several weeks, 
feeding and growing close to the rocky beaches on an apparently abundant planktonic food supply.  By early summer 
these same fishes had grown to approximately 60 mm in length and began moving offshore and southward from the 
islands.  This change in behaviour is probably related to a need for larger food items which cannon be obtained in 
shallow water, coupled with physiological changes related to the smolting phenomena.  We could find no evidence 
that overcrowding was occurring at locations designated by us as nursery areas.  Although the standing stock of po-
tential food at any particular time was never unusually high, the daily tides in this area presented a flux of particles 
which seemed entirely adequate.  Predation on newly released fry was clearly a problem next to the hatchery.  Here, 
large schools of adult tomcod consistently patrolled the shore and dock area taking fry when they could.  These 
predators were particularly evident in late April during the peak in outmigration.  Later in May, when many fry were 
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held in large saltwater pens for experimental feeding studies, tomcod were still observed in abundance.  Upon our 
recommendation, the holding pens were towed away from the site for release of the fry close to the feeding areas.  
An evaluation of the biological oceanography of Prince William Sound is discussed as it applies to hatchery rearing 
of salmonids in general.

Cooney, R.T., and T.M. Willette.  1991.  Regional-level investigations of pink salmon production responses to interan-
nual variations in ocean temperatures: cooperative fisheries and oceanographic studies (CFOS).  In Proceedings of 
15th Pink and Chum Salmon Workshop, Parksville, BC.  Edited by B. White and I. Guthrie.  pp. 50–62.

Cooperative Fisheries and Oceanographic Studies (CFOS) utilizes time-series collections and experimental research 
to determine how interannual fluctuations in coastal ocean temperature and zooplankton stocks affect the production 
of pink salmon in the northern Gulf of Alaska.  Successes with coastal hatchery production have been attributed, in 
large part, to the development of release strategies that presumably maximize the growth potential of fry relative to 
temporally varying plankton forage fields.  In contrast, the success of wild populations may be related more to the 
proportion of fry out-migrating into optimal food and temperature conditions each year.  Statistical relationships 
between total survival (freshwater and marine), sea surface temperature (SST) from April through July and pelagic 
food stocks for fry are discussed for wild pink salmon populations in Prince William Sound from 1982 to present as 
an example of the cooperative program approach.

Cooney, R.T., T.M. Willette, et al.  1995.  The effect of climate on North Pacific pink salmon (Oncorhynchus gorbuscha) 
production: examining some details of a natural experiment.  Can. Spec. Publ. Fish. Aquat. Sci. 121: 475–482.

Positive correlations between pink salmon (Oncorhynchus gorbuscha) production and sea-surface and air tempera-
ture in the Gulf of Alaska demonstrate linkages with long-term, low-frequency oceanographic and meteorological 
variability.  A comparison of a warm spring (1990) and a cold spring (1991) in Prince William Sound, Alaska, sug-
gests that one way these influences may manifest is by modifying the duration of the annual fry emigration into 
coastal nursery areas.  Differences in air and sea-surface temperatures approximately 2°C apparently resulted in an 
extension of the pink salmon emigration by 38 d in the cold year.  Evidence is presented that between-year differ-
ences in cloud cover contributed to the variability in thermal histories measured in the spring of 1990 and 1991.  An 
interpretation linking the duration of the wild-fry emigration to levels of adult production is proposed on the basis of 
experimental results from an ocean-ranched pink salmon program in the region.

Coronado-Hernandez, M.C.  1995.  Spatial and temporal factors affecting survival of hatchery-reared Chinook, coho 
and steelhead in the Pacific Northwest.  Ph.D. thesis, School of Fisheries, University of Washington, Seattle.  (Available 
at http://www.cbr.washington.edu/papers/jim/newport.doc.html).

It has been noted that abundance and survival rate of pacific salmon have been declining.  Several hypotheses have 
been advanced to explain the observed declines.  The major hypotheses relate declines to genetic deterioration, dis-
ease accumulation, variations in oceanic conditions and density dependent mortality.  To test some of these hypoth-
eses, I estimated the survival rate of hatchery releases for all CWT groups of coho, Chinook, and steelhead.  Survival 
rate was calculated for 8596 coho, 11051 Chinook and 1389 steelhead tag groups.  The performance of a total of 
258 coho hatcheries, 305 Chinook hatcheries and 67 steelhead hatcheries was compared.  The data series consisted 
in mark-recapture of coded-wire tagged fish from the northeastern Pacific Ocean.  Tag recoveries were standardized 
to age 3 for all runs and species except for spring and summer Chinook which were standardized to age 4 using a 
VPA.  Survival by tag code was calculated as the ratio between the standardized number of tags recovered and the 
total number of fish released with tags.  The mean survival by hatchery, and location was analyzed using charts, a 
generalized linear model and cluster analysis.  The results indicate that salmonid populations continue to decline in 
most of the geographical range.  The declines are particularly notorious from the late 1970s to the 1980s and from 
the late 1980s to the most recent years available.  The number of years a hatchery has been operating is of minor 
or no importance.  This result also indicates that disease accumulation and genetic changes are not the cause of the 
observed survival declines.  Some hatcheries continue to have good survival rates for long periods of time.  The hy-
pothesis suggesting that the cause of declines is an increase of production from hatcheries located in areas believed 
to be less favourable was also rejected.  The overall results indicate that changes in ocean conditions could be at least 
partially responsible for the survival declines of coho, Chinook, and steelhead on the Pacific Northwest.  Density 
dependent mortality could also play an important role but it is confounded by ocean changes and no attempt to test 
this hypothesis was made for this study.

Coronado-Hernandez, M.C., and R. Hilborn.  1998.  Spatial and temporal factors affecting survival in coho salmon 
(Oncorhynchus kisutch) in the Pacific Northwest.  Can. J. Fish. Aquat. Sci. 55: 2067–2077.
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Survival rates for coho salmon (Oncorhynchus kisutch) were estimated for all coded wire tag release groups in the 
Pacific Northwest between 1971 and 1990.  The spatial and temporal patterns show considerable geographic varia-
tion, with most regions south of northern British Columbia showing declining survival since 1983, while northern 
areas have shown increasing survival during that period.  The number of years of operation explained very little of 
the variation in survival, and many hatcheries showed major increases in survival after several years of operation.  
Survival of marked wild fish generally showed the same trend as hatchery fish.  We conclude that the dominant factor 
affecting coho salmon survival since the 1970s is ocean conditions and that there are major geographic differences 
in the pattern of ocean conditions.  The decline in survival seen in British Columbia and south over the last decade 
suggests that a major reduction in exploitation rates is necessary to maintain the populations.

Cox, S.P., and S.G. Hinch.  1997.  Changes in size at maturity of Fraser River sockeye salmon (Oncorhynchus nerka) 
(1952–1993) and associations with temperature.  Can. J. Fish. Aquat. Sci. 54: 1159–1165.

Unlike other Canadian Pacific salmon (Oncorhynchus spp.), long-term declines in the size at maturity of Fraser River 
sockeye salmon (O. nerka) have not been reported in past studies.  Using data specific for 10 Fraser River sockeye 
stocks, we demonstrate that size at maturity has generally declined over the past 42 yr for females in all stocks and for 
males from eight stocks.  Independent of this temporal trend, we found that size at maturity of both sexes in all stocks 
was smaller in years when sea surface temperatures were relatively warm.  Slower growth in warmer years may be 
caused directly by increased metabolic demand, or indirectly by oceanic changes that influence food acquisition.  We 
speculate that fitness of Fraser River sockeye will be reduced in the future if sea surface temperature increases and 
salmon abundance remains near present levels.

Cross, A.D., D.A. Beauchamp, et al.  2009.  Interannual variability in early marine growth, size-selective mortality, 
and marine survival for Prince William Sound pink Salmon.  Marine and Coastal Fisheries: Dynamics, Management, 
and Ecosystem Science 1(1): 57–70.

The main objective of this study was to use scale patterns to compare the early marine growth of the average pink 
salmon Oncorhynchus gorbuscha with that of fish from the same year-class that survived to adulthood to gain insight 
on critical periods for growth and survival.  During 2001–2004, pink salmon that survived to adulthood were larger 
and grew faster than the average juvenile throughout the first growing season, indicating that larger, faster-growing 
juveniles experienced higher survival.  Growth rate declined from mid–late June to early–mid July for both juveniles 
at-large and fish that survived to adulthood.  The adult survivors then grew at a faster rate than the average juvenile 
through September.  Both the juvenile pink salmon population at-large and all cohorts that survived to adulthood 
grew at a faster rate during high-survival years than low-survival years from mid–late June to mid–late August.  
Greater variability in the growth trajectories of surviving adults was observed during high-survival years, potentially 
a result of diversified feeding or distribution strategies.  This study supports findings that significant size-selective 
mortality of juvenile pink salmon occurs after the first growing season.  Investigating the timing and magnitude of 
sizeselective mortality on juvenile pink salmon during their first growing season is an initial step toward understand-
ing the processes regulating growth and survival.

Cross, A.D., D.A. Beauchamp, et al.  2008.  Early marine growth of pink salmon in Prince William Sound and the 
coastal Gulf of Alaska during years of low and high survival.  Trans. Am. Fish. Soc. 137(3): 927–939.

Although early marine growth has repeatedly been correlated with overall survival in Pacific salmon (Oncorhynchus 
spp.), we currently lack a mechanistic understanding of smolt-to-adult survival.  Smolt-to-adult survival of pink 
salmon (O. gorbuscha) returning to Prince William Sound was lower than average for juveniles that entered marine 
waters in 2001 and 2003 (3% in both years), and high for those that entered the ocean in 2002 (9%) and 2004 (8%).  
We used circulus patterns from scales to determine how the early marine growth of juvenile pink salmon differed 
(1) seasonally during May–October, the period hypothesized to be critical for survival; (2) between years of low and 
high survival; and (3) between hatchery and wild fish.  Juvenile pink salmon exhibited larger average size, migrated 
onto the continental shelf and out of the sampling area more quickly, and survived better during 2002 and 2004 than 
during 2001 and 2003.  Pink salmon were consistently larger throughout the summer and early fall during 2002 and 
2004 than during 2001 and 2003, indicating that larger, fastergrowing juveniles experienced higher survival.  Wild 
juvenile pink salmon were larger than hatchery fish during low-survival years, but no difference was observed during 
high survival years.  Differences in size among years were determined by some combination of growing conditions 
and early mortality, the strength of which could vary significantly among years.

Crossin, G.T., S.G. Hinch, et al.  2008.  Exposure of high temperature influences the behaviour, physiology, and sur-
vival of sockeye salmon during spawning migration.  Can. J. Zool. 86: 127–140.
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Since 1996, some populations of Fraser River sockeye salmon (Oncorhynchus nerka) have begun spawning migra-
tions weeks earlier than normal, and most perish en route as a result.  We suspect that a high midsummer river tem-
perature is the principal cause of mortality.  We intercepted 100 sockeye during normal migration near a spawning 
stream and measured somatic energy and aspects of plasma biochemistry.  Fish were then held at either 10 or 18°C 
for 24 days.  Before release, fish were biopsied again and implanted with acoustic transmitters.  A group of biopsied 
but untreated control salmon were released at the same time.  Sixty-two percent (8 of 13) of control salmon and 68% 
(21 of 31) of 10°C salmon reached spawning areas.  The 18°C-treated fish were half as successful (35%; 6 of 17).  
During the holding period, mortality was 2 times higher and levels of Parvicapsula minibicornis (Kent, Whitaker and 
Dawe, 1997) infection were higher in the 18°C-treated group than in the 10 °C-treated group.  The only physiologi-
cal difference between treatments was a change in gill Na+,K+-ATPase activity.  This drop correlated negatively with 
travel times for the 18°C-treated males.  Reproductive-hormone levels and stress measures did not differ between 
treatments but showed significant correlations with individual travel times.

Crossin, G.T., S.G. Hinch, et al.  2004.  Somatic energy of sockeye salmon Oncorhynchus nerka at the onset of upriver 
migration: a comparison among ocean climate regimes.  Fish. Oceanogr. 13(5): 345–349.

We examined somatic energy patterns in two stocks (Chilko and Early Stuart) of adult Fraser River (British Colum-
bia, Canada) sockeye salmon (Oncorhynchus nerka), collected at the end of their ocean residency, spanning years 
across different climate regimes.  Both stocks had high levels of somatic energy in years with high open ocean pro-
ductivity (1956, 1957, 2001 and 2002), and relatively low levels in years with poor open ocean productivity (1999 
and 2000).  For Early Stuart sockeye, energy levels in 1999 and 2000 were approximately 15% lower (1.5 MJ kg−1) 
than that in the 1950s, an amount of energy equivalent to that necessary for migrating 600 km upriver.  In recent years 
(2001 and 2002), energy levels have increased by about 9% for both stocks.  Low energy levels at the onset of upriver 
migration, particularly in years of energetically demanding in-river conditions, such as high flows or temperatures, 
are likely to contribute to prespawning and en route mortality in Fraser sockeye.

Crozier, L.G., A.P. Hendry, et al.  2008.  Potential responses to climate change in organisms with complex life histories: 
evolution and plasticity in Pacific salmon.  Evol. Appl. 1(2): 252–270.

Salmon life histories are finely tuned to local environmental conditions, which are intimately linked to climate.  We 
summarize the likely impacts of climate change on the physical environment of salmon in the Pacific Northwest and 
discuss the potential evolutionary consequences of these changes, with particular reference to Columbia River Basin 
spring/summer Chinook (Oncorhynchus tshawytscha) and sockeye (Oncorhynchus nerka) salmon.  We discuss the 
possible evolutionary responses in migration and spawning date egg and juvenile growth and development rates, 
thermal tolerance, and disease resistance.  We know little about ocean migration pathways, so cannot confidently 
suggest the potential changes in this life stage.  Climate change might produce conflicting selection pressures in 
different life stages, which will interact with plastic (i.e. nongenetic) changes in various ways.  To clarify these in-
teractions, we present a conceptual model of how changing environmental conditions shift phenotypic optima and, 
through plastic responses, phenotype distributions, affecting the force of selection.  Our predictions are tentative 
because we lack data on the strength of selection, heritability, and ecological and genetic linkages among many of 
the traits discussed here.  Despite the challenges involved in experimental manipulation of species with complex life 
histories, such research is essential for full appreciation of the biological effects of climate change.

Crozier, L.G., and R.W. Zabel.  2006.  Climate impacts at multiple scales: evidence for differential population respons-
es of juvenile Chinook salmon.  J. Anim. Ecol. 75(5): 1100–1109.

We explored differential population responses to climate in 18 populations of threatened spring-summer Chinook 
salmon (Onchorynchus tshawytscha) in the Salmon River basin, Idaho.  Using data from a long-term mark–release–
recapture study of juvenile survival, we found that fall stream flow is the best predictor of average survival across 
all populations.  To determine whether all populations responded similarly to climate, we used a cluster analysis to 
group populations that had similar annual fluctuations in survival.  The populations grouped into four clusters, and 
different environmental factors were important for different clusters.  Survival in two of the clusters was negatively 
correlated with summer temperature, and survival in the other two clusters was positively correlated with minimum 
fall stream flow, which in turn depends on snow pack from the previous winter.  Using classification and regression 
tree analysis, we identified stream width and stream temperature as key habitat factors that shape the responses of 
individual populations to climate.  Climate change will likely have different impacts on different populations within 
this metapopulation, and recognizing this diversity is important for accurately assessing risks.

Crozier, L.G., R. W. Zabel, et al.  2008.  Predicting differential effects of climate change at the population level with 
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life-cycle models of spring Chinook salmon.  Glob. Change Biol. 14(2): 236–249.
Habitat conditions mediate the effects of climate, so neighboring populations with differing habitat conditions may 
differ in their responses to climate change.  We have previously observed that juvenile survival in Snake River 
spring/summer Chinook salmon is strongly correlated with summer temperature in some populations and with fall 
streamflow in others.  Here, we explore potential differential responses of the viability of four of these populations to 
changes in streamflow and temperature that might result from climate change.  First, we linked predicted changes in 
air temperature and precipitation from several General Circulation Models to a local hydrological model to project 
streamflow and air temperature under two climate-change scenarios.  Then, we developed a stochastic, density-
dependent life-cycle model with independent environmental effects in juvenile and ocean stages, and parameterized 
the model for each population.  We found that mean abundance decreased 20201350% and the probability of quasi-
extinction increased dramatically (from 0.120130.4 to 0.320130.9) for all populations in both scenarios.  Differences 
between populations were greater in the more moderate climate scenario than in the more extreme, hot/dry scenario.  
Model results were relatively robust to realistic uncertainty in freshwater survival parameters in all scenarios.  Our 
results demonstrate that detailed population models can usefully incorporate climate-change predictions, and that 
global warming poses a direct threat to freshwater stages in these fish, increasing their risk of extinction.  Because 
differences in habitat may contribute to the individualistic population responses we observed, we infer that maintain-
ing habitat diversity will help buffer some species from the impacts of climate change.

Cushing, D.H.  1982.  Climate and fisheries.  Academic Press, London.  373 pp.
The industrialization of fisheries began towards the end of the nineteenth century, and as a consequence stocks were 
reduced.  Since then considerable efforts have been made both nationally and internationally to manage such stocks 
properly, although success in this direction remains limited.  As the data sets lengthen, fisheries biologists have be-
come interested in the variation of the vital parameters of the stocks with time, and so there is potential interest in 
any connexions with climatic change.  Stocks have appeared and disappeared in the past, and fishermen have cred-
ited or blamed the weather.  The climate changes on a longer scale than the weather, months to millennia, or longer, 
back to the Ice Ages.  The study of climate is a fluid one: part is a branch of physical science, and part is a historical 
study.  The historical part is the assessment of documents – the catalogue of data which overwhelms us within recent 
decades but which attenuates as the observer’s eye reaches back across the centuries.  The scientific study of climate 
today is one gorged on data constrained by the general circulation models of the atmosphere.  The scientific study 
of fisheries is based on annual increments or decrements of biomass, which means that the data base is relatively 
meagre.  Hence the events to be described are restricted to those which are prominent.  There is a mass of material 
published on the effects of environmental factors upon the lives of fishes which is not covered in this book.  Obvi-
ously the effects of climatic change upon the fish stocks must be in some sense indistinguishable from those of the 
environment more extensively.  However, the phenomena discussed are pronounced and selected for that reason, and 
so many of the minor signals are necessarily excluded.

Cushing, D.H. and R.R. Dickson.  1976.  The Biological response in the sea to climatic changes.  Adv. Mar. Biol. 14: 
1–122.

For a long time events in the sea have appeared to be periodic.  Indeed Ljungman (1882) imposed a fifty-five-year 
cycle upon the long-term records of catches of the Bohuslan herring fishery.  Much of the work by Pettersson (for 
example, 1921–2) during the first two decades of the life of the International Council for the Exploration of the Sea 
was concerned with physical periodicities as observed in tidal records.  If fishes and other animals of the sea can 
“detect” climatic change so well, the mechanisms of adaptation must involve the stabilization of their populations.  
Where numbers change by three or more orders of magnitude, such mechanisms must have been disturbed.

Daan, N., V. Christensen, et al.  (Editors).  2005.  Quantitative ecosystem indicators for fisheries management.  ICES 
J. Mar. Sci. 62(3).  304 pp.

Spring in Paris (31 March to 3 April 2004) helped to attract more than 250 participants from 53 countries to a sym-
posium on “Quantitative Ecosystem Indicators for Fisheries Management”.  The symposium was hosted by the Inter-
governmental Oceanographic Commission at the UNESCO headquarters next to the Eiffel Tower, and co organized 
with the Scientific Committee on Oceanic Research (SCOR).  Four years of preparation had borne fruit, and the stage 
was set with a programme of 40 presentations and nearly 150 posters.

Daly, E.A., R.D. Brodeur, et al.  2009.  Ontogenetic shifts in diets of juvenile and subadult coho (Oncorhynchus kisutch) 
and Chinook salmon (O. tshawytchsa) in coastal marine waters: important for marine survival?  Trans. Am. Fish. Soc. 
138: 1420-1438.
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Successfully shifting to a more piscivorous diet may be an important factor in the growth and survival of juvenile 
coho salmon Oncorhynchus kisutch and Chinook salmon O. tshawytscha during their first summer in the northern 
California Current.  Nonmetric multidimensional scaling and cluster analysis of diets by size showed several distinct 
groupings as the salmon grew during their first marine summer.  These size-based diet differences were clearly driven 
by increased rates of piscivory for both species.  Fish prey composition, feeding intensity, and fish prey–predator 
length ratios all significantly increased for coho salmon at approximately 240 mm fork length when they changed 
from diets dominated by juvenile rockfishes Sebastes spp., the larvae of crabs Cancer spp., and adult euphausiids 
to one of predominantly juvenile forage fish.  As Chinook salmon grew, they gradually increased the proportional 
contribution (by weight) of fish prey in their diets—from 55% in the smallest length-class examined (80–100 mm) 
to 95% in the largest one (>375 mm).  Chinook salmon fed in the same marine environments as coho salmon and 
consistently ate more and longer fish prey at a given size than coho salmon but had lower overall feeding intensity, 
perhaps owing to a higher level of prey selection.  Relating subsequent interannual adult salmon returns to juvenile 
diets showed mixed results.  During lower-survival years, coho salmon ate fewer and smaller fish prey, while sub-
yearling Chinook salmon had less total food and more empty stomachs.  We did not find consistent trophic patterns 
for yearling Chinook salmon in relation to their ultimate survival.

Danard, M., and T.S. Murty.  1994.  On recent climate trends in selected salmon-hatching areas of British Columbia.  
Am. Meteor. Soc. 7: 1803–1808.

Trends in monthly precipitation, temperature, water equivalent of the snowpack, and streamflow are investigated for 
stations in three local areas in interior British Columbia of interest for hatching of salmon on the Adams River, Fraser 
River near Prince George, and Skeena River near Babine Lake.  In general, since the 1960s, cold season (October 
and January) precipitation has been decreasing, temperatures have been rising, snow water equivalents have been 
diminishing, and streamflows have been going down.  However, the results may not necessarily be part of a global 
warming but may rather be an amplification of the common Pacific/North American pattern.

Davidov, I.V.  1984.  Coupling in development of oceanological processes within major fisheries regions of the Far 
Eastern Seas.  Izv TINRO 109: 3–16.  (In Russian).

Davis, N.D., K.W. Myers, et al.  2009.  Winter food habits of Chinook salmon in the eastern Bering Sea.  N. Pac. Anadr. 
Fish Comm. Bull. 5: 243–253.  (Available at www.npafc.org).

This is the first study of winter diets of Chinook salmon in the eastern Bering Sea.  We analyzed Chinook salmon 
stomach samples collected by U.S. observers on board commercial groundfish trawlers from January to March and 
July to August, 2007.  The proportion of empty stomachs was higher in winter (45%) than summer (8%), suggesting 
longer time periods between meals in winter.  Diversity of squid species in Chinook salmon diets was higher in win-
ter than summer, when more fish, particularly juvenile walleye pollock, were consumed.  All age groups of Chinook 
salmon collected in winter consumed fish offal, likely generated by fishery catch-processing activities, however, 
fish offal was not observed in summer samples.  In winter, the ratio of euphausiids and fish offal weight to Chinook 
salmon body weight was significantly higher in samples collected at shallow depths (< 200 m), and the ratio of squid 
was significantly higher in salmon collected at deeper depths (201–600 m).  The ratio of euphausiids to fish body 
weight was significantly higher in immature than maturing Chinook salmon.

Davis, N.D., A.V. Volkov, et al.  2009.  Review of BASIS salmon food habits studies.  N. Pac. Anadr. Fish Comm. Bull. 
5: 197–208.  (Available at www.npafc.org).

The BASIS food habits studies of sockeye, chum, pink, and Chinook salmon conducted in 2002–2006 were sum-
marized.  These studies identified important (≥ 10% of prey composition by weight) prey taxa of salmon.  Salmon 
diet composition differed between the western region, where diets contained more zooplankton, and the eastern 
region, where diets contained more ichthyoplankton and nekton.  Salmon feeding conditions, growth, and survival 
in the eastern region were more favorable in relatively warm years, as compared to cool years.  However, warmer 
conditions may not be favorable for all salmon species, such as chum salmon.  These studies significantly increased 
the available information on salmon food habits during the fall in the western, central, and eastern regions.  Salmon 
diet composition shifted from zooplankton to fish and squid, or to larger sizes of fish prey, with increasing salmon 
body size, age, or maturity.  Continued monitoring of salmon food habits will contribute to understanding how future 
climate changes will affect salmon populations in the Bering Sea.

Deangelis, D.L., and R.M. Cushman.  1990.  Potential application of models in forecasting the effects of climate changes 
on fisheries.  Trans. Am. Fish. Soc. 119(2): 224–239.
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Increased concentrations of carbon dioxide and other “greenhouse gases’ in the atmosphere and the possible resulting 
climatic changes will affect marine and freshwater fisheries.  Many of the links in the causal chains relating these 
environmental changes to possible changes in fish stocks may be amenable to prediction through mathematical mod-
eling.  The adequacy of existing types of mathematical models relating changes in atmospheric CO2 to changes in 
environmental conditions and ultimately to changes in fish stocks is reviewed in the context of an overall strategy for 
forecasting changes in fish stocks.  The model types include ecosystem models, fish physiological process models, 
and fish population models.

DeRoos, A.M., T. Schellekens, et al.  2007.  Food-dependent growth leads to overcompensation in stage-specific biomass 
when mortality increases: the influence of maturation versus reproduction regulation.  Am. Nat. 170(3): E59–E76.

We analyze a stageâ structured biomass model for sizeâ structured consumerâ resource interactions.  Maturation 
of juvenile consumers is modeled with a foodâ dependent function that consistently translates individualâ level as-
sumptions about growth in body size to the population level.  Furthermore, the model accounts for stageâ specific 
differences in resource use and mortality between juvenile and adult consumers.  Without such differences, the model 
reduces to the Yodzis and Innes (1992) bioenergetics model, for which we show that model equilibria are character-
ized by a symmetry property that reproduction and maturation are equally limited by food density.  As a consequence, 
biomass production rate exactly equals loss rate through maintenance and mortality in each consumer stage.  Stage 
specific differences break up this symmetry and turn specific stages into net producers and others into net losers 
of biomass.  As a consequence, the population in equilibrium can be regulated in two distinct ways: either through 
total population reproduction or through total population maturation as limiting process.  In the case of reproduction 
regulation, increases in mortality may lead to an increase of juvenile biomass.  In the case of maturation regulation, 
increases in mortality may increase adult biomass.  This overcompensation in biomass occurs with increases in both 
stageâ independent and stageâ specific mortality, even when the latter targets the stage exhibiting overcompensa-
tion.

Donnelly, R.F.  1983.  Factors affecting the abundance of Kodiak Archipelago pink salmon (Oncorhynchus gorbuscha, 
Walbaum).  Ph.D. thesis, Univ. of Washington, Seattle.  157 pp.

Donnelly, R.F., and D.E. Bevan.  1984.  Environmental factors and the abundance of Kodiak Archipelago pink salmon 
(Oncorhynchus gorbuscha).  In The influence of ocean conditions on the production of salmonids in the North Pacific: 
a workshop.  Edited by W.G. Pearcy.  Oregon State University Press, Corvallis, Oregon.  pp. 228–236.

Fluctuations in the survival and adult returns of Kodiak Archipelago pink salmon (Oncorhynchus gorbuscha) were 
statistically correlated with air temperatures, precipitation, fluctuations in the earth’s magnetic field, sea-surface 
temperature, upwelling indices, and river runoff.  Forecast models were examined.  The one with the highest correla-
tion was: R = -70717.64 + 5.63(EM) + 1555.26(AVKBT); r = 0.930, where R is return, EM is an index of emergent 
fry density, and AVKBT is average Women’s Bay sea surface temperature during the estuarine residence period of 
juvenile pink salmon (from March through September).  This model is similar to the Alaska Department of Fish and 
Game’s model, which does not use sea temperature and has an r of 0.708.

Downton, M.W., and K.A. Miller.  1998.  Relationships between Alaskan salmon catch and North Pacific climate on 
interannual and interdecadal time scales.  Can. J. Fish. Aquat. Sci. 55: 2255–2265.

Using multivariate time series models, Alaska’s state-wide commercial catch of three salmon species during 1925–
1994 is shown to be related to surface temperatures in particular large regions of the eastern North Pacific.  Previous 
research has indicated that interdecadal changes in Alaskan catch levels are related to large-scale changes in the 
climate regime of the North Pacific.  The present work focuses on interannual variability by controlling for climatic 
shifts in the mid-1940s and mid-1970s.  For sockeye (Oncorhynchus nerka) and chum (O. keta), relationships with 
temperature occur within a few months after ocean entry with warmer regional temperatures enhancing survival.  For 
sockeye and pink salmon (O. gorbuscha), relationships with temperature occur at the time and location of the return 
migration, suggesting that colder ocean temperatures may enhance spawning success or egg survival.  In addition, 
the models show a significant positive relationship of chum catch to pink catch 2 years earlier, suggesting a common 
influence on smolts of the two species.  The results support the contention that climatic factors affecting the marine 
environment play a significant role in salmon production on interannual, as well as interdecadal, time scales.

Drake, D.C., R.J. Naiman, et al.  2002.  Reconstructing salmon abundance in rivers: an initial dendrochronological 
evaluation.  Ecology 83(11): 2971–2977.

Decision-makers concerned with salmon or their stream habitats are faced with many persistent, difficult questions 
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including: how large and variable were these populations before European settlement?  Here, we examine the feasi-
bility of reconstructing salmon abundance using links between marine nutrients carried upstream by Pacific salmon 
(Oncorhynchus spp.) and growth of dominant riparian trees in two Alaskan systems.  We employ standard dendro-
chronology methods and regression models to quantify relationships between annual tree-ring growth, salmon es-
capement, and the climate pattern that affects oceanic production of Northeast Pacific salmon stocks, the Pacific Dec-
adal Oscillation (PDO).  We find that known, annual salmon escapement is significantly related to tree-ring growth at 
two sites in the Pacific coastal rainforest (PCRF), but not at two sites in the boreal forest.  We then use relationships 
established at PCRF sites to reconstruct preliminary salmon spawning abundances to 1820 A.D.  The PDO was not 
correlated with local 19-yr salmon escapement records and could not be used in reconstructions.  Reconstructions 
compare favorably to southeastern Alaska fisheries catch data from 1924 to 1994.  This study demonstrates the prom-
ise and utility of dendrochronology for reconstructing salmon returns to streams.

Duffy, E.J.  2009.  Factors during early marine life that affect smolt-to-adult survival of ocean-type Puget Sound 
Chinook salmon (Oncorhynchus tshawytscha).  Ph.D. thesis, School of Aquatic and Fishery Sciences, University of 
Washington.  Seattle.  164 pp.

The early marine life of Pacific salmon is a critical period when larger size and faster growth have been linked to ele-
vated overall marine survival.  In Puget Sound, several salmon populations have experienced recent declines, includ-
ing Endangered Species Act (ESA) listed Chinook salmon, which are predominately ocean-type and rear extensively 
in Puget Sound.  Between 2001–2007, we sampled nearshore and offshore habitats of Puget Sound to determine 
the distribution, feeding, growth, and sources of mortality for juvenile Chinook salmon and investigated whether 
there was evidence for size-selective predation and for environmentally-mediated or competition-based reduction 
in growth rates that could be linked to overall marine survival trends.  In the spring, juvenile salmon represented 
greater than 50% of the diet of cutthroat trout at nearshore habitats.  Although predation by cutthroat trout was likely 
responsible for a relatively minor amount of the early marine mortality experienced by Chinook salmon, predation 
pressure was highest on the smallest fish.  Assuming other fish predators exhibited similar size-selective predation, 
this suggested a survival advantage for larger and faster growing fish.  Juvenile Chinook salmon initially occupied 
nearshore habitats (April–June), shifting offshore during July–September.  Insects and amphipods were dominant 
nearshore prey sources, whereas crab larvae and fish were more important in offshore diets.  Marine survival rates 
of Puget Sound Chinook salmon were strongly related to the average offshore body mass in July, with larger sizes 
associated with higher survivals. Using a bioenergetics model, we found that early marine growth of Chinook salmon 
was most strongly linked to feeding rates, and less to diet composition and temperature.  Spring growth of juvenile 
Chinook salmon appeared to be food-limited in some years, and low feeding rates corresponded to poor marine sur-
vival.  In conclusion, we found that Chinook salmon must feed and grow at high rates during May–July of their first 
marine year to increase overall marine survival.  Our findings highlight the importance of local feeding conditions in 
Puget Sound during spring and summer, and suggest that declines in marine survival since the 1980’s may have been 
caused by reductions in food availability for Chinook salmon during early marine life.

Dugdale, R.C., D.E. Hay, et al.  1999.  PICES-GLOBEC international program on climate change and carrying capac-
ity summary of the 1998 model, monitor and rex workshops, and task team reports.  PICES Sci. Rep. No. 11.  87 pp.  
(Available at www.pices.int).

This volume summarizes the results of three workshops organized by the PICES-GLOBEC Climate Change and 
Carrying Capacity Program that were held just prior to the PICES Seventh Annual Meeting in Fairbanks, Alaska, in 
October 1998.  These workshops represent the efforts of the REX, MODEL, and MONITOR Task Teams to integrate 
the results of national GLOBEC and GLOBEC-like programs to arrive at a better understanding of the ways in which 
climate change affects North Pacific ecosystems.  The BASS Task Team published the results of their Science Board 
Symposium 1997 in a refereed journal (Progress in Oceanography 43:2-4).  The detailed reports and recommenda-
tions for the future work of each of the Task Teams from their last meeting in 1998 can be found in the PICES Annual 
Report 1998, pages 129–138.  The REX Workshop on “Small Pelagic Species and Climate Change” reviewed the 
status of national efforts on small pelagic fish and climate research.  The workshop participants presented research 
results from seven different regions around the North Pacific Rim, and identified key hypotheses that link climate 
variability and small pelagic fish response.  These hypotheses will be used in future cooperative research.  A “Lower 
Trophic Level Model” Workshop was sponsored by the MODEL Task Team, in collaboration with researchers in-
volved in the Joint Global Ocean Flux Study Program (JGOFS).  The goal of this workshop was to deal with model 
comparison issues related to the lower trophic level and to gather information for nutrient databases.  This activity 
provides a crucial link between the JGOFS synthesis and modeling efforts and the application of those results to 
GLOBEC research.  The Task Team is planning activities that relate to upper trophic level models.  However, the 
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lower trophic level model efforts will remain a key activity in the near future.  Several recommendations about lower 
trophic level models were made at the workshop that will be followed up on in the next two years.  These include 
building a prototype model that will be executable on the web and holding another lower trophic level model work-
shop in the year 2000 for comparison of different marine ecosystems using the prototype model.  The MONITOR 
Task Team is the most recently formed component of the CCCC Program.  They report here on the results of their 
first workshop, held to outline the present monitoring activities of PICES nations and to identify future monitoring 
needs and intercalibration experiments that might be conducted.  The workshop resulted in several recommenda-
tions, particularly with regard to zooplankton monitoring efforts.  The focus of the Task Team’s future work will 
likely be on intercalibration experiments to facilitate comparison of zooplankton time series, design of a monitoring 
system for zooplankton production, and discussion of Continuous Plankton Recorder (CPR) use in the PICES region.  
Although the BASS Task Team did not hold a workshop in 1998, it was occupied with review and publication of 
papers from their 1997 symposium.  The Task Team is now proposing to identify new BASS members to assist in 
the development of a long-term work plan for BASS.  They will also be holding a special workshop just prior to the 
PICES Eighth Annual Meeting in October 1999, in which they will develop a conceptual model of how the subarctic 
gyres work and how they change with regime shifts.  This workshop will provide a basis for future comparative work 
by the Task Team.

Dulepova, EP.  2002.  Comparative bioproductivity of the Far East Seas macroecosystems.  TINRO-Center, Vladi-
vostok.  273 pp.  (In Russian).

The book is investigation of structure and functioning of pelagic and bottom communities of Far-Eastern Seas.  At 
the first time production of important structural elements of sea’s communities was determined for Far-Eastern Seas.  
Regularities of creation organic substance and significance of basic ecosystem components in these processes were 
explained for Okhotsk and Bering Seas and North Pacific waters of Russian economic zone.  The functioning of 
pelagic and bottom communities were analysed and the peculiarity of this process are discoved for ecosystems of 
Bering and Okhotsk Seas.

Dulepova, E.P., and V.I. Dulepova.  2005.  Analysis of yearly and regional characteristics of feeding in the chum salmon 
Oncorhynchus keta in the Bering Sea and the adjacent regions of the Pacific.  Vopr. Ichthiologii 45: 218–224.

This study was aimed at the analysis and statistical comparison of feeding spectra of the chum salmon Oncorhynchus 
keta of various sizes in the Bering Sea and the Pacific waters of Kamchatka.  The feeding spectrum was qualitatively 
and quantitatively different in the chum salmon longer and shorter than 40 cm.  Differences were noted in the con-
sumption of amphipods, copepods, jellyfish, and nekton on the whole.  Feeding on jellyfish is a characteristic trait of 
chum salmon with a length exceeding 50 cm.  Most probably, the presence of jellyfish and ctenophorans in the diet 
points to age-related morphological adaptations.  Similarities in the feeding spectra were analyzed for large (1986, 
1993, 1995, 1990, 1992, 2000, 2002) and small (1986, 1990, 1992, 2002) chum salmon using cluster analysis.  The 
feeding spectra of the chum salmon in the Bering Sea and the Pacific waters of Kamchatka differ, which is most prob-
ably associated with the condition of the food resources and higher plasticity of feeding in this species.

Dunham, J., J. Lockwood, et al.  2001.  Salmonid distributions and temperature.  Prepared as part of region 10 tem-
perature water quality criteria guidance development project, US Environmental Protection Agency, Issue paper 2.  
17 pp.

Distributions of native salmonid fish in the Pacific Northwest are strongly tied to temperature conditions in their 
habitat.  Salmonid populations have declined in conjunction with thermal changes and the loss and fragmentation of 
large and interconnected cold-water habitats.  Temperature affects the health of not only individual fish but also entire 
populations and groups of species.  Temperature changes have obvious direct effects, and also interact with other 
factors to indirectly affect salmonids.  The best way to protect existing populations and restore depleted populations 
is to create temperature criteria that explicitly consider salmonids’ temperature requirements at different times and 
places.  Natural temperature conditions must be preserved whenever possible.  Because current fish distributions and 
populations are significantly reduced from their historical numbers, protection and restoration of their thermal envi-
ronment must often extend beyond the boundaries of their existing or suitable habitat.  Attempts to set temperature 
criteria must balance what is known and not known about the habitat and biological requirements of salmonids.  Full 
consideration of current and potential fish distribution and habitat, including thorough documentation of assumptions 
and knowledge gaps, is needed in establishing and implementing temperature criteria to support healthy (viable, 
productive, and fishable) salmonid populations.

Duplisea, D.E., S. Jennings, et al.  2002.  A size-based model of the impacts of bottom trawling on benthic community 
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structure.  Can. J. Fish. Aquat. 59: 1785–1795.
Bottom trawling causes widespread disturbance to the sediments in shallow-shelf seas.  The resultant mortality of 
benthic fauna is strongly size dependent.  We empirically demonstrate that beam trawling frequency in the central 
North Sea had a greater effect on fauna size distribution in a soft sediment benthic community than variables such as 
sediment particle size and water depth.  Accordingly, we simulated the impacts of trawling disturbance on benthos 
using a model consisting of 37 organism size classes between 1 μg and 140 g wet weight.  The model produced a 
production-biomass versus size relationship consistent with published studies and allowed us to predict the impacts 
of trawling frequency on benthos size distributions.  Outputs were consistent with empirical data; however, at high 
yet realistic trawling frequencies, the model predicted an extirpation of most macrofauna.  Empirical data show 
that macrofauna persist in many heavily trawled regions; therefore, we suggest that trawling by real fisheries is suf-
ficiently heterogeneous to provide spatial refuges less impacted by trawling.  If correct, our analyses suggest that 
fishery management measures that do not reduce total effort but do lead to effort displacement and spatial homog-
enization (e.g., temporarily closed areas) may have adverse effects on the systemic persistence of intermediate- and 
large-sized macrofauna.

Eaton, J.G., and R.M. Scheller.  1996.  Effects of climate warming on fish thermal habitat in streams of the United 
States.  Limnol. Oceanogr. 41(5): 1109–1115.

The effects of climate warming on the thermal habitat of 57 species of fish of the U.S. were estimated using results 
for a doubling of atmospheric carbon dioxide that were predicted by the Canadian Climate Center general circula-
tion model.  Baseline water temperature conditions were calculated from data collected at 1,700 U.S. Geological 
Survey stream monitoring stations across the U.S.  Water temperatures after predicted climate change were obtained 
by multiplying air temperature changes by 0.9, a factor based on several field studies, and adding them to baseline 
water temperatures at stations in corresponding grid cells.  Results indicated that habitat for cold and cool water fish 
would be reduced by -50%, and that this effect would be distributed throughout the existing range of these species.  
Habitat losses were greater among species with smaller initial distributions and in geographic regions with the great-
est warming (e.g. the  central Midwest).  Results for warm water fish habitat were less certain because of the poor 
state of knowledge regarding their high and low temperature tolerances; however, the habitat of many species of this 
thermal guild likely will also be substantially reduced by climate warming, whereas the habitat of other species will 
be increased.

Ebbesmeyer, C.C., D.R. Cayan, et al.  1991.  1976 step in the Pacific climate: forty environmental changes between 
1968–1975 and 1977–1984.  In Proceedings of the Seventh Annual Pacific Climate (PACLIM) Workshop, April 1990.  
Edited by J.L. Betancourt and V.L. Tharp.  California Department of Water Resources.  pp. 115–126.

Examination of 40 time series of multidisciplinary environmental variables from the Pacific Ocean and the Ameri-
cas, collected in 1968 to 1984, demonstrated the remarkable consistency of a major climate-related, step-like change 
in 1976.  To combine the 40 variables (e.g., air and water temperatures, Southern Oscillation, chlorophyll, geese, 
salmon, crabs, glaciers, atmospheric dust, coral, CO2, winds, ice cover, Bering Strait transport) into a single time 
series, standard variants of individual annual values (subtracting the mean and dividing by the standard deviation) 
were averaged.  Analysis of the resulting time series showed that the single step in 1976, separating the 1968–1975 
period from the 1977–1984 period, accounted for 89% of variance within the composite time series.  Apparently, one 
of the Earth’s large ecosystems occasionally undergoes large abrupt shifts.

Efanov, V.N., Z.M. Zakirova, et al.  1990.  Thermal water regime and zooplankton composition in Okhotsk coastal zone 
Iturup Island during habitation by salmon juveniles.  In Biology of marine zooplankton.  DVO AN USSR, Vladivostok.  
pp. 56–61.

Eggers, D.E.  1998.  Historical trends in rate of fishing and productivity of Bristol Bay and Chignik sockeye salmon.  
N. Pac. Anadr. Fish Comm. Tech. Rep. 1: 30–31.  (Available at www.npafc.org).

Historical salmon catch data have been related to long-term environmental data in support of the hypothesis that 
large-scale salmon production is driven by decadal-scale climatic processes (Hare and Francis 1995; Beamish and 
Bouillon 1993).  However, the historical Alaskan salmon catches have been affected by political and economic fac-
tors independent of climatic influences (Cooley 1961).  The large increase in western Alaska sockeye catch in the late 
1970s has been often cited as evidence for the late 1970 regime shift in the North Pacific Ocean (Hare and Francis 
1995).  However, a large component of this increased catch, since the late 1970s, came from fisheries in the Egegik, 
Ugashik, and North Alaska Peninsula fishing districts.  The fishing effort in these fishing districts was very low prior 
to 1950, and recent increases in western Alaska sockeye catches cannot be attributed solely to a North Pacific regime 
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shift.

Eggers, D.E., M. Fukuwaka, et al.  2005.  Catch trends and status of North Pacific salmon.  N. Pac. Anadr. Fish Comm. 
Doc. 723.  35 pp.  (Available at www.npafc.org).

The aggregate species catch in the North Pacific Ocean has been increasing since the early 1970s and above the high 
levels of 1930s since the late 1980s.  Catches have been increasing almost steadily in coastal Japan, Russia, central 
Alaska, and southeast Alaska.  Catches in western Alaska increased through mid-1990s and have been decreasing 
recently.  Salmon catches in British Columbia were reasonably stable until the 1980s; but recently, and particularly 
for coho salmon, catches have declined.  Catches in the western United States have decreasing steadily since the 
1930s.  The large increase in catches of salmon in the North Pacific since the 1970s is due in part to the establishment 
to large hatchery populations, and increasing marine survival for many wild salmon populations.

Eggers, D.E., and J. Irvine.  2007.  Trends in abundance and biological characteristics for North Pacific sockeye salm-
on.  N. Pac. Anadr. Fish Comm. Bull. 4: 53–75.  (Available at www.npafc.org).

Trends in abundance, productivity, and average size were reviewed for sockeye salmon populations from Wash-
ington, British Columbia, southeast Alaska, central Alaska, western Alaska, and Russia.  Aggregate catch estimates 
were reasonable indicators of overall stock status, but in areas toward the southern extent of their range, population-
specific return and escapement estimates are also needed by fishery managers.  Sockeye abundance in Russia and 
western and central Alaska declined coincident with a regime shift in 1949.  Declines also occurred in the eastern 
North Pacific although they were less severe.  Abundance increases were ubiquitous around the time of the regime 
shift in 1977. Short-term reductions in abundance in western Alaska and parts of central Alaska followed the 1989 
shift but were not evident in Russia or the eastern North Pacific.  The status of many North American stocks recently 
declined, with severest declines in southernmost areas.  Trends in survival rate indices were similar to trends in 
catch and abundance.  Average body size was inversely related to aggregate abundance, implying that growth was 
density-dependent.  The coherence in trends in abundance, catch, and average weight among stocks suggests that 
large-scale environmental processes are major factors controlling sockeye salmon survival and production around 
the North Pacific Rim, and probably restrict the total production from particular ocean zones.  However, local-scale 
environmental processes can result in regional differences in productivity.

Elizarov, A.A., A.S. Grechina, et al.  1989.  Reconstruction in ecosystems of the world ocean in relation to changes in 
conditions of the atmosphere-ocean system—Biological grounds of the population dynamics and fish catch forecasting.  
M. VINRO.  pp. 29–46.

Emmett, R.L., and R.D. Brodeur.  2000.  Recent changes in the pelagic nekton community off Oregon and Washington 
in relation to some physical oceanographic conditions.  N. Pac. Anadr. Fish Comm. Bull. 2: 11–20.  (Available at www.
npafc.org).

Since approximately 1977, there have been dramatic declines in west coast salmonid (Oncorhynchus spp.) resources 
and salmonid marine survival.  At the same time, there are indications that the pelagic nekton fauna off Oregon and 
Washington has shifted species composition and abundance since the late 1970s.  While Pacific Hake (Merluccius 
productus), Pacific herring (Clupea pallasi), American shad (Alosa sapidissima), Pacific mackerel (Scomber japoni-
cus), jack mackerel (Trachurus symmetricus), and Pacific sardine (Sardinops sagax) populations off the Northwest 
coast have increased in abundance since 1977, ocean survival of salmonids, and populations of northern anchovy 
(Engraulis mordax), eulachon (Thaleichtys pacificus), and market squid (Loligo opalescens) declined.  Northwest 
sea surface temperatures have shown a strong warming trend since 1977.  Our results suggest that salmon marine 
survival is affected by the interplay between biological and physical factors in the northern California Current.

Emmett, R.L., and M.H. Schiewe (Editors).  1997.  Estuarine and ocean survival of northeastern Pacific salmon.  
NOAA Tech. Memo. NMFS-NWFSC-29.  313 pp.  (Available at www.nwfsc.noaa.gov/publications/techmemos/tm29/
index.html).

It has been 13 years since the last conference on biotic and abiotic factors affecting oceanic and estuarine survival of 
salmon.  The proceedings from that meeting, “The Influence of Ocean Conditions on the Production of Salmonids 
in the North Pacific,” edited by William Pearcy (1983), summarized existing information linking oceanic conditions 
and salmonid survival, distribution, and abundance.  All four work groups at the 1983 meeting emphasized the need 
to understand the effects of ocean conditions on salmonid survival, and called for long-term studies of the marine en-
vironment.  Unfortunately, the recommendations from the 1983 meeting have gone largely unheeded.  Although the 
salmon research community has continued to spend large amounts of time and funding on freshwater habitat issues, 
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relatively little has been spent on estuarine and marine salmonid habitat issues.  In the meantime, Northwest salmon 
populations have continued to decline, with “poor” ocean conditions often being acknowledged as playing some 
ill-defined role.  In an effort to once again highlight the importance of estuarine and oceanic residency to salmon 
survival and year-class strength, we convened a small group in the summer of 1995 to begin planning a workshop to 
bring together scientists whose research addresses some aspect of this important issue.  Providing further impetus to 
our efforts were several recent reports, including the National Research Council’s “Upstream: Salmon and Society in 
the Pacific Northwest” (1996) and the Snake River Salmon Recovery Team’s “Final Recommendations for the Na-
tional Marine Fisheries Service,” which have highlighted the need to fully understand salmonid estuarine and marine 
life histories—not just because these environments are where salmonids spend most of their lives, but also because 
substantial mortalities occur there, and rigorous evaluations of freshwater salmonid enhancement projects require 
information on estuarine and ocean survival.  The workshop consisted of 25 presentations, organized in the follow-
ing six sessions: 1) selected aspects of salmonid life histories; 2) interannual variations in Northeast Pacific marine 
habitats and the effects on marine survival of salmonids; 3) decadal variations in Northeast Pacific marine habitats 
and the effects on marine survival of salmonids; 4) processes and mechanisms in estuarine habitats; 5) processes and 
mechanisms in nearshore coastal habitats; 6) processes and mechanisms in offshore marine habitats.  On the final 
day of the workshop, four working groups were organized to identify and discuss critical research needs, formulate 
testable hypotheses, and identify potential research strategies to enhance understanding of the role of estuarine and 
oceanic habitats in salmonid survival.  Since the four work groups met independently, their results are presented in 
slightly different formats.  As with any scientific meeting, the ultimate success depended largely on the thoughtful 
planning of the steering committee.  For the 1996 Newport workshop, “Estuarine and Ocean Survival of Northeast 
Pacific Salmon,” the steering committee was composed of Dr. George Boehlert of NMFS’s Southwest Fisheries 
Science Center, Dr. Robert Francis of the University of Washington, Dr. Steve Ignell of NMFS’s Alaska Fisheries 
Science Center, Dr. William Pearcy of Oregon State University, and Drs. Michael Schiewe and William Peterson, 
and Mr. Robert Emmett of the Northwest Fisheries Science Center. Drs. William Peterson, Richard Brodeur, Michael 
Bradford, Colin Levings, Steve Ignell, and Bruce McCain, and Ms. Kate Myers served as chairs and rapporteurs for 
the working groups.  Finally, Ms. Sharon Damkaer and Dr. David Damkaer greatly assisted with compiling, editing, 
and reviewing the manuscripts in these proceedings.  Although it has taken 13 years to reconvene a conference on 
oceanic and estuarine survival of salmon, the results perhaps justify the wait.  More than 140 scientists, representing 
disciplines ranging from fisheries ecology to population dynamics, and physical and biological oceanography to cli-
matology, spent three intellectually stimulating days listening to papers, engaging in discussion, and planning future 
collaborations.  To all the participants, we extend our sincere thanks.

Farley, E.V., Jr., T. Azumaya, et al. (Editors).  2009.  Climate change, production trends, and carrying capacity of Pa-
cific salmon in the Bering Sea and adjacent waters.  N. Pac. Anadr. Fish Comm. Bull. 5.  359 pp.  (Available at www.
npafc.org).

Dramatic fluctuations in the ocean growth and survival of many Asian and North American salmon populations over 
the past decade have been attributed to changes in the Bering Sea and other marine ecosystems.  The absence of 
scientific observations for salmon, ecologically related species, and environmental conditions in the North Pacific 
Ocean has limited our understanding of these changes and how they affect salmon populations and economies around 
the Pacific Rim.  International research efforts to address these issues were developed by the North Pacific Anadro-
mous Fish Commission (NPAFC) as part of its Science Plan.  The research plan called BASIS (the Bering-Aleutian 
Salmon International Survey), began in 2002 as a coordinated program of cooperative research on Pacific salmon in 
the Bering Sea.  The goal of BASIS research was to clarify the mechanisms of biological response by salmon to the 
conditions caused by climate change in the Bering Sea.  Climate models predict a gradual increase in atmospheric 
temperature, with the greatest increases occurring in sub-arctic and arctic regions.  The evidence for current warming 
trends is the pole-ward retreat of seasonal sea ice cover in the Arctic.  Continued warming is predicted to have a 
profound effect on Bering Sea ecosystems.  For instance, a presentation at the BASIS Symposium by Nicholas Bond 
showed that climate warming will increase water column stability on the eastern Bering Sea shelf, limiting the flux 
of nutrients into the photic zone and perhaps negatively impacting primary and secondary productivity.  Large-scale 
climate cycles are affecting regional climate trends.  For instance, shifts in the position the Far Eastern Low and 
Aleutian Low pressure systems determine whether or not the Bering Sea experiences warming or cooling and also 
affects the velocity of ocean currents.  The position of these atmospheric low pressure systems (NE and W, respec-
tively) during 2002 to 2005 brought warmer air to the Bering Sea during winter and was related to decreased storm 
activity during summer.  The position of these low pressure systems shifted again (SW and E, respectively) during 
2006, resulting in colder arctic air covering much of the Bering Sea during winter and summer which increased storm 
activity.  The BASIS research initiated by the NPAFC could not have been more timely.  The surveys began during 
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2002, a time of anomalously warm spring and summer sea temperatures.  These warm sea temperatures continued 
through 2005, switching to anomalously cold during 2006 to 2008.  Thus many of the papers within these proceed-
ings offer perspective on how salmon and other nekton responded to changing climate states.  All papers were peer-
reviewed with the objective to provide a broad spectrum of research results from a team of international scientists 
working on the biological response of Pacific salmon and other nekton to climate change and variability in the Bering 
Sea and Arctic ecosystems.  The papers in these proceedings are the culmination of oral and poster presentations 
given at the BASIS Symposium during November 23–25, 2008 in Seattle, Washington.  Ed Farley chaired a steering 
committee consisting of Tominori Azumaya, Richard Beamish, Ki Baik Seong, Vladimir Sviridov, and Shigehiko 
Urawa.  There are four topics within the general theme of the biological responses by salmon to climate and ecosys-
tem dynamics: (1) migration and distribution of salmon; (2) food production and salmon growth; (3) feeding habits 
and trophic interaction; and (4) production trends and carrying capacity of salmon.  During the symposium, NPAFC 
commemorated the efforts from research and contract vessels: Kaiyo maru and Wakatake maru (Japan), TINRO 
(Russia), and Sea Storm and Northwest Explorer (USA) for their expertise and support in conducting BASIS re-
search surveys.  The success of the symposium was due to the steadfast dedication of the NPAFC Secretariat: Vladi-
mir Fedorenko, Shigehiko Urawa, Wakako Morris, and Denise McGrann-Pavlovic.  In addition, the papers within 
this Bulletin were published one year after the Symposium because of the timely management by Shigehiko Urawa 
and the symposium editorial group members.  Approximately 60 reviewers contributed to peer reviews of original 
manuscripts, and Natalie Moir worked closely with authors for the final editions.  There are 14 papers utilizing a 
combination of stock identification techniques including genetics, hatchery otolith thermal marks, scale pattern anal-
ysis, temperature-depth archival tags, and otolith microchemistry used to describe the distribution, vertical migra-
tion, and potential migratory pathways/overwintering grounds for juvenile, immature, and maturing salmon.  New 
information on the distribution of juvenile chum salmon in the Arctic during fall presented by Chris Kondzela indi-
cated a large percentage of juvenile chum salmon captured in Bering Strait were from the Anadyr-Kanchalan river 
system of northeastern Russia, whereas the majority of juvenile chum salmon captured in the Chukchi Sea region 
were from northwestern Alaska.  Jim Irvine used otolith microchemistry to examine whether or not juvenile chum 
salmon from the Mackenzie River (Arctic) over-winter in the Beaufort Sea region and determined that they could not 
rule out this possibility.  Shunpei Sato found that Asian chum salmon stocks dominated the catch in the central Bering 
Sea during summer months, whereas Alexander Bugaev found that Japanese and North American stocks were pri-
marily distributed in the northern sections of the Russian EEZ and Russian stocks were primarily distributed in the 
southern region of the Russian EEZ during summer and fall.  Terry Beacham found that immature chum salmon 
captured in the Gulf of Alaska during winter were primarily from North America in the northern region and from Asia 
in the southern region.  Tomonori Azumaya developed a new model linking chum salmon bioenergetics to their high-
frequency vertical migrations, as determined from archival tags data to describe why these vertical migrations opti-
mize their feeding opportunities while minimizing their energetic requirements.  Shigehiko Urawa clarified the 
stock-specific ocean distributions of Asian and North American chum salmon by using genetic and otolith marks, and 
he modeled the seasonal migration patterns of Japanese chum salmon between the Bering Sea and North Pacific 
Ocean, which mainly responded to changing seawater temperatures.  Papers from Toru Nagasawa and Pat Martin 
offer new information on the influence of sea surface temperatures on immature and maturing sockeye salmon dis-
tributions and CPUE trends in the Bering Sea.  New information on stock structure of immature sockeye salmon in 
the Russian EEZ indicated the presence of Bristol Bay and Asian stocks of sockeye salmon in the northwestern Ber-
ing Sea during summer and fall.  Papers on Chinook salmon distribution by James Murphy and Alexander Bugaev 
suggested that juvenile western Alaska Chinook salmon maintain distinct stock-specific distributions during their 
first year in the ocean, but are intermixed with Russian Chinook salmon in the northwestern Bering Sea the following 
years at sea.  In addition, Robert Walker describes how information from an archival temperature depth tag placed on 
an immature Chinook salmon was used to infer that this fish over-wintered in the Bering Sea before migrating back 
to the Yukon River the following summer.  There are six papers examining salmon size and growth as a proxy to 
ocean productivity.  There is a long history of researchers using size at age to determine when or if density-dependent 
growth occurs for salmon in the ocean inferring an ocean carrying capacity.  The Japanese scientists have one of the 
best time series on salmon length, where salmon were collected using variable mesh research gillnets during open 
ocean surveys in the North Pacific.  Masa-aki Fukuwaka determined that bias-corrected mean fork lengths for chum 
salmon captured using research gillnets were smaller than uncorrected means, but concluded that the temporal trends 
in salmon size were not different.  Ellen Martinson used scales collected from adult sockeye salmon returning to the 
Karluk River from 1922 to 2000 to suggest that fish length indices from salmon scales can be useful predictors of 
climate variability - shifts and ecosystem status.  Alexander Zavolokin determined that Russian chum salmon tend to 
be distributed in regions where high concentrations of forage are found but can experience density-dependent growth 
patterns during their second, third, and fourth years at sea indicating that ocean conditions can affect ocean carrying 
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capacity for these salmon.  Alex Andrews showed how shifts between warm and cold ocean temperatures among 
years can alter juvenile pink salmon diets, size, and whole body energy content.  Jamal Moss found that juvenile pink 
and chum salmon captured in the Chukchi Sea fed on high energy prey and had higher growth rates than those cap-
tured further south.  Many fisheries resource managers are turning from single species management to an ecosystem 
approach to management in order to provide a comprehensive framework for living marine resource decision mak-
ing.  A necessary component of an ecosystem approach to management is the study of fish food habits and trophic 
interaction.  There are six papers in these proceedings examining this topic.  Svetlana Naydenko showed that in the 
western Bering Sea juvenile walleye pollock consumed a large portion of the forage resource during 2002 and 2003 
and Pacific salmon, squids, Atka mackerel, herring, and capelin were the dominate consumers of the available forage 
during 2004 to 2006.  She concluded that salmon production is not limited by zooplankton abundance.  Kristen 
Cieciel examined the relationship between jellyfish and juvenile and immature salmon distributions and found that 
in some years there could be a potential for competition for food resources.  Nancy Davis with Thaddaeus Buser have 
several papers on salmon diets.  One paper reveals that salmon diets shifted between warm and cold years and that 
there is a difference in salmon stomach contents amongst regions of the Bering Sea.  The others indicate that imma-
ture Chinook salmon feed on fish offal during winter months in the Bering Sea, where the offal is identified as wall-
eye Pollock body parts discarded from high seas factory trawlers.  Rusty Sweeting examined diets of juvenile hatch-
ery and wild coho salmon collected in the Strait of Georgia and found no differences in appetite or diet of these fish 
during the summer growing months.  There are seven papers addressing this topic.  Vyacheslav Shuntov suggests that 
climate warming will not impact carrying capacity for salmon in the western Bering Sea and that current models 
indicate that the carrying capacity for salmon in the Bering Sea is much higher than present abundance levels.  Greg 
Ruggerone presents a different view on carrying capacity, suggesting that the large increase in the abundance of 
hatchery salmon impact wild salmon stocks by limiting growth via density-dependent processes in the ocean, in-
creasing their mortality rates.  Ed Farley found that pelagic productivity on the eastern Bering Sea was highest during 
years with warm SSTs, as abundance levels of juvenile salmon and age-0 pollock are much higher than during years 
with cool SSTs.  A model assessing links between ecosystems presented by Nate Mantua suggests that for any level 
of ocean productivity, the ocean will only support a certain biomass of fish.  Masahide Kaeriyama shows prediction 
models for the impact of global warming on the ecosystems of the North Pacific Ocean and concludes that 1) global 
warming will decrease salmon carrying capacity by reducing their preferred ocean habitat; 2) an increase in density-
dependent effects on growth of salmon, thus potentially reducing their marine survival; 3) Hokkaido chum salmon 
will no longer migrate to the Sea of Okhotsk, an important rearing region for juvenile chum salmon.  In addition, 
Yukimasa Ishida examined archeological remains of chum salmon from sites along the Japan coast and determined 
that global warming will reduce salmon production in Japan if sea surface temperatures rise such as they had in the 
past.  There was a lively discussion at the end of the symposium regarding future research for BASIS and a resound-
ing commitment to continue this vital research by Parties within NPAFC.  Since the meeting, Parties within NPAFC 
agreed to continue BASIS into Phase II (2009–2013).  The Phase II plan (NPAFC 2009) will focus on the following 
research questions: 1) How will climate change and climate cycles affect anadromous stocks, ecologically related 
species, and the Bering Sea ecosystems?  2) What are the key climatic factors affecting cyclical changes in Bering 
Sea food production and pelagic fish communities?  3) How will climate change and climate cycles impact the avail-
able salmon habitat in the Bering Sea?  4) How will climate change and climate cycles affect Pacific salmon carrying 
capacity within the Bering Sea?  There was a general sense of satisfaction knowing that BASIS research captured the 
response of the Bering Sea pelagic ecosystem to cyclic patterns in climate.  There was no question that the North 
Pacific Anadromous Fish Commission BASIS research strengthened our knowledge of the effects of climate varia-
tion on pelagic ecosystems of the Bering Sea.  This research also fostered unprecedented cooperation among NPAFC 
Parties and is a model for future collaborative research efforts in the North Pacific Ocean.

Farley, E.V., R.E. Haight, et al.  2001.  Factors affecting the distribution, migration, and growth of juvenile sockeye 
salmon in the Eastern Bering Sea (July and September 1999).  N. Pac. Anadr. Fish Comm. Tech. Rep. 2: 25–27.  (Avail-
able at www.npafc.org).

Eastern Bering Sea research cruises were conducted by the Auke Bay Laboratory, Ocean Carrying Capacity (OCC) 
program during July and September 1999 to study the early marine distribution, migration, and growth of juvenile 
Bristol Bay sockeye salmon (Oncorhynchus nerka).  The survey area was bounded to the west by Cape Cheerful 
and to the east by Ugashik River, crossing the coastal, middle, and outer domains of the eastern Bering Sea.  The 
1999 surveys were the first in a series of annual assessments to document variations in the biological characteristics 
(growth, migration, an distribution) of juvenile sockeye salmon leaving Bristol Bay (Farley et al. 1999).  The primary 
goal of the annual assessments is to establish and verify the linkages between adult sockeye salmon survival and an-
nual variations in biological characteristics of juvenile sockeye salmon.
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Farley, E.V., Jr., and J.H. Moss.  2009.  Growth rate potential of juvenile chum salmon on the eastern Bering Sea shelf: an 
assessment of salmon carrying capacity. N. Pac. Anadr. Fish Comm. Bull. 5: 265–277.  (Available at www.npafc.org).

Spatial and temporal variation in growing conditions for juvenile salmon may determine the survival of salmon after 
their first year at sea.  To assess this aspect of habitat quality, a spatially explicit bioenergetics model was used to pre-
dict juvenile chum salmon (Oncorhynchus keta) growth rate potential (GRP) on the eastern Bering Sea shelf during 
years with cold and warm spring sea surface temperatures (SSTs).  Annual averages of juvenile chum salmon GRP 
were generally lower among years and regions with cold spring SSTs.  In addition, juvenile chum salmon GRP was 
generally higher in offshore than in nearshore regions of the eastern Bering Sea shelf during years with warm SSTs; 
however, the distribution (catch per unit effort) of juvenile chum salmon was not significantly (p < 0.05) related to 
GRP.  Shifts from warm to cold SSTs in the northern region do not appear to affect summer abundance of juvenile 
Yukon River chum salmon, whereas the abundance of juvenile Kuskokwim River chum salmon drops precipitously 
during years with cold SSTs.  From this result, we hypothesize that size selective predation is highest on juvenile 
Kuskokwim chum salmon during cold years, but that predation is not as great a factor for juvenile Yukon River chum 
salmon.  Although not addressed in this study, we also hypothesize that the smaller Yukon River chum salmon cap-
tured during years with cold SSTs likely incur higher size-selective mortality during winter.

Farley, E.V., J.H. Moss, et al.  2007.  A review of the critical size, critical period hypothesis for juvenile Pacific salmon.  
N. Pac. Anadr. Fish Comm. Bull. 4: 311–317.  (Available at www.npafc.org).

In this review, we consider size of juvenile Pacific salmon (Oncorhynchus spp.) after the first summer at sea to be 
the trait on which size-selective mortality operates.  The idea is based on the critical size, critical period hypothesis, 
where those individuals within a cohort that do not reach a critical size during their first summer at sea have higher 
rates of late fall and over-winter mortality.  The results suggest that early marine growth of juvenile Bristol Bay sock-
eye (O. nerka), Prince William Sound hatchery pink (O. gorbuscha), and British Columbia coho (O. kisutch) salmon 
from geographically distinct regions (Bering Sea, northern Gulf of Alaska, coastal British Columbia, respectively) is 
important and that these salmon must attain sufficient growth during their first summer at sea to survive subsequent 
years at sea.

Farley, E.V., and J.M. Murphy.  1997. Time series outlier analysis: evidence for management and environmental influ-
ences on sockeye salmon catches in Alaska and Northern British Columbia.  Alaska Fish. Res. Bull. 4(1): 36–53.

Autoregressive, moving average models were fit and outliers were identified for commercial catches of 9 major sock-
eye salmon Oncorhynchus nerka stocks in Alaska and northern British Columbia.  Distinct patterns in the sample 
autocorrelation and partial autocorrelation functions indicated stock-specific dynamics.  Three types of outliers were 
considered: level-shift, temporary-change, and additive outliers.  Most additive outliers were unexplainable and may 
represent multiplicative survival at several different life history stages.  Additive outliers that could be explained 
resulted from changes in fishing effort.  Temporary-change outliers commonly reflected cold winter temperatures in 
western Alaska during the early 1970s.  Four of nine river systems in our analysis had level-shift outliers, and only 
one of these had a positive shift in the late 1970s.  The level-shift outliers, which indicate a long-term shift in catch 
levels, appeared to be the result of changes in escapement policy rather than an abrupt change in the production dy-
namics of the North Pacific.

Farley, E.V., J.M. Murphy, et al.  1999.  Eastern Bering Sea (Bristol Bay) coastal research on Bristol Bay juvenile 
salmon, July and September 1999.  N. Pac. Anadr. Fish Comm. Doc. 448.  22 pp.  (Available at www.npafc.org).

Eastern Bering Sea research cruises were conducted by the Auke Bay Laboratory Ocean Carrying Capacity program 
during July and September 1999 to study the early marine distribution, migration, and growth of juvenile Bristol Bay 
sockeye salmon.  During July, most of the juvenile sockeye salmon were encountered northeastward of Port Moller 
and were distributed from nearshore to 74 km offshore.  During September, most of the juvenile sockeye salmon 
were encountered southwestward of Port Moller to 111 km east of Unimak Pass and were distributed from nearshore 
environment to 111 km offshore and further (150 km offshore) along the 100 m shelf break.  The expanded distribu-
tion of juvenile sockeye salmon encountered during September 1999 may have been the result of increased sea sur-
face temperatures.  During July 1999, juvenile sockeye salmon were only encountered when sea surface temperatures 
were 6 degrees C or more; sea surface temperatures in offshore waters during July were 4 to 5 degrees C.  During 
September 1999, sea surface temperatures had warmed considerably; nearshore sea surface temperatures were 10 to 
10.5 degrees C, while offshore surface water temperatures were 8.5 to 9.5 degrees C.  Increased sea surface tempera-
tures may also have lead to rapid increase in growth.  During July 1999, juvenile sockeye salmon lengths ranged from 
80 to 105 mm near the coast to 105 to 115 mm off Port Moller.  During September 1999, juvenile sockeye salmon 
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lengths near the coast ranged from 105 to 140 mm, while lengths of juvenile sockeye salmon encountered at offshore 
locations ranged from 190 to 240 mm.  Analyses of plankton, stomach contents, fresh water age, and scale growth 
data collected during both surveys will be done to shed additional light on the growth and migration characteristics 
of juvenile sockeye salmon from Bristol Bay.

Farley, E.V., J.M. Murphy, et al.  2006.  Critical-size, critical-period hypothesis: an example of the relationship between 
early marine growth of juvenile Bristol Bay sockeye salmon, subsequent marine survival, and ocean conditions.  N. 
Pac. Anadr. Fish Comm. Tech. Rep. 6: 46.  (Available at www.npafc.org).

Bristol Bay sockeye salmon (Oncorhynchus nerka) from the eastern Bering Sea were used to test the criticalsize, 
critical-period hypothesis (Beamish and Mahnken 2001; Beamish et al. 2004).  We examined a time series (42 years) 
of survival (brood year return per spawner from the Kvichak and Egegik river systems in southwest Alaska) and early 
marine growth (mean circuli spacing for the first marine year) from preferred scales (Clutter and Whitesel 1956) col-
lected from returning adult salmon to these river systems.  Four major age classes of sockeye salmon return to Bristol 
Bay, including 1.2, 1.3, 2.2, and 2.3, where the numbers to the left and right of the decimal point indicate the number 
of years spent in freshwater lakes and the number of years in the ocean, respectively.  The data were lagged to reflect 
growth during the first year at sea (1958–2000) for freshwater age 1.0 and 2.0 sockeye salmon.  Early marine growth 
was compared with survival of adult sockeye salmon using regression analysis and was found not to be significantly 
related to survival of Bristol Bay sockeye salmon.  We also compared early marine growth between river systems for 
each freshwater age class and between freshwater age classes.  Average circuli spacing between Egegik and Kvichak 
age 1.0 and 2.0 salmon was relatively uniform as was average circuli spacing between age 1.0 and 2.0 fish.  A lack 
of relationship between adult sockeye salmon survival and early marine growth as observed from scales of surviving 
adult sockeye salmon may indicate a threshold relationship between early marine growth and survival, implying that 
those fish failing to achieve a sufficient size undergo higher mortality rates (Crozier and Kennedy 1999).  Moreover, 
the similarity in early marine growth between river systems and freshwater age classes is an indication that the early 
marine growth threshold is correlated among geographically well-separated river systems and between freshwater 
age classes.  The threshold size of sockeye salmon was compared to the size of juvenile Bristol Bay sockeye salmon 
collected during eastern Bering Sea research cruises in August–October of 2000–2004.  The results indicate that 
juvenile sockeye salmon were significantly smaller during 2000 and 2001 and not significantly different during 
2002–2004 than the threshold size.  We speculate that the larger size of juvenile Bristol Bay sockeye salmon during 
2002–2004 is related to higher early marine growth rates that may be due to improved or changing ocean conditions 
along the eastern Bering Sea shelf beginning in 2002.  These results indicate that growth of juvenile Pacific salmon 
may be an excellent indicator of ecosystem change.

Farley, E.V., J.M. Murphy, et al.  2007.  Juvenile sockeye salmon distribution, size, condition and diet during years with 
warm and cool spring sea temperatures along the eastern Bering Sea shelf.  J. Fish Biol. 71(4): 1145–1158.

Interannual variations in distribution, size, indices of feeding and condition of juvenile Bristol Bay sockeye salmon 
Oncorhynchus nerka collected in August to September (2000–2003) during Bering–Aleutian Salmon International 
Surveys were examined to test possible mechanisms influencing their early marine growth and survival.  Juvenile 
sockeye salmon were mainly distributed within the southern region of the eastern Bering Sea, south of 57°0’ N dur-
ing 2000 and 2001 and farther offshore, south of 58°0’ N during 2002 and 2003.  In general, juvenile sockeye salmon 
were significantly larger (P < 0.05) and had significantly higher indices of condition (P < 0.05) during 2002 and 2003 
than during 2000 and 2001.  The feeding index was generally higher for age 1.0 year sockeye salmon than age 2.0 
year during all years.  Among-year comparisons suggested that Pacific sand lance Ammodytes hexapterus were im-
portant components of the juvenile sockeye salmon diet during 2000 and 2001 (20 to 50% of the mean wet mass) and 
age 0 year walleye pollock Theragra chalcogramma were important components during 2002 and 2003 (50 to 60% 
of the mean wet mass). Warmer sea temperatures during spring and summer of 2002 and 2003 probably increased 
productivity on the eastern Bering Sea shelf, enhancing juvenile sockeye salmon growth.

Farley, E.V., J.M. Murphy, et al.  2007.  Early marine growth in relation to marine-stage survival rates for Alaska 
sockeye salmon (Oncorhynchus nerka).  Fish. Bull. 105(1): 121–130.

We tested the hypothesis that larger juvenile sockeye salmon (Oncorhynchus nerka) in Bristol Bay, Alaska have 
higher marine stage survival rates than smaller juvenile salmon.  Using archived scales from returning adults (33 
years of data) and trawl samples of juveniles (n = 3572) collected along the eastern Bering Sea shelf during August 
through September 2000–2002.  The size of juvenile sockeye salmon mirrored indices of their marine stage survival 
rate (i.e., smaller fish had lower indices of marine stage survival rate).  However, there was no relationship between 
the size of sockeye salmon after their first year at sea as estimated from archived scales and brood year survival; size 
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was relatively uniform over the time series, possibly indicating size-selective mortality on smaller individuals during 
marine residence.  Variation in size, relative abundance, and marine stage survival rate of juvenile sockeye salmon 
is likely related to ocean conditions affecting their early marine migratory pathways along the eastern Bering Sea 
shelf.

Farley, E.V., J.M. Murphy, et al.  2007.  A summary of juvenile salmon research along the eastern Bering Sea shelf 
by the Ocean Carrying Capacity Program, August–October (2001–2005).  N. Pac. Anadr. Fish Comm. Tech. Rep. 7: 
23–25.  (Available at www.npafc.org).

Mechanisms affecting marine survival of eastern Bering Sea salmon stocks are poorly understood due to the lack of 
basic biological information about the early marine life history of salmon in this region.  Earlier studies of juvenile 
salmon migration in the eastern Bering Sea were generally focused within Bristol Bay (Straty 1974; Hartt and Dell 
1986; Isakson et al. 1986).  Information on juvenile salmon in the Arctic, Yukon, and Kuskokwim region is limited 
to a 1986 study of juvenile salmon that was restricted to a few sample stations around the Yukon River delta (Martin 
et al. 1986).  Summaries of these studies can be found in Brodeur et al. (2003).

Farley, E.V., J.M. Murphy, et al.  2009.  Marine ecology of western Alaska juvenile salmon.  Am. Fish. Soc. Symp. 70.
During the past five years (2002–2006), the Auke Bay Laboratory’s Ocean Carrying Capacity program conducted 
surveys of western Alaska juvenile salmon (Oncorhynchus spp.) along the eastern Bering Sea shelf.  The goal of our 
juvenile salmon research is to understand mechanisms underlying the effects of environment on the distribution, mi-
gration, and growth of juvenile salmon in the eastern Bering Sea.  The primary findings indicated that there were spa-
tial variations in distribution among species; juvenile coho (O. kisutch) and Chinook (O. tshawytscha) salmon tended 
to be distributed nearshore and juvenile sockeye (O. nerka), chum (O. keta), and pink (O. gorbuscha) salmon tended 
to be distributed further offshore.  In general, juvenile salmon were largest during 2002 and 2003 and smallest during 
2006, particularly in the northeastern Bering Sea (NEBS) region.  Fish, including age-0 pollock (Theragra chalco-
gramma) and Pacific sand lance (Ammodytes hexapterus) were important components of the diets for all species of 
juvenile salmon in some years, however, annual comparisons of juvenile salmon diet indicated a shift in primary prey 
for many of the salmon species during 2006 in both the NEBS and southeastern Bering Sea (SEBS) regions.  In ad-
dition, the average CPUE of juvenile salmon fell sharply during 2006 in the SEBS region.  We speculate that spring 
sea surface temperatures (SST’s) on the eastern Bering Sea shelf impact the growth marine survival rates of juvenile 
western Alaska salmon through bottom-up control in the ecosystem.  Cold spring SST’s lead to lower growth and 
marine survival rates for juvenile western Alaska salmon; warm spring SST’s have the opposite effect.

Farley, E.V., and M. Trudel.  2009.  Growth rate potential of juvenile sockeye salmon in warmer and cooler years on 
the eastern Bering Sea shelf.  J. Mar. Biol. Vol. 2009, Article ID 640215.  10 pp.

A spatially explicit bioenergetics model was used to predict juvenile sockeye salmon Oncorhynchus nerka growth 
rate potential (GRP) on the eastern Bering Sea shelf during years with cooler and warmer spring sea surface tempera-
tures (SSTs).  Annual averages of juvenile sockeye salmon GRP were generally lower among years with cooler SSTs 
and generally higher in offshore than nearshore regions of the eastern Bering Sea shelf during years with warmer 
SSTs.  Juvenile sockeye salmon distribution was significantly (P < 0.05) related to GRP and their prey densities were 
positively related to spring SST (P < 0.05).  Juvenile sockeye salmon GRP was more sensitive to changes in prey 
density and observed SSTs during years when spring SSTs were warmer (2002, 2003, and 2005).  Our results sug-
gest the pelagic productivity on the eastern Bering Sea shelf was higher during years with warmer spring SSTs and 
highlight the importance of bottom-up control on the eastern Bering Sea ecosystem.

Favorite, F., and M.G. Hanavan.  1963.  Oceanographic conditions and salmon distribution south of the Alaska penin-
sula and Aleutian Islands, 1986.  Int. North Pac. Fish. Comm. Bull. 11: 57–72.

Salmon fishing and related oceanographic cruises in the North Pacific prior to 1956 are summarized, and comparison 
is made between salmon catches and oceanographic features determined from data collected aboard the chartered 
fishing vessels Mitkof, Celtic and Paragon in the area south of the Alaska Peninsula and Aleutian Islands in the sum-
mer of 1956.  No immediate relationship between surface conditions and the presence or abundance of salmon in the 
eastern Pacific is indicated, but a subsurface temperature front at approximately lat. 48°N coincided with the southern 
limit of summer catches.  In the spring of 1956, however, salmon were caught by the vessels of the Japan Fisheries 
Agency and Bureau of Commercial Fisheries vessel as far south as lat. 41°N–42°N.  Since limited oceanographic in-
formation was obtained in 1956, data collected by various agencies in 1958 are utilized to show the extent and conti-
nuity of two oceanographic fronts in the area considered.  A salinity front at lat 42°N coincides with the southern limit 
of spring catches, and a temperature front at approximately lat. 46°N in the western Pacific, extending to lat. 48°N in 
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the eastern Pacific, coincides with the southern limit of summer catches.  Although very little is known concerning 
the high-seas migrations of salmon, it appears that northward of approximately lat. 48°N in the eastern Pacific and 
lat. 46°N in the western Pacific, the shallow surface layer north of the temperature frontal zone may cause salmon 
to remain near the surface, where they would be more susceptible to capture in surface nets during the summer, and 
does not necessarily imply that they are not present at depths to the southward during this period.

Fergusson, E. A., J. A. Orsi, et al.  2008.  Effects of starvation on energy density of juvenile chum salmon captured 
in the marine waters of southeastern Alaska.  In Proceedings of 23rd NE Pacific Pink and Chum Salmon Workshop.  
Edited by O. Johnson and K. Neeley.  pp. 17–19.  (Available at http://pinkandchum.psc.org/Proceedings/2008PinkChu
mWorkshopProceedings.pdf).

We conducted two laboratory starvation experiments on juvenile chum salmon (Oncorhynchus keta) captured in 
the neritic marine waters of the northern region of southeastern Alaska in June and July of 2003.  Fish were held 
in flow-through live tanks of ambient temperatures.  Up to 10 fish were randomly selected at 5-10 day intervals.  
Laboratory water temperatures averaged approximately 9°C in June and July, and were 3-4°C lower than field tem-
peratures.  Fewer fish were available in July than in June (n = 54 vs. 101), thus limiting the duration and intervals 
of the July experimental group.  Measurements taken for each fish included: fork length (mm); wet weight (WW; 
g); and dry weight (g; DW).  Three measures of condition calculated for each fish included: energy density (whole 
body energy content, WBEC, cal/g WW), moisture content (%; (1-DW/WW) × 100), and size condition residuals 
(CR) from a length-weight regression.  Changes in fish condition were compared from initial capture across sacrifice 
time intervals.  Over the 45-day experimental period in June, average WBEC and CR decreased by 40% and 300%, 
respectively, while average moisture content increased by 8% (P < 0.01).  Over the 20-day experimental period in 
July, average WBEC and CR decreased by 11% and 200%, respectively, while average moisture content increased by 
2% (P < 0.01).  Our study validates that WBEC and percent moisture content are appropriate measures of condition 
when identifying changes in juvenile chum salmon condition in response to variations in habitat quality due to tem-
perature, food availability, and competitive interactions; and that use of CR can account for size bias in subsampling 
intervals.

Field, J.C., R.C. Francis, et al.  2006.  Top-down modeling and bottom-up dynamics: linking a fisheries-based ecosys-
tem model with climate hypotheses in the Northern California Current.  Prog. Oceanogr. 68(2-4): 238–270.

In this paper we present results from dynamic simulations of the Northern California Current ecosystem, based on 
historical estimates of fishing mortality, relative fishing effort, and climate forcing. Climate can affect ecosystem 
productivity and dynamics both from the bottomup (through short- and long-term variability in primary and sec-
ondary production) as well as from the top-down (through variability in the abundance and spatial distribution of 
key predators).  We have explored how the simplistic application of climate forcing through both bottom-up and 
top-down mechanisms improves the fit of the model dynamics to observed population trends and reported catches 
for exploited components of the ecosystem.  We find that using climate as either a bottom-up or a top-down forcing 
mechanism results in substantial improvements in model performance, such that much of the variability observed in 
single species models and dynamics can be replicated in a multi-species approach.  Using multiple climate variables 
(both bottom-up and top-down) simultaneously did not provide significant improvement over a model with only 
one forcing.  In general, results suggest that there do not appear to be strong trophic interactions among many of the 
longer-lived, slower-growing rockfish, roundfish and flatfish in this ecosystem, although strong interactions were 
observed in shrimp, salmon and small flatfish populations where high turnover and predation rates have been coupled 
with substantial changes in many predator populations over the last 40 years.

Finney, B.P., I. Gregory-Eaves, et al.  2002.  Fisheries productivity in the northeastern Pacific Ocean over the past 2,200 
years.  Nature (London) 416: 729–733.

Historical catch records suggest that climatic variability has had basin-wide effects on the northern Pacific and its 
fish populations, such as salmon, sardines and anchovies1–7.  However, these records are too short to define the 
nature and frequency of patterns.  We reconstructed 2,200-year records of sockeye salmon abundance from sediment 
cores obtained from salmon nursery lakes on Kodiak island, Alaska.  Large shifts in abundance, which far exceed 
the decadal-scale variability recorded during the past 300 years1–8, occurred over the past two millennia.  A marked, 
multi-centennial decline in Alaskan sockeye salmon was apparent from 100 BC to AD 800, but salmon were con-
sistently more abundant from AD 1200 to 1900.  Over the past two millennia, the abundances of Pacific sardine and 
Northern anchovy off the California coast, and of Alaskan salmon, show several synchronous patterns of variability.  
But sardines and anchovies vary out of phase with Alaskan salmon over low frequency, which differs from the pat-
tern detected in historical records 5, 6.  The coherent patterns observed across large regions demonstrate the strong 
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role of climatic forcing in regulating northeastern Pacific fish stocks.

Finney, B.P., I. Gregory-Eaves, et al.  2000.  Impacts of climatic change and fishing on Pacific salmon abundance over 
the past 300 years.  Science 290(5492): 795–799.

The effects of climate variability on Pacific salmon abundance are uncertain because historical records are short and 
are complicated by commercial harvesting and habitat alteration.  We use lake sediment records of d15N and biologi-
cal indicators to reconstruct sockeye salmon abundance in the Bristol Bay and Kodiak Island regions of Alaska over 
the past 300 years.  Marked shifts in populations occurred over decades during this period, and some pronounced 
changes appear to be related to climatic change.  Variations in salmon returns due to climate or harvesting can have 
strong impacts on sockeye nursery lake productivity in systems where adult salmon carcasses are important nutrient 
sources.

Fisher, J.P., and W.G. Pearcy.  1988. Growth of juvenile coho salmon (Oncorhynchus kisutch) in the ocean off Oregon 
and Washington, USA, in years of differing coastal upwelling. Can. J. Fish. Aquat. Sci. 45: 1036–1044.

Estimated growth rates, condition, and stomach fullness of juvenile coho salmon (Oncorhynchus kisutch) caught 
in the ocean in early summer, when mortality was most variable, were as high in 1983 and 1984, years of very low 
survival and low early upwelling, as in 1981, 1982, and 1985, years of higher survival and higher early upwelling.  
Chronic food shortage leading to starvation, poor condition, or slow growth apparently was not the cause of the in-
creased mortality of juvenile coho salmon in 1983 and 1984.  Survival of juvenile coho salmon was positively corre-
lated with purse seine catches of fish in June and with early summer upwelling, 1981–85.  Hence, year-class success 
probably was determined early in the summer, soon after most juvenile coho salmon entered the ocean.  Spacing of 
the first five ocean circuli, which was positively correlated with growth rate, was not significantly different for fish 
caught early in the summer and those caught late in the summer, suggesting that growth rate selective mortality in 
the ocean was not strong.  The increase in mortality in 1983 and 1984 may have been caused by increased predation 
on juvenile coho salmon due to decreased numbers of alternative prey for predators.

Fisher, J.P., M. Trudel, et al.  2007.  Comparisons of the coastal distributions and abundances of juvenile Pacific salmon 
from central California to the northern Gulf of Alaska.  In Ecology of juvenile salmon in the northeast Pacific Ocean: 
Regional comparisons.  Edited by C.B. Grimes, R D. Brodeur, L.J. Haldorson and S. McKinnell.  Am. Fish. Soc. Symp. 
57: 31–80.

In this chapter, we describe the distributions and abundances of juvenile Chinook salmon Oncorhynchus tshawyts-
cha, coho salmon O. kisutch, chum salmon O. keta, pink salmon O. gorbuscha, and sockeye salmon O. nerka in six 
regions along the west coast of North America from central California to the northern Gulf of Alaska during the early 
summer (June and July) and late summer–fall (August–November) of 2000, 2002, and 2004.  We also describe fish 
abundance in relation to bottom depth and to the average temperature and salinity of the upper water column.  Salmon 
were collected in rope trawls from the upper 15–20 m over the open coastal shelf.  Catch per unit effort was standard-
ized across the different regions.  Subyearling Chinook salmon were found only from central California to British 
Columbia.  Yearling Chinook salmon were widespread, but were most abundant between Oregon and Vancouver Is-
land.  Juvenile coho salmon were widespread from northern California to the northern Gulf of Alaska, whereas chum, 
sockeye, and pink salmon were only abundant from Vancouver Island north into the Gulf of Alaska.  Generally, the 
juveniles of the different salmon species were most abundant at, or north of, the latitudes at which the adults spawn.  
Abundances were particularly high near major exit corridors for fish migrating from freshwater or protected marine 
waters onto the open shelf.  Seasonal latitudinal shifts in abundance of the juvenile salmon were generally consistent 
with the counterclockwise migration model of Hartt and Dell (1986).  Subyearling Chinook salmon were associated 
with the high salinity environment found off California and Oregon, whereas chum, sockeye, and pink salmon were 
associated with the lower salinity environment in the Gulf of Alaska.  However, within regions, evidence for strong 
temperature or salinity preferences among the different species was lacking.  Subyearling Chinook salmon were most 
abundant in shallow, nearshore water.

Francis, R.C.  1990.  Climate change and marine fisheries.  Fisheries 15(6): 7–9.
Increased concentrations of greenhouse gases may significantly change global climate over the next century. Atmo-
spheric temperatures are expected to increase at a rate of 4°C per hundred years, a rate that exceeds the postglacial 
warming by more than an order of magnitude.  This paper discusses the three areas where we must immediately 
make significant efforts to improve our knowledge if we are to stand any chance of unraveling the complex linkages 
between global climate change and marine fisheries production.  The three areas are the prediction of oceanographic 
effects of climate change, the improvement of our understanding of the structure and function of the marine food 
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chain, and the improvement of our understanding of the important social aspects of marine fisheries.  We, as fisher-
ies scientists, must develop new methodological concepts and change our way of thinking when developing public 
policy in anticipation of global change.

Francis, R.C.  2003.  Climate change and salmon: some thoughts from outside the box.  N. Pac. Anadr. Fish Comm. 
Tech. Rep. 5: 5–6.  (Available at www.npafc.org).

This talk is meant to show how mathematical models, although they are gross abstractions of reality, can help us ex-
plore territory outside the box of conventional wisdom.  I first gave four examples from my own personal experience 
of trying to relate climate to various aspects of marine biological production.  The insights gained were: 1) Time se-
ries analysis helped us understand that major changes in Alaska salmon production occurred suddenly, infrequently, 
and during the first several months in the ocean (Francis and Hare 1994); 2) Multivariate analysis (EOF) enabled us 
to quantify spatial patterns in both climate (PDO) and NE Pacific salmon production and project these patterns on 
the time domain.  We were able to demonstrate that, during the 20th century, Alaska and Pacific Northwest salmon 
production were out of phase (Mantua et al. 1997, Hare et al. 1999); 3) Non-linear statistical modeling (GAM) helped 
reveal that off the Oregon coast, there is a string of relatively independent physical oceanographic processes, which, 
coupled together, affect coho salmon marine survival (Logerwell et al. 2003); 4) Pacific Northwest coastal marine 
ecosystem modeling revealed that climate has both top down and bottom up effects on marine ecosystem dynamics 
(Field et al. 2001).

Francis, R.C., and S.R. Hare.  1994.  Decadal scale regime shifts in the large marine ecosystems of the North-east Pa-
cific: a case for historical science.  Fish. Oceanogr. 3: 279–291.

There are two fundamental ways of doing science: the experimental-predictive and the historical-descriptive.  The 
experimental-predictive approach uses the techniques of controlled experiment, the reduction of natural complexity 
to a minimal set of general causes, and presupposes that all times can be treated alike and adequately simulated in 
the laboratory.  The historical-descriptive approach uses a mode of analysis which is rooted in the comparative and 
observational richness of our data, is holistic in its treatment of systems and events, and assumes that the final result 
being studied is unique, i.e. dependent or contingent upon everything that came before.  We suggest that one of the 
real difficulties we have in understanding ecosystem properties is our inability to deal with scale, and we show how 
historical science allows us to approach the issue of scale through the interpretation of pattern in time and space.  We 
then use the techniques of the historical-descriptive approach to doing science in the context of our own and other 
research on climate change and biological production in the North-east Pacific Ocean.  In particular, we examine 
rapid decadal-scale shifts in the abundance and distribution of two major components—salmon and zooplankton—of 
the large marine ecosystem of the North-east Pacific, and how they relate to similar shifts in North Pacific atmo-
sphere and ocean climate.  We conclude that they are all related, and that climate-driven regime shifts, such as those 
we have identified in the North-east Pacific, can cause major reorganizations of ecological relationships over vast 
oceanic regions.

Francis, R.C., and S.R. Hare.  1997.  Regime scale climate forcing of salmon populations in the Northeast Pacifc—
some new thoughts and findings.  In Estuarine and ocean survival of Northeastern Pacific salmon: proceedings of the 
workshop.  Edited by R.L. Emmett and M.H. Schiewe.  U.S. Dep. Commer., NOAA Tech. Memo.  NMFS-NWFSC-29. 
pp. 113-128.

Recent work (Hare and Francis 1992, Francis and Hare 1994, Hare and Francis 1995, Hare 1996) has shown that 
Alaska salmon population production responds to regime-scale (interdecadal) climate forcing, manifesting itself 
in low frequency and rather abrupt jumps which correspond very closely to similar abrupt shifts in North Pacific 
atmosphere and ocean climate.  Careful analysis reveals that this connection between atmosphere/ocean physics and 
salmon production occurs early in the salmon marine life history.  To date, connections between indices of climatic 
variability and salmon production have been found at the regime (interdecadal) scale, but not at the interannual 
scale.  The signature of these climatic regime shifts is reflected in a number of atmospheric and oceanic variables, 
the most noteworthy of which are winter sea level pressure (SLP) and spring sea surface temperature (SST) over a 
large region of the North Pacific.  During the 20th century, there appear to have been four interdecadal regimes in 
the coupled atmosphere/ocean system of the North Pacific: 1900–24, 1925–46, 1947–76, 1977-present (Francis et al. 
in prep., Hare 1996).  The lower two panels of Figure 2 show differences in mean winter SLP and SST between the 
two most recent regimes.  These two patterns characterize what we call the Pacific Decadal Oscillation which, when 
positive, is reflected in a deep winter Aleutian low pressure system and a bipolar SST anomaly pattern with warm 
SST anomalies along the Northeast Pacific coast and cold SST anomalies in the central Pacific.  These patterns are 
derived, analyzed, and discussed in detail by Hare (1996).  The objective of this paper is to discuss recent findings 
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on the effects of regime-scale climate changes on upper ocean dynamics and apparent responses in phytoplankton 
and zooplankton production in both the California and Alaska Current regions of the Northeast Pacific.  These results 
have major implications concerning mechanisms linking the observed decadal-scale climate response of Northeast 
Pacific salmon to their ocean environment.

Francis, R.C., S.R. Hare, et al.  1998.  Effects of interdecadal climate variability on the oceanic systems of the NE Pa-
cific.  Fish. Oceanogr. 7: 1–21.

A major reorganization of the North-east Pacific biota transpired following a climatic ̀ regime shift’ in the mid 1970s.  
In this paper, we characterize the effects of interdecadal climate forcing on the oceanic ecosystems of the NE Pacific 
Ocean.  We consider the concept of scale in terms of both time and space within the North Pacific ecosystem and 
develop a conceptual model to illustrate how climate variability is linked to ecosystem change.  Next we describe a 
number of recent studies relating climate to marine ecosystem dynamics in the NE Pacific Ocean.  These studies have 
focused on most major components of marine ecosystems—primary and secondary producers, forage species, and 
several levels of predators.  They have been undertaken at different time and space scales.  However, taken together, 
they reveal a more coherent picture of how decadal-scale climate forcing may affect the large oceanic ecosystems 
of the NE Pacific.  Finally, we synthesize the insight gained from interpreting these studies.  Several general conclu-
sions can be drawn: 1) There are large-scale, low-frequency, and sometimes very rapid changes in the distribution 
of atmospheric pressure over the North Pacific which are, in turn, reflected in ocean properties and circulation; 2) 
Oceanic ecosystems respond on similar time and space scales to variations in physical conditions; 3) Linkages be-
tween the atmosphere/ocean physics and biological responses are often different across time and space scales; 4) 
While the cases presented here demonstrate oceanic ecosystem response to climate forcing, they provide only hints 
of the mechanisms of interaction; 5) A model whereby ecosystem response to specified climate variation can be 
successfully predicted will be difficult to achieve because of scale mismatches and nonlinearities in the atmosphere–
ocean–biosphere system.

Francis, R.C., and N.J. Mantua.  2003.  Climatic influences on salmon populations in the Northeast Pacific.  In As-
sessing extinction risk for west coast salmon.  Edited by A.D. MacCall and T.C. Wainwright.  U.S. Department of 
Commerce, National Oceanic and Atmospheric Administration Technical Memorandum NMFS-NWFSC-56, Seattle, 
Washington.  pp 37–76.

A number of recent studies have verified the fact that many stocks of Pacific salmon are threatened with extinction.  
For example, the Wilderness Society (1993) estimates that naturally reproducing Pacific salmon are mostly extinct 
or imperiled in 56% of their historic range in the Pacific Northwest and California.  This undesirable state of affairs 
has developed in response to both natural variability and a legacy of human activities that are related to land use, 
harvest and hatchery practices (National Research Council 1996).  In this document, we examine the role that climate 
variability plays in driving salmon population changes.  Ultimately, we develop a paradigm for the role of climate 
variations in the concern over future salmon extinctions.  One of the most obvious and important characteristics 
of the climate system is its variability.  At time scales ranging from seasonal to millennial, records of climate from 
around the globe all highlight the fact that the normal state of the physical environment is one of dynamic change.  
Throughout the history of their existence, Pacific salmon and the ecological communities they are a part of have dem-
onstrated tremendous resilience by evolving upon and adapting to a naturally variable environmental template.  Thus, 
from a longterm historical perspective it seems clear that natural climate variability, by itself, should not be a primary 
concern in maintaining salmon stocks.  Anthropogenic influences on the salmon’s environment play a primary role 
in our discussion of climate influences on salmon extinctions.  Human activities have degraded, and in some cases 
completely eliminated much of the Pacific salmon’s historic stream and estuarine habitat in the past century and a 
half.  In many ways, human actions have forced semi-permanent changes to the salmon landscape that parallel those 
typically associated with climate change (Karr 1994).  For example, stream temperatures, flow regimes, sediment 
transports, and pool-to-riffle ratios are all subject to anthropogenic and climate changes.  Karr (1994) points out that 
one major difference between perturbations due to natural climate events versus one caused by human activities is 
the time scale of the resulting impacts.  A warm phase of the El Niño/Southern Oscillation (ENSO) generally impacts 
precipitation and stream flows over the course of a single year, while the construction hydropower dam alters stream 
flows for decades to centuries.  In this document, we present results from two distinct types of analysis. In the first 
type, we adopt a Pacific Basin-scale perspective and search for linear relationships between climate and salmon-
metapopulation variability along the Pacific Coast, from Alaska to California.  This approach yields a robust large-
scale pattern of salmon metapopulation responses to climate variability.  In the second approach, we select a few 
case studies that illustrate complex, nonlinear relationships between climate and salmon population variability.  With 
case studies, we examine a hierarchy of spatial scales, starting with a regional perspective of metapopulations, then 
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step down to more local spatial scales, bringing us much closer to evolutionarily significant units (ESUs) of salmon 
populations.  It is this latter approach that we see as most applicable to the issue of climatic influences on salmon 
extinctions and potential listings under the Endangered Species Act (ESA).  We will argue that the superposition of 
natural-climate variability upon anthropogenically stressed salmon ecosystems is an issue of grave concern for the 
sustainability of salmon populations.  We offer some ideas about salmonid vulnerabilities to climate fluctuations, and 
discuss possible strategies to preserve and enhance salmon metapopulation resilience in the face of climate fluctua-
tions.  The remainder of this document is organized as follows.  In Section 2, we describe the data and methods of 
analysis used.  In Section 3, we discuss two recurring patterns of Pacific climate variability generally believed to 
be important to Northeast Pacific salmon, the ENSO and the Pacific Interdecadal Oscillation (PDO).  In Section 4, 
we discuss results of a retrospective study linking large-scale Pacific climate variability to that in Pacific salmon 
populations.  Case studies detailing climate impacts on salmon populations over a range spatial scales are presented 
in Section 5.  A discussion of climatic influences on salmon extinctions is presented in Section 6, and conclusions 
follow in Section 7.

Francis, R.C., and T.H. Sibley.  1991.  Climate change and fisheries: What are the real issues?  Northwest Environ. J. 
7(2): 295–308.

Whatever the magnitude of the greenhouse effect on climate change, commercial fishermen want to know how this 
$2 billion industry may be influenced in the Pacific Northwest.  There is a strong relationship between atmospheric 
and oceanic conditions as indicators of climate fluctuations.  Nonetheless, our ability to actually predict climate 
effects on fisheries-ocean interactions is limited because the biological responses to climate change (e.g., salmon 
catch), are not uniform over large geographical areas.  The authors explore the problem of applying the historically 
mechanistic view of natural systems.  They concentrate on studied of low-frequency alterations that impact large 
areas of the world’s oceans.

Fredin, R.A.  1980.  Trends in North Pacific salmon fisheries.  In Salmonid ecosystems of the North Pacific.  Edited by 
W.J. McNeil and D.C. Himnsworth.  Oregon State University Press, Corvallis, Oregon.  pp. 59–120.

The annual world harvest of Pacific salmon (Oncorhynchus spp.) has declined from about 1.7 billion pounds in the 
1930s to about 0.9 billion pounds in the 1970s.  Countries currently harvesting salmon are Japan (about 34% of the 
total catch), United States (about 29%), U.S.S.R. (about 21%) and Canada (about 16%).  The principal species har-
vested are pink (O. gorbuscha) (about 40 percent of the total catch); chum (O. keta) (about 30%); coho (O. kisutch) 
(about 9%); and Chinook (O. tshawytcha) (about 7%).  This report describes catch trends of Pacific salmon by the 
four major salmon-producting nations from 1920 through to 1977.

French, R.R., R G. Bakkala, et al.  1971.  Distribution of salmon and related oceanographic features in the North Pa-
cific Ocean, spring 1968.  National Marine Fisheries Service Special Scientific Report - Fisheries.  U.S. Dep. Commerce, 
Seattle Washington, National Oceanic and Atmospheric Administration.  22 pp.

Japanese and United States research vessels made a cooperative research cruise.  Differences in distribution of salmon 
were examined by species, by maturity, and by age group.  Sockeye salmon, Oncorhynchus nerka, were in the more 
northerly waters and pink salmon, O. gorbuscha, in the more southerly waters, whereas chum salmon, O. keta, were 
more widely distributed and in all waters occupied by other species.  The proportion of older ages decreased from 
north to south; immature sockeye and chum salmon were generally restricted to the more southern waters and matur-
ing fish to the more northern waters.  The distribution of larval fish, which at times serve as food for salmon, varied 
by group; Hexagrammidae were in all waters occupied by salmon whereas larvae of Hemilepidotus and Bathymaster 
were taken only in the northern areas and Myctophidae larvae only in the southern areas occupied by salmon.

French, R.R., and W.B. McAlister.  1970.  Winter distribution of salmon in relation to currents and water masses in the 
northeastern Pacific Ocean and migrations of sockeye salmon.  Trans. Am. Fish. Soc. 99(4): 649–663.

Studies of the distribution of Pacific salmon (genus Oncorhynchus) indicated that various species and age groups 
have an affinity for certain environmental features as exemplified by water characteristics.  In the winter of 1967 in 
the northeastern Pacific Ocean, immature age .1 and .2 sockeye salmon, chum salmon, and coho salmon were caught 
primarily in the Oyashio Extension and Subarctic Current areas; maturing age .2 and .3 sockeye salmon were primar-
ily in the Alaskan Stream and in the Alaskan Gyre (Ridge and Oyashio Extension Areas).  The hypothesis offered 
that maturing Bristol Bay sockeye salmon remain in the Alaskan Stream and Gyre in winter.  The data suggested 
that some of the immature Bristol Bay sockeye salmon that will mature the following year recirculate in the Alaskan 
Gyre in the summer and do not make an extensive east-west migration, although other immature Bristol Bay sockeye 
salmon are known to migrate far to the west during the summer.
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Frye, R.  1983.  Climatic change and fisheries management.  Nat. Resour. J. 23: 78–96.
Human economic activity has been susceptible to climatic change throughout history and may have been respon-
sible for changes in regional micro-cimates through deforestation, overgrazing, and desertification.  Recently, the 
scientific community has devoted considerable attention to investigating the possibility that human activity is likely 
to have global climatic consequences.  Of particular concern are the effects of carbon dioxide accumulation due 
to the combustion of carbon-based fuels, and the additional effects of trace gases and aerosols released into the 
atmosphere by human activity.  This paper investigates the possible economic impacts of climatic change on world 
fisheries by tracing the relationships among climatic change, ocean circulation, fisheries ecology, and fisheries man-
agement.  Section 1 summarizes the mechanisms by which scientists expect carbon dioxide (CO2) accumulation in 
the atmosphere to induce global climatic change.  Section 2 investigates the possible implications of CO2-induced 
climatic change for ocean circulation patterns.  Section 3 considers how changes in ocean circulation may affect 
the productivity of marine ecosystems.  Section 4 addresses the potential management implications of CO2-induced 
perturbations of marine fisheries.

Fujiwara, M.  2008.  Effects of an autocorrelated stochastic environment and fisheries on the age at maturity of Chi-
nook salmon.  Theor. Ecol. 1: 89–101.

Chinook salmon (Oncorhynchus tshawytscha) reproduce only once in their lifetime, and their age at reproduction 
varies among individuals (indeterminate semelparous).  However, the factors that determine their spawning age still 
remain uncertain.  Evidence from recent studies suggests that individual growth and reproduction of Chinook salmon 
are affected by the rate of coastal upwelling, which is shown to be positively autocorrelated between years.  There-
fore, the serially autocorrelated environmental is expected to play an important role in determining their spawning 
age.  In the present study, I demonstrate the advantage of an indeterminate maturation strategy under a stochastic en-
vironment.  I then present theoretical evidence for the advantage of adjusting the maturation probability based on the 
environment they experienced and demonstrate that fisheries reduce the fitness of the strategy to delay maturation.  
The results presented herein emphasize the importance of incorporating detailed life-history strategies of organisms 
when undertaking population management.

Fujiwara, M., and M.S. Mohr.  2007.  Effects of environmental factors on fall-run Chinook salmon (Oncorhynchus 
tshawytcha) within the Klamath Basin.  In ESA/SER joint meeting, San Jose, California.  (Abstract available at http://
eco.confex.com/eco/2007/techprogram/P3091.HTM).

A recent decline of fall-run Chinook salmon (Oncorhynchus tshawytscha) abundance within the Klamath Basin has 
led to the near-complete closure of Chinook salmon fisheries along the coast of California during the 2006 season.  
These populations, however, are affected not only by fisheries but also by river and ocean conditions, making the 
management of these populations extremely complex.  Here, we present a comprehensive analysis of annual spawn-
ing-adult counts of Chinook salmon at multiple locations in the Klamath River and its tributaries over the period 
of 1978 to 2005.  Treating the data as multivariate time-series data, we identified three smooth trends affecting the 
population.  A further analysis was undertaken to associate these trends with environmental indices that represent 
six broad categories of physical/biological conditions.  This analysis revealed that the trends are strongly associated 
with indices representing the stream flow rate, the coastal upwelling, and large-scale ocean condition.  The timing of 
associations between the number of spawning adults and the environmental indices suggests that the environmental 
conditions experienced by a cohort during their early life stage as well as by their parents prior to spawning are im-
portant in determining the abundance of future returns.  These results suggest that salmon populations are influenced 
by multiple environmental factors affecting various life-stages of individuals.

Fukuwaka, M., T. Azumaya, et al.  2007.  Trends in abundance and biological characteristics of chum salmon.  N. Pac. 
Anadr. Fish Comm. Bull. 4: 35–43.  (Available at www.npafc.org).

Chum salmon are the second most abundant salmon in the North Pacific Ocean.  In the 1930s, chum salmon were 
abundant along the Russian coast and in British Columbia.  The total catch of chum salmon was small from the late 
1940s into the 1970s but increased in the 1980s, reaching historically high levels from the 1990s to the present.  
Ocean distribution of chum salmon is affected by sea surface temperature.  Ocean growth and fish size at maturity 
decreased in the 1970s and 1980s but recovered in the 1990s and 2000s.  These trends in abundance and biological 
characteristics correlated with ocean conditions.  An international cooperative salmon survey by the North Pacific 
Anadromous Fish Commission may elucidate the mechanisms underlying the relationships among these trends.  For 
conservation and sustainable use of chum salmon stocks, we should monitor the abundance and biological character-
istics of chum salmon both in the ocean and in rivers.
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Fukuwaka, M., N.D. Davis, et al.  2009.  Bias-corrected size trends in chum salmon in the central Bering Sea and North 
Pacific Ocean.  N. Pac. Anadr. Fish Comm. Bull. 5: 173–176.  (Available at www.npafc.org).

We estimated bias-corrected mean fork lengths of gillnet-caught chum salmon using a size selectivity estimate of 
the gillnet to test how the bias correction affects the estimated temporal pattern of chum salmon body size, during 
1971–1994 and 1994–2007.  Results showed bias-corrected mean fork lengths were smaller than uncorrected means.  
Therefore, when examining ontogenetic changes in fish size (e.g. the growth trajectory) using data collected by re-
search gillnets, the uncorrected mean fork length can overestimate the true value.  Comparison of temporal trends in 
bias-corrected mean fish lengths to uncorrected means showed similar results because both illustrated a decrease in 
chum salmon fork length in 1971–1994, and a stable fish size after 1994.  Uncorrected mean values of chum salmon 
fork length for fish caught using research gillnets can be used as a proxy for fish size to examine temporal trends.  
We conclude that interpreting temporal trends using either uncorrected or bias-corrected data will support the same 
general conclusions regarding long-term changes in chum salmon body size.

Fukuwaka, M., S. Sato, et al.  2007.  Winter distribution of chum salmon related to environmental variables in the 
North Pacific.  N. Pac. Anadr. Fish Comm. Tech. Rep. 7: 29–30.  (Available at www.npafc.org).

For many years, researchers have hypothesized that environmental factors are related to wintertime ocean distribu-
tion of chum salmon (e.g. Shimazaki and Nakayama 1975).  In this paper, we analyzed relationships between lati-
tude, temperature, and sea surface salinity, and the number of chum salmon caught during one-hour surface trawl 
operations.  Data were collected during winter salmon research cruises by Japanese research scientists onboard the 
RV Kaiyo maru in the North Pacific (1992, 1996, 1998, and 2006) and Bering Sea (1998).

Fukuwaka, M., and T. Suzuki.  1998.  Role of a riverine plume as a nursery area for chum salmon (Oncorhynchus keta).  
Mar. Ecol. Prog. Ser. 173: 289–297.

We examined the spatial distribution of juveniles in coastal water to assess how riverine plumes serve as nursery ar-
eas for chum salmon in early ocean life.  The distribution of juveniles was restncted withln a low-salinity water mass 
that was formed by nverine discharges.  We detected 2 juvenile sizes at which distributions changed.  Distributions of 
small juveniles (550 mm in fork length) and medium-size juveniles (50 to 75 mm) were found in nearshore reglons 
and were less affected by water temperature and salinity.  Distributions of large juveniles (> 75 mm) were located in 
waters whose salinity was 25 to 30 psu, and were less-affected by the distance from the shoreline.  Results suggested 
that the juvenile distribution was affected by tolerance to environmental stress (high temperature or high salinity) and 
by refuge from fish predators.  Juvenile chum salmon can use riverine plume habitats to avoid environmental stress, 
to search for prey patches, and to expend less energy for migration.

Fulton, E.A., A.D.M. Smith, et al.  2005.  Which ecological indicators can robustly detect effects of fishing?  ICES J. 
Mar. Sci. 62(3): 540-551.

Many ecological indicators have been proposed to detect and describe the effects of fishing on marine ecosystems, 
but few have been evaluated formally.  Here, simulation models of two marine systems off southeastern Australia 
(a large marine embayment, and an EEZscale regional marine ecosystem) are used to evaluate the performance of a 
suite of ecological indicators.  The indicators cover species, assemblages, habitats, and ecosystems, including quan-
tities derived from models such as Ecopath.  The simulation models, based on the Atlantis framework, incorporate 
the effects of fishing from several fishing gears, and also the confounding impacts of other broad-scale pressures 
on the ecosystems (e.g. increased nutrient loads).  These models are used to provide fishery-dependent and fishery-
independent pseudo-data from which the indicators are calculated.  Indicator performance is quantified by the ability 
to detect and/or predict trends in key variables of interest (“attributes”), the true values of which are known from 
the simulation models.  The performance of each indicator is evaluated across a range of ecological and fishing 
scenarios.  Results suggest that indicators at the community level of organization are the most reliable, and that it is 
necessary to use a variety of indicators simultaneously to detect the full range of impacts from fishing.  Several key 
functional groups provide a good characterization of ecosystem state, or indicate the cause of broader ecosystem 
changes in most instances.

Fulton, J.D., and R.J. LeBrasseur.  1985.  El Niño North: Niño effects in the eastern subarctic Pacific Ocean.  In Inter-
annual shifting of the subarctic boundary and some of the biotic effects on juvenile salmonids.  Edited by W.S. Wooster 
and D.L. Fluharty.  University of Washington Press, Seattle, WA.

Zoogeographic boundaries of regionally distinct species assemblages have been described for the Oceanic Pacific by 
McGowan (1971, 1972).  These unique regional pelagic fauna groupings are maintained and preserved by physical 



Climate Impacts on Pacific Salmon 51

mechanisms such as semi-enclosed gyres which tend to conserve water mass characteristics.  In addition to these 
established assemblages there are species or species groups found “down-stream” from centers of stable populations 
which must respond to more transient environmental states to maintain themselves at their range boundaries.  These 
groupings, in contrast to those maintained within distinct water types, experience dynamic and seemingly unpredict-
able fluctuations.

Gargett, A.E.  1997.  The optimal stability window: a mechanism underlying decadal fluctuations in North Pacific 
salmon stocks?  Fish. Oceanogr. 6(2): 109–117.

While recent evidence suggests that North Pacific salmon stocks are influenced by decadal variability in atmospheric 
forcing of the ocean, the actual combination of physical and biological processes that determines this linkage has 
not been identified.  This paper describes a possible scenario in which water column stability is the primary factor 
by which the physical environment influences phytoplankton production, the basis for production at higher trophic 
levels.  Variation in the strength of the wintertime Aleutian Low pressure area affects water column stabilities, hence 
primary production, along the entire eastern boundary of the North Pacific.  The `optimal stability window’ explains 
the qualitative relationship between fish stocks and the strength of the winter Aleutian Low, as well as the observed 
out-of-phase variation between northern and southern salmon stocks.

Gavrilov, G.M., and N.F. Pushkareva.  1996.  Primorye pink salmon abundance dynamics.  Izv TINRO 119: 178–193.  
(In Russian).

Dynamics of biological features, seaward migrations, spawning run and relative abundance of pink salmon genera-
tions are considered in relation to changes in population structure, hydrometeorological conditions and solar activity.  
It has been ascertained that in the warm years when the sum of negative temperatures, ice covering in Tatarsky Strait, 
ice thickness and temperature in the rivers of pink origin were low, the seaward migration of juveniles and spawning 
run of adult fishes take place earlier than in the cold year.  Also an abundance of pink generations of both odd and 
even years is higher in the warm years.

Gedalof, Z., and D.J. Smith.  2001.  Interdecadal climate variability and regime-scale shifts in Pacific North America. 
Geophys. Res. Lett. 28: 1515–1518.

A transect of climate sensitive tree ring-width chronologies from coastal western North America provides a useful 
proxy index of North Pacific ocean-atmosphere variability since 1600 AD.  Here we use this high-resolution record 
to identify intervals of an enhanced interdecadal climate signal in the North Pacific, and to assess the timing and 
magnitude of abrupt shifts in this system.  In the context of this record, the step-like climate shift that occurred in 
1976–1977 is not a unique event, with similar events having occurred frequently during the past 400 years.  Fur-
thermore, most of the pre-instrumental portion of this record is characterized by pronounced interdecadal variability, 
while the secular portion is more strongly interannual in nature.  If the 1976–1977 event marks a return to this mode 
of variability there may be significant consequences for natural resources management in the North Pacific Sector.

Giannico, G.R., and M.C. Healey.  1998.  Effects of flow and food on winter movements of juvenile coho salmon.  Trans. 
Am. Fish. Soc. 127(4): 645–651.

We investigated how water flow, food availability, and individual fish size or condition affected the downstream 
movement of juvenile coho salmon Oncorhynchus kisutch exposed to winter conditions in artificial channels.  The 
experimental design involved four treatments (two flow treatments crossed with two feeding treatments).  Our results 
indicated that a water flow increase with winter conditions caused coho salmon to emigrate from our experimental 
channels, and the magnitude of emigration was higher when the flow increase was higher.  Fish emigration rate de-
creased as temperature fell, but it was not affected by the presence of food, even though the fish continued to feed at 
temperatures below 48°C.

Glantz, M.H.  1990.  Does history have a future?  Forecasting climate change effects on fisheries by analogy.  Fisheries 
15(6): 39–44.

Fisheries represent an important aspect of economic, social, political, and cultural life in developed as well as devel-
oping societies.  The relationship between biological productivity in the marine environment and climate variability 
and change has not been adequately addressed.  There are many instances in recent times in which climate-related 
environmental stress (or analogies to such stress) combined to varying degrees with current fisheries management 
practices to bring about adverse changes in biological productivity.  Changes in sea surface temperature, for example, 
can cause a reduction in biomass or a shift in the location of fish stocks, creating local, national, and international 
political, economic, and social problems.  Assessing societal responses to recent instances of decline in specific fish-



NPAFC Special Publication No. 2 (2010)52

eries can serve to identify weaknesses as well as strengths that may exist in society’s ability to cope with anomalies 
in biological productivity in the marine environment.  Important fisheries from around the world have been reviewed 
with the purpose of investigating response to change (slow as well as abrupt) in the abundance of living resources.  
Two examples are provided: the collapse of the Peruvian anchoveta fishery (early 1970s) and the Anglo-Icelandic 
Cod Wars (1951–77).  Such cases may be directly relevant to attempts to improve our understanding of how well 
society might be able to cope with the effects on fisheries resources of possible regional climate changes that might 
be associated with a global warming.

Goniea, T.M., M.L. Keefer, et al.  2006.  Behavioral thermoregulation and slowed migration by adult fall Chinook 
salmon in response to high Columbia River water temperatures.  Trans. Am. Fish. Soc. 135(2): 408–419.

The relationships between lower Columbia River water temperatures and migration rates, temporary tributary use, 
and run timing of adult fall Chinook salmon Oncorhynchus tshawytscha were studied using historical counts at dams 
and recently collected radiotelemetry data.  The results from more than 2,100 upriver bright fall Chinook salmon 
radio-tagged over 6 years (1998, 2000–2004) showed that mean and median migration rates through the lower Co-
lumbia River slowed significantly when water temperatures were above about 20°C.  Slowed migration was strongly 
associated with temporary use of tributaries, which averaged 2–7°C cooler than the main stem.  The proportion of 
radio-tagged salmon using tributaries increased exponentially as Columbia River temperatures rose within the year, 
and use was highest in the warmest years. The historical passage data showed significant shifts in fall Chinook 
salmon run timing distributions concomitant with Columbia River warming and consistent with increasing use of 
thermal refugia.  Collectively, these observations suggest that Columbia River fall Chinook salmon predictably alter 
their migration behaviours in response to elevated temperatures.  Cool water tributaries appear to represent critical 
habitat areas in warm years, and we recommend that both main-stem thermal characteristics and areas of refuge be 
considered when establishing regulations to protect summer and fall migrants.

Goryainov, A.A., and T.A. Shatilina.  2003.  Dynaimics of pink salmon catches and macrosynoptical processes in the 
northern hemisphere during the 20th century.  Biologiya morya 29(6): 429–435.  (In Russian).

The global geophysical processes ambiguously influence conditions of the salmon habitats not only in the sea basins, 
but also in the local cites of the salmon reproduction and fattening.  In order to fully and adequately consider an influ-
ence of climate on the salmon dynamics, it is necessary to analyze link of the climate alterations and the dynamics at 
the regional level.  Dynamics of the pink salmon catches in the specific fishery regions of the Russian Far East against 
in connection with the macrosynoptical processes occurring over the Northern hemisphere is discussed.

Goryainov, A.A., T.A. Shatilina, et al.  2005.  Anomalous atmospheric processes and Asian chum salmon reproduction 
during 20th century.  Chteniya pamyati V. Ya. Levanidova.  Vladivostok.  Dalizdat 3: 650–662.

Variations of chum salmon catches in the main fishing grounds of the Russian Federation and at-mospheric pressure 
in the centers of action (COA) above Asian-Pacific region are considered. Statisti-cally reliable links between the 
pressure at the land, H500 in January and autumn chum salmon catches three years later are revealed.  Climate influ-
ence on generation yield formation in the early stage of ontogenesis, i.e. in the period of roe and larvae in the spawn-
ing nests.  The reliable correlation between the bar fields and catches three years later satisfies about atmos-pheric 
circulation changes influence on generation chum salmon yield formation, and correlation foci situation indicates a 
single meaning of this influence on the reproduction in different fishing grounds.  The high correlation between the 
pressure and catches was observed when there was a year with a sharp pressure deviation (an abnormal year).  In 
common years the correlation between climate and chum salmon is small.

Greene, C.M., D.W. Jensen, et al.  2005.  Effects of environmental conditions during stream, estuary, and ocean resi-
dency on Chinook salmon return rates in the Skagit River, Washington.  Trans. Am. Fish. Soc. 134(6): 1562–1581.

We predicted 22 years of return rates for wild Chinook salmon Oncorhynchus tshawytscha as a function of environ-
mental conditions experienced during residency in freshwater, tidal delta, bay, and ocean habitats as well as an indi-
cator of density dependence (based on egg production) across life stages.  The best predictors of return rate included 
the magnitude of floods experienced during incubation, a principal components factor describing environmental 
conditions during bay residency, a similar factor describing conditions experienced during the third ocean year, and 
an estimate of egg production.  Our models explained up to 90% of the variation in return rate and had a very high 
forecasting precision, yet environmental conditions experienced during ocean residency explained only 5% of the 
variation.  Our results suggest that returns of wild Chinook salmon can be predicted with high precision by incorpo-
rating habitat residency and that freshwater and nearshore environmental conditions strongly influence the survival 
of Skagit River Chinook salmon.
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Gucinski, H., R.T. Lackey, et al.  1990.  Global climate change: policy implications for fisheries.  Fisheries 15(6): 
33–38.

The recent historical record of atmospheric carbon dioxide (CO2) concentrations, as monitored at Mauna Loa, Ha-
waii; Point Barrow, Alaska; and the South Pole, shows an unmistakable upward trend (Keeling et al. 1989).  Com-
bined with the paleoclimate record obtained from CO2 gas bubbles in deep ice cores from Greenland and Antarctica, 
the record shows that preindustrial CO2 concentrations of 280 ppbv (parts per billion by volume) have crept to 350 
ppbv for the present era (Keeling et al. 1989).  Most of this rise can be linked to estimates of carbon dioxide releases 
from human activities.  Schneider’s (1989) extrapolation suggests that CO2 will double (i.e., 680 ppbv) by the years 
2040 to 2060.  The anticipated result will be a warming of the earth’s troposphere because CO2 traps infrared energy 
radiated from the earth back to space (i.e., the greenhouse effect).  The exact temperature rise is debatable because of 
our inability to predict exactly how much heat will be stored as atmospheric water vapor- itself a greenhouse gas-or 
in clouds, which can reflect radiation back into space.  We do not fully understand the role of terrestrial and marine 
plants in regulating the global carbon budget, nor do we know how much additional CO2 the upper ocean layers will 
dissolve and store if CO2 increases as predicted.  These uncertainties will affect the time required for a doubling of 
carbon dioxide, assuming no attempt is made to reduce anthropogenic inputs to the atmosphere.  The rise in global 
average temperature may range from 2°C to 6°C (Schneider 1989).  The rate of climate change will be much faster 
than is thought to have occurred after the ice ages of the paleozoic eras.  We do not thoroughly understand how large 
scale ecologic systems respond to so rapid a change, but it is instructive to attempt to forecast some of the changes 
and model the expected impact on ecosystems.

Guenette, S., and V. Christensen (Editors).  2005.  Food web models and data for studying fisheries and environmental 
impacts on eastern Pacific ecosystems.  Fisheries Center Research Report, UBC Fisheries Center.

The North Pacific is a hot-bed for understanding how marine populations are impacted by humans as well as by 
environmental conditions.  The “Thompson-Burkenroad debate” has been ongoing since the late-1940s: what drives 
the marked fluctuations in Pacific halibut that has been observed over the past century?  Dr William Thompson, 
who started up the work of the International Pacific Halibut Commission, IPHC, argued that the changes in halibut 
abundance could be fully explained by changes in fishing pressure, i.e. that they were the result of successful man-
agement on the part of IPHC, while his adversary, Dr Martin Burkenroad questioned if the populations trends could 
be accounted for by fishing pressure on its own, or if wasn’t rather a question of environmental factors impacting 
halibut recruitment.  While Thompson and Burkenroad actually never debated the relative role of fisheries and the 
environment - indeed it may well be that they would actually agree that one factor in itself would not suffice to give 
us the full explanation their debate has lived on, and both sides still have proponents arguing for one over the other.  
Examining the Pacific halibut trends now, nearly 60 years after the debate started, still yields inconclusive answers 
only.  We cannot name the culprit.  The debate has widened since Thompson and Burkenroad’s days, and we regu-
larly hear about regime shifts in connection with the North Pacific.  A notable debate in this context has emerged, 
seeking explanations for why the Steller sea lions have declined to become threatened in major parts of their North 
Pacific distribution area, while increasing in others.  A multitude of explanations have been brought forward, and 
considerable research has been aimed at understanding the importance of nutritional conditions, of predators and of 
prey, of competition with commercial fisheries, of parasites and diseases, of the Pacific Decadal Oscillation Index, 
and of the potential impact of incidental culls, to mention some.  As for the halibut, no conclusive explanation has 
emerged.  Asking then, if the non-emergence of a single clear explanation may be due to the Steller sea lion being 
impacted by a combination of factors the North Pacific Universities Marine Mammal Research Consortium and the 
North Pacific Marine Science Foundation initiated a project “Ecosystem analysis of Steller sea lion dynamics and 
their prey” through NOAA funding.  The project, which was the brain child of Andrew Trites (Director of the Marine 
Mammal Research Unit, Fisheries Centre), employs ecosystem modelling of North Pacific ecosystems (Southeast 
Alaska, the Central Gulf of Alaska and the Western Aleutian Islands) in an attempt to evaluate (quantify!) the rela-
tive role the various factors may have played in determining population trends.  The methodologies applied for the 
modelling along with some of the preliminary findings from the study are described in this report.  Notably, the 
models indicate that no single factor by itself can explain the population trends of Steller sea lion, several have to be 
invoked.  In parallel to the work centred on Steller sea lion, the UBC ‘Sea Around Us’ project (www.seaaroundus.
org) through funding from the Pew Charitable Trusts initiated a series of workshops aimed at evaluating the relative 
role of fisheries and environmental factors for North Pacific ecosystems.  Bringing together researchers from the De-
partment of Fisheries and Oceans, Pacific Biological Station, Nanaimo; the NOAA Alaska Fisheries Science Center, 
Seattle; the University of Washington, School of Fisheries, Seattle; and the University of British Columbia, Fisheries 
Centre, Vancouver, to analyse a series of ecosystems ranging from the Bering Sea to the Northern California Current, 
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and coordinate the methodologies.  We present descriptions of some studies in this report, while most of the findings 
are published separately.  The present report also includes a reconstruction of North Pacific whale catches for the 
20th century, which served to estimate the whale population at different periods in Southeast Alaska and the Western 
Aleutians.  Finally, in the interest of preparing future work related to evaluating nutritional aspects of North Pacific 
ecosystems we have included a compilation of the energy content of invertebrates, fish and mammals in the Gulf 
of Alaska.  The present report is freely available at the website of the Fisheries Centre of the University of British 
Columbia. (www.fisheries.ubc.ca/publications/reports/fcrr.php).

Hare, S.R.  1996.  Low frequency climate variability and salmon production.  Ph.D. thesis, University of Washington, 
School of Fisheries, Seattle, Washington.  306 pp.

Hare, S.R., and R.C. Francis.  1995.  Climate change and salmon production in the northeast Pacific Ocean.  Climate 
change and northern fish populations.  Can. Spec. Publ. Fish. Aquat. Sci. 121: 357–372.

Alaskan salmon stocks have exhibited enormous fluctuations in production during the 20th century.  In this paper, 
we investigate our hypothesis that large-scale salmon-production variability is driven by climatic processes in the 
Northeast Pacific Ocean.  Using a time-series analytical technique known as intervention analysis, we demonstrate 
that Alaskan Salmonids alternate between high and low production regimes.  The transition from a high (low) regime 
to a low (high) regime is called an intervention.  To test for interventions, we first fitted the salmon time series to 
univariate autoregressive integrated moving average (ARIMA) models.  On the basis of tentatively identified cli-
matic regime shifts, potential interventions were then identified and incorporated into the models, and the resulting 
fit was compared with the non-intervention models.  A highly significant positive step intervention in the late 1970s 
and a significant negative step intervention in the late 1940s were identified in the four major Alaska salmon stocks 
analyzed.  We review evidence for synchronous climatic regime shifts in the late 1940s and late 1970s that coincide 
with the shifts in salmon production.  Potential mechanisms linking North Pacific climate processes to salmon pro-
duction are identified.

Hare, S.R., and N.J. Mantua.  2000.  Empirical evidence for North Pacific regime shifts in 1977 and 1989.  Prog. Ocean-
ogr. 47(2–4): 103–145.

It is now widely accepted that a climatic regime shift transpired in the North Pacific Ocean in the winter of 1976–77.  
This regime shift has had far reaching consequences for the large marine ecosystems of the North Pacific.  Despite 
the strength and scope of the changes initiated by the shift, it was 10–15 years before it was fully recognized.  
Subsequent research has suggested that this event was not unique in the historical record but merely the latest in a 
succession of climatic regime shifts.  In this study, we assembled 100 environmental time series, 31 climatic and 
69 biological, to determine if there is evidence for common regime signals in the 1965–1997 period of record.  Our 
analysis reproduces previously documented features of the 1977 regime shift, and identifies a further shift in 1989 in 
some components of the North Pacific ecosystem.  The 1989 changes were neither as pervasive as the 1977 changes 
nor did they signal a simple return to pre-1977 conditions.  A notable feature of the 1989 regime shift is the relative 
clarity that is found in biological records, which contrasts with the relative lack of clear changes expressed by indices 
of Pacific climate.  Thus, the large marine ecosystems of the North Pacific and Bering Sea appear to filter climate 
variability strongly, and respond nonlinearly to environmental forcing.  We conclude that monitoring North Pacific 
and Bering Sea ecosystems may allow for an earlier identification of regime shifts than is possible from monitoring 
climate data alone.

Hare, S.R., N.J. Mantua, et al.  1999.  Inverse production regimes: Alaska and west coast Pacific salmon.  Fisheries 
24(1): 6–14.

A principal component analysis reveals that Pacific salmon catches in Alaska have varied inversely with catches 
from the U.S. West Coast during the past 70 years.  If variations in catch reflect variations in salmon production, then 
results of our analysis suggest that the spatial and temporal characteristics of this “inverse” catch/production pat-
tern are related to climate forcing associated with the Pacific Decadal Oscillation, a recurring pattern of pan-Pacific 
atmosphere-ocean variability.  Temporally, both the physical and biological variability are best characterized as alter-
nating 20- to 30-year-long regimes punctuated by abrupt reversals.  From 1977 to the early 1990s, ocean conditions 
have generally favoured Alaska stocks and disfavoured West Coast stocks.  Unfavourable ocean conditions are likely 
confounding recent management efforts focused on increasing West Coast Pacific salmon production.  Recovery of 
at-risk (threatened and endangered) stocks may await the next reversal of the Pacific Decadal Oscillation.  Managers 
should continue to limit harvests, improve hatchery practices, and restore freshwater and estuarine habitats to protect 
these populations during periods of poor ocean productivity.
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Hargreaves, N.B.  1996.  Report of the PICES-GLOBEC international program on climate change and carrying capac-
ity.  PICES Sci. Rep. No. 4.  (Available at www.pices.int).

The North Pacific Marine Science Organization (PICES) and the Global Ocean Ecosystem Dynamics Program 
(GLOBEC) agreed in 1993 to jointly organize an international science program on Climate Change and Carrying Ca-
pacity (CCCC) in the temperate and subarctic regions of the North Pacific Ocean. A PICES-GLOBEC Workshop was 
organized in 1994 to develop a Science Plan during the PICES Third Annual Meeting in Nemuro, Japan.  This pro-
posed PICES-GLOBEC Science Plan is the result of this Workshop, and prior input from PICES Working Group and 
Science Committee members.  Activities in the CCCC Program are anticipated on two spatial scales: 1) Basin-scale 
studies to determine how plankton productivity and the “carrying capacity” for high trophic level, pelagic carnivores 
in the North Pacific change in response to climate variations; 2) Regional-scale, ecosystem studies comparing how 
variations in ocean climate change species dominance and productivity of key plankton and fish populations in the 
coastal margins of the Pacific Rim, from China to California.

Hartt, A.C.  1980.  Juvenile salmonids in the oceanic ecosystem—the critical first summer.  In Salmonid ecosystems of 
the North Pacific.  Edited by W.J. McNeil and D C. Himnsworth.  Oregon State University Press, Corvallis, Oregon.  
pp 25–57.

The life history of salmon in the ocean has been studied much less than that in freshwater and “inside” marine eco-
systems, such as Puget Sound, primarily because of priorities and cost.  And among the oceanic studies of salmon 
that have been done, research on juvenile salmon during their first summer at sea has probably recieved the least at-
tention.  Yet, the early juvenile stage is most critical for the majority of organisms.  This report summarizes what we 
presently know about the distribution, migrations and growth of juvenile salmon in the eastern North Pacific during 
their first summer in the open seas.

Hayes, M.L., and K.A. Henry.  1985.  Salmon mangement in response to the 1982-1983 El Niño event.  In El Niño 
North: Niño effects in the eastern subarctic Pacific Ocean.  Edited by W.S. Wooster and D. Fluharty.  University of 
Washington Press, Seattle.  pp. 226–236.

Chinook salmon Oncorhynchus tshawytcha and coho salmon O.kisutch are the targes species in the ocean salmon 
fisheries of Washington, Oregon, and California.  Both species spawn in freshwater rivers and streams, juveniles live 
and grow in freshwater habitats from a few months to years, smolts then descend to the ocean where they migrate 
widely and grow rapidly, and finally, adults return to their stream of origin to spawn and begin a new cycle.  Ocean 
survival is quite variable and fisheries oceanographers have not yet developed successful predictive models.  This 
situation results, in part, from our rudimentary understanding of the complex time-area stock migratory patterns 
of Pacific salmon.  Each separate group of fish “runs different gauntlet” of environmental conditions.  Yet salmon 
biologists are convinced that ocean environmental conditions are the determinants of such variable returns and seek 
methods to factor environmental variables into their predictive tools.  In 1983, salmon abundance and inshore es-
capements from the ocean fisheries of Washington, Oregon and California were below preseason projections.  In ad-
dition, returning salmon were smaller than expected, showed unusual migratory patterns and were in poor condition 
on the spawning grounds.  These results have been interpreted as manifestations of poor ocean survival and growth 
caused by an adverse ocean environment resulting from the 1982–83 Niño event.  Using information on 1983 per-
formance, the Salmon Plan Development Team (SPDT) adjusted abundance projections for 1984 to anticipate Niño 
effects.  This paper describes the 1983 experience, adjustment procedure for 1984, and provides some preliminary 
observations on the success of the adjustment procedure.

Healey, M.C.  1990.  Implications of climate change for fisheries management policy.  Trans. Am. Fish. Soc. 119(2): 
366–373.

It is now generally agreed that world climate will warm significantly over the next half century, but the effects 
of that warming on fishery resources are uncertain.  Unpredictable changes in biological systems that result from 
perturbations such as climatic warming can be classified into four types: (1) changes that are consistent with cur-
rent equilibrium models (predictions); (2) high-frequency, short-lived changes that cannot be predicted by current 
models (noise); (3) low-frequency, short-lived changes that cannot be predicted by current models (anomalies); and 
(4) low-frequency, long-lived changes that cannot be predicted by current models (catastrophes).  Climatic change 
is a gradual process and the responses of biological systems are generally expected to be of the first type.  However, 
increases in both the frequency and amplitude of the other types of response cannot be ruled out.  The typical, incre-
mental, remedial policy adjustment of governments and agencies is unsuited to uncertain changes in fishery resource 
dynamics of types 2–4, particularly those of type 4.  An emphasis on mitigating the effects of climatic change is also 
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likely to be unsuccessful because it focuses on the status quo and ignores opportunities that may be inherent in the 
changes taking place.  Bolder policies that involve adaptation to new climate conditions and experimental probing of 
system behaviour are more likely to be successful.

Heard, W.R., J. A. Orsi, et al.  2001.  A synthesis of reseearch on early marine ecology of juvenile Pacific salmon in 
southeast Alaska.  N. Pac. Anadr. Fish Comm. Tech. Rep. 2: 3–6.  (Available at www.npafc.org).

Southeast Alaska, with over 2000 productive salmon rivers, is one of the State’s most productive areas for Pacific 
salmon, accounting for 47%, 61%, and 72% respectively of Alaska’s pink, coho and chum salmon catch along with 
significant numbers of sockeye and Chinook salmon in recent years.  This productivity is due, in part, to pristine 
habitats, favourable environments, abundant foods during early sea life, and good management.  Significant research 
has focused on early marine ecology of salmon to better understand behaviour, survival, and carrying capacity of 
this region.

Heard, W.R., E. Shevlyakov, et al.  2007.  Chinook salmon-trends in abundance and biological characteristics.  N. Pac. 
Anadr. Fish Comm. Bull. 4: 77–91.  (Available at www.npafc.org).

Chinook salmon, Oncorhynchus tshawytscha, the least abundant but largest in size of the five major Pacific salmon 
species, are widely distributed throughout the North Pacific Rim.  Although precise numbers spawning in many riv-
ers are little known, many stocks have only a small percentage of their historic abundance levels, and more than 50 
stocks have become extinct.  Over the past decade commercial catches have fluctuated between one and two million 
fish annually with an additional 0.6–0.9 million fish caught in recreational, subsistence, and aboriginal fisheries.  
About half of all commercial catches are made in the United States, particularly in Alaska and Pacific-Northwest 
states, with the remainder caught, in descending order, by Canada, Russia, and Japan.  Within the U.S., nine fish 
populations are listed in Pacific-Northwest states as threatened or endangered, according to the Endangered Species 
Act (ESA).  While no formal ESA type listings occur in other areas, some populations in Canada and Russia are 
of special concern due to declining trends.  Current trends in abundance are reviewed from different regions with a 
focus on stocks of concern but also including some stocks whose trends are relatively stable.  While equivocal in im-
proving the status of many depressed wild stocks, hatcheries are important in helping maintain fisheries and general 
abundance in some areas.  Chinook salmon are characterized by high plasticity and life-history variability, as seen in 
their multiple age groups, diverse temporal migration behaviour as they return to natal streams, distinct races with 
separate freshwater and ocean life-history behaviour patterns, and red-fleshed and white-fleshed forms.  Long-term 
declines in the average size and age of Chinook salmon appear to be continuing for some stocks and fisheries.  The 
species may be establishing new populations and expanding its range into higher latitudes, possibly due to global 
warming and other climatic changes.

Helle, J.H.  1980.  Influence of marine environment on age and size at maturity, growth and abundance of chum salm-
on, (Oncorhynchus keta) (Walbaum), from Olson Creek, Prince William Sound, Alaska.  Ph.D. thesis, Oregon State 
University, Corvallis, Oregon.  118 pp.

Effects of the marine environment on age and size at maturity, early marine growth, and abundance of chum salmon, 
Oncorhynchus keta, were studied at Olsen Creek during 1959–77.  Chum salmon returned to Olsen Creek as pre-
dominantly 3-, 4-, and 5-year fish; however, age composition varied from year to year.  The mean age composition 
for the brood years 1956-72 for males was 15%, 66%, and 19% for 3-, 4-, and 5-year fish, respectively.  Mean age 
composition for females of the same broods showed slightly higher percentages of older fish: 9%, 67%, and 23% for 
3-, 4-, and 5-year fish, respectively.  Some 6-year chum salmon returned to Olsen Creek between 1968 and 1975; 
but, only in 1973 did the number of 6-year fish (3%) represent more than 1% of returns.  Population sizes tended to 
be larger during these years, and mean age increased as the number of fish in a brood increased. Intraseasonally, age 
of new chum salmon spawners at Olsen Creek decreased as the season progressed.  Mean size of older spawners was 
greater than the mean size of younger spawners; but, the ranges in size of the three age groups overlap each other so 
size is not a good criterion for estimating age of chum salmon.  Measurement of circuli and distances on adult scales 
were used to estimate growth of chum salmon during their first two years of marine life.  Both number of circuli 
and distances on scales of juvenile chum salmon after their first summer in Prince William Sound were shown to be 
related to length of the fish.  Growth during the first season at sea was not related to age at maturity; however, amount 
of growth acquired during the second marine season was negatively related to sea surface temperature and marine 
weather parameters in Prince William Sound and in the northern Gulf of Alaska.  Location of chum salmon from 
Olsen Creek during their second year at sea is unknown.  Fluctuation in size (length) at maturity were more similar 
between fish from different broods returning during the same year than they were for fish that matured at different 
ages from the same broods.  Length at maturity was related to marine weather factors during their last summer at sea 
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in the northern Gulf of Alaska and Prince William Sound.  Length at maturity was also related to mean summer sea 
surface temperature in Prince William Sound during the year of return.  Total survival of each brood was estimated 
from the ratio of the number of progeny (returns) to the number of parents (spawners).  No direct relationships were 
found between survival and growth during the first or second season in sea, sea surface temperatures, or upwelling 
indices along the coast.  However, a highly significant relationship was found between the survival of progeny and 
mean length of the parents.

Helle, J.H., and M. Fukuwaka.  2009.  Body size of maturing salmon in relation to sea surface temperatures in the 
eastern Bering Sea.  N. Pac. Anadr. Fish Comm. Bull. 5: 303–319.  (Available at www.npafc.org).

During their last season at sea, some chum salmon from North America and Japan are known to forage in the south-
east Bering Sea.  Body size of mature chum salmon from North America and Japan was compared with sea surface 
temperatures in the winter, spring, and summer in the southeast Bering Sea during three time periods: pre-regime 
shift 1960–76, regime shift 1977–94, and post-regime shift 1995–2006.  During the 1977–94 time period, mean cor-
relation coefficients between body size and sea surface temperatures were positive and largest during the winter and 
spring.  During the 1960–76 and 1995–2006 time periods, correlation coefficients were usually smaller and often 
negative.  We conclude that chum salmon from many locations around the Pacific Rim were present in the eastern 
Bering Sea during the winter and spring of 1977–1994.  We suggest that differences in oceanographic parameters and 
population density of salmon during the three time periods may influence migration pathways of salmon in the North 
Pacific Ocean and Bering Sea.  Research on migration patterns of salmon in relation to these factors is necessary to 
elucidate these issues.

Helle, J.H., and M.S. Hoffman.  1995.  Size decline and older age at maturity of two chum salmon (Oncorhynchus keta) 
stocks in western North America, 1972–1992.  Can. Spec. Publ. Fish. Aquat. Sci. 121: 245–260.

Two populations of chum salmon (Oncorhynchus keta) in western North America were monitored for long-term 
changes in size and age at maturity.  One population from Fish Creek, a tributary of the Salmon River at the head of 
Portland Canal near Hyder, Alaska, where age and size samples were collected from 1972 to 1992.  Chum salmon 
from this stream are known for their large size.  The second population was from Quilcene National Fish Hatchery on 
Hood Canal near Quilcene, Wash., where age and size samples were collected from 1973 to 1992.  Both populations 
showed a significant decline in mean length at maturity of all age groups, starting about 1980.  The carcass weight 
difference estimated from mean lengths of age-4 males for both populations between 1976 and 1991 was about 3 
kg, a 46% reduction.  The mean age at maturity for both populations increased as growth decreased.  Decreased size 
could be caused by changes in oceanographic conditions, increased population density, or both.  Regardless of the 
reason, the smaller size could result in lower survival of chum salmon stocks.

Helle, J.H., and M.S. Hoffman.  1998.  Changes in size and age at maturity of two North American stocks of chum 
salmon (Oncorhynchus keta) before and after a major regime shift in the North Pacific Ocean.  N. Pac. Anadr. Fish 
Comm. Bull. 1: 81–89.  (Available at www.npafc.org).

Changes in size and age at maturity of chum salmon (Oncorhynchus keta) were monitored for two locations in 
North America. Chum salmon spawners returning to Fish Creek, southeastern Alaska, were sampled yearly from 
1972 through 1996.  Spawners returning to the Quilcene National Fish Hatchery in Hood Canal, Washington, were 
sampled yearly from 1973 through 1996.  Size at maturity of both populations declined significantly from about 1980 
to the mid-1990s.  Age at maturity increased during this time.  These changes were associated with a major ocean 
climate regime shift in the North Pacific Ocean that occurred in 1976–77.  Population abundance of chum salmon 
increased greatly after the regime shift, especially in Asia.  Similar changes in size and age at maturity occurred in 
Asian chum salmon; because the range of North American and Asian chum salmon overlaps on the high seas, these 
changes discussed in relation to the possible density-dependant population factors.  Since the mid-1990s, size at 
maturity and population abundance have increased, possibly indicating another climate change in the North Pacific 
Ocean.

Helle, J.H., E.C. Martinson, et al.  2007.  Influence of salmon abundance and ocean conditions on body size of Pacific 
salmon.  N. Pac. Anadr. Fish Comm. Bull. 4: 289–298.  (Available at www.npafc.org).

After the North Pacific ocean climate change in 1976–77, most species of Pacific salmon (Oncorhynchus spp.) in 
North America and Asia increased in abundance and declined in body size up until the early 1990s.  Several authors 
attributed this decline in body size of chum salmon (O. keta) to increasing population density of chum salmon in the 
ocean.  In the mid-1990s, the body size of adult chum salmon increased in several streams in North America in spite 
of high population numbers.  To determine if these increases in body size were restricted to local areas or more wide-
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spread geographically in North America, we examined data on the abundance and mean body size of salmon from 
commercial catches in waters from northern Alaska south to the state of Oregon among three time periods (1960–76, 
1977–94, 1995–2006).  Trends in body size indicate that northern and southern populations of chum, pink, and sock-
eye, and coho in Washington and Oregon experienced increased body size in the mid-1990s.  In correlation analyses, 
chum, pink (O. gorbuscha), and sockeye salmon (O. nerka) body size was, in many cases, negatively related to 
abundance, and more negatively correlated during the 1977–94 period.  For the 1960–76 period, the abundance of 
Pacific salmon was low, and the effect of density-dependence on the fish was the lowest.  For the 1977–94 period, 
salmon were numerous and the effect of density on the body size of salmon was significant in many cases.  For the 
1995–2006 period, the abundance of salmon remained high, however, the body size of the salmon was not commonly 
related to population density.  The 1995–2006 period appears most favourable for salmon, in that ocean resources 
supported salmon of large body size and large population numbers.  We conclude that the carrying capacity of the 
North Pacific Ocean for producing Pacific salmon is not a constant value and varies with changing environmental 
and biological factors.

Henderson, M.A., R.E. Diewert, et al.  1995.  Effect of water temperature on emigration timing and size of Fraser River 
pink salmon (Oncorhynchus gorbuscha) fry: implications for marine survival.  Can. Spec. Publ. Fish. Aquat. Sci. 121: 
655–664.

The effect of water temperature was evaluated on the date and dispersion of the emigration of Fraser River pink 
salmon (Oncorhynchus gorbuscha) fry and their size at the time of emigration.  Increases in the number of degree-
days over the first few weeks of embryo development resulted in an earlier date of emigration and smaller size of 
fry.  However, the number of degree days over the entire period of embryo development had no effect on the date of 
emigration or fry size.  Dispersion of the emigration was not affected by the number of degree-days over the early, 
late, or entire period of embryo development.  Marine survival of pink salmon fry increased as the date of emigration 
occurred earlier in the year.  Fry size at the time of emigration had no effect on marine survival.  Warming of the 
waters of the Fraser River as the result of climate change should result in an earlier date of emigration of pink salmon 
fry, and as a result, possibly higher marine survival.

Henderson, M.A., D.A. Levy, et al.  1992.  Probable consequences of climate change on freshwater production of Ad-
ams River sockeye salmon (Oncorhynchus nerka).  GeoJournal 28: 51–59.

We combine information on the influence of temperature on the thermal physiology, growth, and survival of sockeye 
salmon (Oncorhynchus nerka) with projections of temperature change associated with a doubling of atmospheric CO2 
concentrations (over preindustrial levels) to determine the effect of global warming on two freshwater life history 
stages (lake residence of juveniles, and spawning by adults) of sockeye salmon from Adams River, British Columbia.  
Air temperatures are expected to increase by approximately 4.0° and 2.5°C in the summer and winter respectively in 
the vicinity of the Adams River.  Shuswap Lake is used as a rearing area by the juvenile sockeye salmon and global 
warming will probably change the production characteristics of lake towards a more oligotrophic system.  This will 
cause a reduction in the abundance and availability of food for the juvenile sockeye salmon, and hence a decrease in 
their freshwater growth, and freshwater and marine survival.  However, the increased temperature encountered by 
adults on the spawning grounds of the Adams River is unlikely to result in higher rates of prespawning mortality.  It 
is anticipated that the net effect of global warming over all freshwater life history stages will be a reduction in the 
freshwater production of Adams River sockeye salmon.

Hill, M.F., L.W. Botsford, et al.  2003.  The effects of spawning age distribution on salmon persistence in fluctuating 
environments.  J. Animal Ecol. 72: 736–744.

Understanding the role endogenous vs. exogenous forces play in determining the dynamics and abundance of natural 
populations has important implications for their conservation.  Changes in environmental conditions often have dif-
ferent effects on closely related species.  For instance, recent studies show that a physical shift in ocean conditions 
in the mid-1970s in the California current have reduced coho salmon (Oncorhynchus kisutch) populations, but not 
Chinook salmon (O. tshawytscha).  An important question is whether this pattern is due to differences in the ability 
of coho and Chinook salmon to respond to changing ocean conditions or to differences in their life-history traits.  We 
analysed a series of population models to test whether observed abundance patterns of coho and Chinook salmon 
could be explained by one of the major differences in their life history, the spawning age distribution; in the Califor-
nia current, female coho salmon are considered to be obligate semelparous, spawning at age 3, while Chinook salmon 
are considered indeterminate semelparous, with populations spawning over a range of ages.  Results from a deter-
ministic model indicate that the sensitivity of the population growth rate to changes in ocean survival depends little 
on the spawning age structure, especially when the growth rate is small (λ ≈ 1).  Analysis of linear and non-linear 



Climate Impacts on Pacific Salmon 59

stochastic models indicate that the probability of persistence increases with the width of the spawning age distribu-
tion, as the fraction of adults spawning at age 3 decreases from 100% to 95%.  Further increases in the spawning age 
distribution have negligible affects on persistence.  Because coho salmon are not absolutely obligate semelparous 
(e.g. as many as 25% of males can spawn precociously at age 2 and their effect on annual reproduction is unknown), 
this range of sensitivity does not provide a firm basis for assuming that the observed abundance patterns of coho and 
Chinook is due to differences in their spawning age distribution.  While other life-history differences could play a 
role, we recommend that ongoing field studies focus on the different effects changing ocean conditions have on the 
survival of individual salmon species.

Hinch, S.G., M.C. Healey, et al.  1995.  Climate change and ocean energetics of Fraser River sockeye (Oncorhynchus 
nerka).  Can. Spec. Publ. Fish. Aquat. Sci. 121: 439–445.

We constructed a spatially explicit bioenergetics model to predict final ocean weight of Fraser River sockeye salmon 
(Oncorhynchus nerka), and to estimate the effects of climate warming on oceanic sockeye growth.  The bioenergetics 
model successfully predicted average final ocean weight of the early Stuart stock under recent sea-surface tempera-
ture (SST) regimes.  To assess the potential impact of climate warming on final ocean weight, we imposed a series 
of SST increases on the model. We found that predicted final ocean weights declined steadily as SSTs warmed above 
current values.  An empirical correlation (r = -0.433, P = 0.024, n = 27 yr) between average final ocean weight of 
early Stuart sockeye and average SST at Station P (50°N, 145°W) during the month prior to migrating upriver also 
suggest that warm SSTs are associated with poorer growth.  Global climate models predict that if atmospheric CO2 
doubles, Northeast Pacific Ocean SSTs will increase by about 3.5°C above present values.  The bioenergetics model 
suggests that this increase will result in a 14% reduction in average final ocean weight.  As a consequence, Fraser 
River sockeye would have fewer and smaller eggs, and they may have insufficient energy reserves to complete their 
river migration and spawn.

Hinch, S.G., M.C. Healey, et al.  1995.  Climate change on marine growth and survival of Fraser River sockeye salmon.  
Can. J. Fish. Aquat. Sci. 52: 2651–2659.

Simulation results from the Canadian Climate Centre’s atmospheric general circulation model (CCC GCM) coupled 
to a simplified mixed-layer ocean model predict that doubled atmospheric CO2 concentrations would increase north-
east Pacific Ocean sea surface temperatures and weaken existing north–south air pressure gradients.  On the basis 
of predicted changes to air pressure and an empirical relationship between wind-driven upwelling and zooplankton 
biomass, we calculate that production of food for sockeye salmon (Oncorhynchus nerka) may decrease by 5–9%.  
We developed empirical relationships between sea surface temperature, zooplankton biomass, adult recruitment, and 
terminal ocean weight for the early Stuart stock of Fraser River sockeye salmon.  Our analyses show that warmer 
sea surface temperatures, larger adult recruitment, and lower zooplankton biomass are correlated with smaller adult 
sockeye.  Bioenergetics modeling suggests that higher metabolic costs in warmer water coupled with lower food 
availability could cause the observed reductions in size.  Warmer sea surface temperatures during coastal migration 
by juveniles were correlated with lower recruitment 2 yr later.  Warmer sea surface temperatures may be a surrogate 
for increased levels of predation or decreased food during the juvenile stage.  We speculate that Fraser sockeye will 
be less abundant and smaller if the climate changes as suggested by the Canadian Climate Centre’s general circula-
tion model.

Hobday, A.J., and G.W. Boehlert.  2001.  The role of coastal ocean variation in spatial and temporal patterns in sur-
vival and size of coho salmon (Oncorhynchus kisutch).  Can. J. Fish. Aquat. Sci. 58: 2021–2036.

Interannual and decadal variability in ocean survival of salmon are well known, but the mechanisms through which 
environmental variability exerts its effects are poorly understood.  Data on hatchery-reared coho salmon (Onco-
rhynchus kisutch) from individual releases (1973–1998) along the species’ entire North American range were ana-
lyzed to provide information on survival and size.  Three geographic regions (north of Vancouver Island, Puget 
Sound and Strait of Georgia, and the outer coast south of the tip of Vancouver Island) showed coherent trends in sur-
vival and size of returning fish.  Within each region, multivariate nonlinear models were used to relate coho survival 
and final size to spatially and temporally tailored environmental variables at time periods of release, jack return, and 
adult return.  The most important environmental variable, as indicated by the highest amount of variance explained, 
was a calculated proxy for mixed-layer depth, followed by sea level.  In all regions, survival and adult size were most 
influenced by environmental conditions at the release time.  A shallow mixed layer was associated with increased 
survival and decreased size in all regions.  Improved understanding of the relationship between environmental condi-
tions and size and survival of coho salmon provides insight into production patterns in the coastal ocean.
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Hodgson, S., and T.P. Quinn.  2002.  The timing of adult sockeye salmon migration into fresh water: adaptations by 
populations to prevailing thermal regimes.  Can. J. Zool. 80: 542–555.

Anadromous fishes migrate to sea, apparently to take advantage of growing conditions, and return to fresh water 
to spawn.  Despite favourable growing conditions at sea in summer, some populations leave the ocean in spring, 
many months prior to spawning.  We hypothesized that this premature migration is a consequence of the fish having 
to avoid stressful summer temperatures in order to access certain suitable areas for spawning in the fall.  We tested 
this idea in sockeye salmon, Oncorhynchus nerka, by compiling data on the timing of migration and spawning and 
the freshwater temperature regime along the migration route in populations throughout the species’ North American 
range.  The timing of migration varied among populations and was primarily related to temperature regime during 
migration and the timing of spawning.  When temperatures were moderate (< 19°C), sockeye salmon tended to mi-
grate to the vicinity of the spawning grounds about 1 month prior to spawning, regardless of the length of the fresh-
water migration.  However, populations on whose migration route the average temperature exceeded 19°C displayed 
two basic patterns.  Some populations entered fresh water prior to the warmest period, months before spawning, 
whereas others migrated after the period of highest temperatures had occurred.

Hodgson, S., T.P. Quinn, et al.  2006.  Marine and freshwater climatic factors affecting interannual variation in the 
timing of return migration to fresh water of sockeye salmon (Oncorhynchus nerka).  Fish. Oceanogr. 15(1): 1–24.

Interannual variation in the timing of the return migration to fresh water of adult sockeye salmon, Oncorhynchus 
nerka, from 46 populations throughout the species North American range was examined in a broad analysis of 
how timing patterns are affected by marine and freshwater conditions.  Migration timing data (measured at various 
points along the migration, including just prior to freshwater entry, just after freshwater entry, and near the spawning 
grounds) were examined for correlations with sea-surface temperatures (SST) prior to migration and to freshwa-
ter temperatures and flows during migration.  Following a spring2013summer period with warm SST, populations 
from southwestern Alaska tended to return early, Fraser River populations returned late, and populations from other 
regions showed no consistent patterns.  Similarities between interannual timing of both nearby and distant popula-
tions indicated the presence of common or coincidental influences on timing.  When riverine conditions related to 
timing, high flows and low temperatures were associated with late migrations, low flows and high temperatures were 
associated with early migrations.  However, even counting stations at upriver locations showed correlations with 
SST.  Notwithstanding some inconsistencies among the many populations examined and the indirect nature of the 
inferences, the results supported the hypotheses that (i) interannual variations in salmon distributions at sea reflect 
temperature conditions, and (ii) the date when salmon initiate homeward migration is a population-specific trait, 
largely unaffected by the fish’s location at sea.

Hollowed, A.B., R.J. Beamish, et al.  2008.  Forecasting climate impacts on future production of commercially exploited 
fish and shellfish.  PICES Sci. Rep. 34.  82 pp.  (Available at www.pices.int).

The recent publication of the Intergovernmental Panel on Climate Change (IPCC) 4th Assessment Report (AR4) 
concludes that there is a growing body of evidence that indicates climatic conditions are likely to change due to 
natural and anthropogenic forcing.  In response to these findings the PICES scientific community initiated a series of 
meetings to: a) discuss frameworks and methodologies for forecasting the impacts of climate change on the growth, 
distribution and abundance of marine life, with particular emphasis on commercial fish and shellfish; b) review the 
results of designated case studies to test methods; c ) plan for an inter-sessional meeting in early 2010 where scien-
tists can present, discuss and publish forecasts of climate change impacts on the world’s commercial fish and shellfish 
resources.  The research done within PICES on climate change and fisheries has been diverse and has included: 1) 
guidance on methods for selection of IPCC scenarios for use in projections; 2) guidance on techniques for downscal-
ing IPCC scenarios to local regions; 3) development of coupled ecosystem models for use in evaluating climate-
induced shifts in environmental conditions; 4) numerous publications documenting relationships between climate 
forcing and marine fish and shellfish distribution and production; 5) stock assessment techniques for evaluating 
management strategies to mitigate the impacts of change.  A challenge facing PICES is the need to integrate this re-
search to provide stakeholders with quantitative estimates of the potential impact of climate change on marine life in 
the North Pacific.  This challenge calls for the establishment of interdisciplinary research teams composed of experts 
from around the Pacific Rim who will focus attention on the development of common and standardized frameworks 
for forecasting climate change impacts on marine life, with particular emphasis on commercially important fish and 
shellfish.  The Science Plan for the new PICES scientific program, FUTURE (Forecasting and Understanding Trends, 
Uncertainty and Responses of North Pacific Marine Ecosystems), also highlights the need for integrated interdisci-
plinary research on the potential implications of climate change on marine ecosystems.  PICES should act now to 
ensure that our research communities develop the capability to provide quantitative contributions to the next IPCC 
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reports and guidance for management under climate change scenarios.  PICES should strive to present and discuss 
results of the forecasting teams at an inter-sessional meeting, and papers should be published in a peer reviewed 
journal by 2011.  The timing for the publication is critical because the future IPCC AR5 report is slated for release in 
2013, and only published papers can be referenced in that report.

Hollowed, A.B., N.A. Bond, et al.  2009.  A framework for modelling fish and shellfish responses to future climate 
change.  ICES J. Mar. Sci. 66: 1584–1594.

A framework is outlined for a unified approach to forecasting the implications of climate change on production of 
marine fish.  The framework involves five steps: (i) identification of mechanisms underlying the reproductive suc-
cess, growth, and distribution of major fish and shellfish populations, (ii) assessment of the feasibility of downscaling 
implications of climate scenarios derived from Intergovernmental Panel on Climate Change (IPCC) models for re-
gional ecosystems to select and estimate relevant environmental variables, (iii) evaluation of climate model scenarios 
and select IPCC models that appear to provide valid representations of forcing for the region of study, (iv) extraction 
of environmental variables from climate scenarios and incorporation into projection models for fish and shellfish, 
and (v) evaluation of the mean, variance, and trend in fish and shellfish production under a changing ecosystem.  
This framework was applied to forecast summer sea surface temperature in the Bering Sea from 2001 to 2050.  The 
mean summer surface temperature was predicted to increase by 28°C by 2050.  The forecasting framework was also 
used to estimate the effects of climate change on production of northern rock sole (Lepidopsetta polyxystra) through 
projected changes in cross-shelf transport of larvae in the Bering Sea.  Results suggest that climate change will lead 
to a modest increase in the production of strong year classes of northern rock sole.

Hollowed, A.B., S.R. Hare, et al.  2001.  Pacific Basin climate variability and patterns of Northeast Pacific marine fish 
production.  Prog. Oceanogr. 49: 257–282.

A review of oceanographic and climate data from the North Pacific and Bering Sea has revealed climate events that 
occur on two principal time scales: a) 2–7 years (i.e. El Niño Southern Oscillation, ENSO), and b) inter-decadal (i.e. 
Pacific Decadal Oscillation, PDO).  The timing of ENSO events and of related oceanic changes at higher latitudes 
were examined.  The frequency of ENSO was high in the 1980s.  Evidence of ENSO forcing on ocean conditions 
in the North Pacific (Niño North conditions) showed ENSO events were more frequently observed along the West 
Coast than in the western Gulf of Alaska (GOA) and Eastern Bering Sea (EBS).  Time series of catches for 30 region/
species groups of salmon, and recruitment data for 29 groundfish and 5 non-salmonid pelagic species, were examined 
for evidence of a statistical relationship with any of the time scales associated with Niño North conditions or the 
PDO.  Some flatfish stocks exhibited high autocorrelation in recruitment coupled with a significant step in recruit-
ment in 1977 suggesting a relationship between PDO forcing and recruitment success.  Five of the dominant gadid 
stocks (EBS and GOA Pacific cod, Pacific hake and EBS and GOA walleye pollock) exhibited low autocorrelation in 
recruitment.  Of these, Pacific hake, GOA walleye pollock and GOA Pacific cod exhibited significantly higher inci-
dence of strong year classes in years associated with Niño North conditions.  These findings suggest that the PDO and 
ENSO may play an important role in governing year-class strength of several Northeast Pacific marine fish stocks.

Hollowed, A.B., T. Ikeda, et al. (Editors).  1998.  PICES climate change and carrying capacity workshop on the devel-
opment of cooperative research in coastal regions of the North Pacific.  PICES Sci. Rep. No. 9.  20 pp.  (Available at 
www.pices.int).

The REX Task Team convened a workshop October 17–18, 1997.  The purpose of the workshop was to review the 
status of national research programs and to identify areas for cooperative research experiments in support of the 
CCCC Program.  Over 50 scientists participated in the workshop representing approximately 40 research institutions.  
The workshop organizing committee recognized the need for application of the scientific method in developing 
regional experiments in support of the CCCC Program.  Marine research programs have a legacy of resource moni-
toring followed by retrospective studies leading to hypothesis generation.  More recently, considerable resources 
have been devoted towards the development of simulation models capable of integrating the synergistic influences 
of multiple factors.  These models have been used to explore hypothetical impacts of changes in ocean conditions 
on marine ecosystems.  Both of these approaches fail to apply the basic principles of the scientific method where 
scientists state their hypothesis and design and implement experiments to test the validity of their hypothesis.  The 
absence of the scientific method in marine research is attributed to two primary factors: a) the difficulty isolating a 
“control” in the experimental design, and b) the difficulty in obtaining funds to conduct replicate process oriented 
experiments when the process of interest occurs on interannual to decadal time scales.  In the REX Workshop, we 
examined the possibility of applying the comparative approach to answering the scientific questions posed in the 
Climate Change and Carrying Capacity Implementation Plan.  Participants were asked to consider the possibility of 
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designing experiments that could be conducted in distant regions of the North Pacific with the expressed intent of 
testing hypotheses regarding climate impacts on the carrying capacity.  The symposium began with a review of the 
GLOBEC and GLOBEC like research programs planned, or on-going, in each of the six PICES member nations.  
Subsequently, participants discussed coastal research programs in breakout sessions targeting forcing, lower trophic 
level response, higher trophic level response and ecosystem response.  The higher trophic level response breakout 
sessions were further divided into four major species groups: salmon, mid-water and demersal fish, pelagic fish, and 
crustaceans.  Participants were asked to review the four key scientific questions presented in the CCCC Implemen-
tation Plan: 1. What are the characteristics of climate variability, can interdecadal patterns be identified, how and 
when do they arise?  2. How do primary and secondary producers respond in productivity, and in species and size 
composition, to climate variability in different ecosystems of the subarctic Pacific?  3. How do life history patterns, 
distributions, vital rates and population dynamics of higher trophic level species respond directly and indirectly to 
climate variability?  4. How are subarctic Pacific ecosystems structured?  Do higher trophic levels respond to climate 
variability solely as a consequence of bottom up forcing?  Are there significant intratrophic level and top down ef-
fects on lower trophic level production and on energy transfer efficiencies?  The participants were asked to develop 
hypotheses related to the four CCCC questions as they related to the topic of the breakout session.  Participants were 
also asked to discuss existing or potential research approaches to test these hypotheses.  The regions and target spe-
cies that would be best suited for comparative research experiments were identified.  Finally, the barriers to imple-
menting the experiment were discussed.

Holt, C.A., and R.M. Peterman.  2004.  Long-term trends in age-specific recruitment of sockeye salmon (Oncorhynchus 
nerka) in a changing environment.  Can. J. Fish. Aquat. Sci. 61: 2455–2470.

Sibling-age-class (sibling) models, which relate abundance of one age-class of adult sockeye salmon (Oncorhynchus 
nerka) to abundance of the previous age-class in the previous year, are commonly used to forecast abundance 1 year 
ahead.  Standard sibling models assume constant parameters over time.  However, many sockeye salmon popula-
tions have shown temporal changes in age-at-maturity.  We therefore developed a new Kalman filter sibling model 
that allowed for time-varying parameters.  We found considerable evidence for longterm trends in parameters of 
sibling models for 24 sockeye salmon stocks in British Columbia and Alaska; most trends reflected increasing age-at-
maturity.  In a retrospective analysis, the Kalman filter forecasting models reduced mean-squared forecasting errors 
compared with standard sibling models in 29%–39% of the stocks depending on the age-class.  The Kalman filter 
models also had mean percent biases closer to zero than the standard models for 54%–94% of the stocks.  Parameters 
of these sibling models are positively correlated among stocks from different regions, suggesting that large-scale 
factors (e.g., competition among stocks for limited marine prey) may be important drivers of long-term changes in 
age-at-maturity schedules in sockeye salmon.

Holtby, L.B., B.C. Andersen, et al.  1990.  Importance of smolt size and early ocean growth to interannual variability 
in marine survival of coho salmon (Oncorhynchus kisutch).  Can. J. Fish. Aquat. Sci. 47: 2181–2194.

The importance of smolt size and early ocean growth to the marine survival of coho salmon was examined over a 17-
yr period at Carnation Creek, British Columbia.  Comparisons of overall marine survival were made both between-
years, using two smolt age-groups of different mean sizes, and within-years using observed smolt size distributions 
and smolt size distributions back-calculated from the scales of returning adults.  Large size did not confer a consistent 
survival advantage but large smolts did survive better in years when marine survival was relatively poor.  Marine 
survivals were strongly correlated with early ocean growth as estimated by the spacing of the first five ocean circuli 
on the scales of returning adults. Marine survival and early ocean growth were positively correlated with ocean 
conditions indicative of strong upwelling along the northwest coast of Vancouver Island.  Neither smolt survival nor 
early ocean growth were correlated with regional coho smolt production.  Our observations suggest that interannual 
variability in smolt survival was being driven by ocean conditions that determined smolt growth rates which subse-
quently affected the susceptibility of smolts to a size-selective predator.

Holtby, L.B., and J C. Scrivener.  1989.  Observed and simulated effects of climatic variability, clear-cut logging and fish-
ing on the numbers of chum salmon (Oncorhynchus keta) and coho salmon (O.kisutch) returning to Carnation Creek, 
British Columbia.  In Proceedings of the National Workshop on Effects of Habitat Alteration on Salmonid Stocks.  Ed-
ited by C.D. Levings, L.B. Holtby and M.A. Henderson, Minister of Supply and Services Canada.  pp. 62–81.

The population dynamics of coho and chum salmon have been studied at Carnation Creek since 1970 as part of a 
multi-disciplinary study of the effects of logging on a small salmon stream in a coastal rainforest.  We have devel-
oped models that predict the numbers of chum and coho salmon from correlative relationships between survival 
and growth at various life stages and (1) climatic, hydrologic and physical variables, (2) indices of those features of 
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the stream habitat that were affected by logging and, (3) exploitation rates in the fishery.  The models were used to 
partition the variability in adult returns between the effects of climatic variability in the stream and ocean, changes 
in stream conditions caused by logging and variations in fishing mortality.  For both species, most of the observed 
variation in adult numbers resulted from climatic variability in the stream and ocean, and in roughly equal measure.  
Variation of the fishing mortality over realistic ranges did not change variability in adult abundance, except at high 
exploitation rates where variability was increased.  Coho salmon were unaffected by observed and simulated logging 
activity but chum salmon were adversely affected.  We suggest that overall variability in the salmon abundance will 
tend to increase in the wake of land-use activities, particularly when accompanied by high levels of exploitation and 
adverse environmental conditions.

Houghton, J.T., Y. Ding, et al. (Editors).  2001.  Climate change 2001: the scientific basis. Contribution of working 
group I to the third assessment report of the Intergovernmental Panel on Climate Change (IPCC).  Cambridge Uni-
versity Press, Cambridge, United Kingdom.  944 pp.

Houghton, J.T., L.G. Meira Filho, et al. (Editors).  1996.  Climate change 1995: the science of climate change.  Contri-
bution of working group I to the second assessment report of the Intergovernmental Panel on Climate Change.  Cam-
bridge University Press, Cambridge, United Kingdom.  572 pp.

Hsieh, W.H., W.G. Lee, et al.  1991.  Using a numerical model of the northeast Pacific Ocean to study the interannual 
variability of the Fraser River sockeye salmon (Oncorhynchus nerka).  Can. J. Fish. Aquat. Sci. 48: 623–630.

The hypothesis that numerical ocean circulation models could benefit fishery management was tested by first simu-
lating the interannual variability of the northeast Pacific Ocean from 1955 to 1979 with the Bryan–Cox–Semtner 
ocean model (from the Geophysical Fluid Dynamics Laboratory, Princeton, NJ) and then relating the model output 
to the interannual variability found in the Fraser River sockeye salmon (Oncorhynchus nerka).  Empirical orthogonal 
function (EOF) analysis was first used to condense the model output fields as well as the atmospheric forcing data.  
Next, the amplitude of the EOF’s were regressed with the annual values of the sockeye variables (return migration 
route and timing, marine survival, and fork length) by stepwise multiple regression, with various time lags between 
the physical and the sockeye variables.  The EOF modes associated with interannual variability (usually mode 2) 
were more often correlated with the sockeye variables than the other modes thought to contain mainly the seasonal 
cycle (mode 1) or else noise.  The correlations between the physical variables and the sockeye variables were highest 
in the first and final few months of the sockeye marine life.

Hunt, G.L., and P.J. Stabeno.  2002.  Climate change and the control of energy flow in the southeastern Bering Sea. 
Prog. Oceanogr. 55(1–2): 5–22.

We examine how coupling between physical and biological processes influences the production and transfer of en-
ergy to upper trophiclevel species in the southeastern Bering Sea.  We review time series that illustrate changes in the 
marine climate of the southeastern Bering Sea since the mid-1970s, particularly variability in the persistence of sea 
ice and the timing of its retreat. Time series (1995–2001) from a biophysical mooring in the middle domain of the 
southeastern shelf support the hypothesis that retreat of the winter sea ice before mid-March (or the failure of ice to 
be advected into a region) results in an open water bloom in May or June in relatively warm water (>= 3°C).  Con-
versely, when ice retreat is delayed until mid-March or later, an ice-associated bloom occurs in cold (<= 0°C) water in 
early spring.  These variations are important because the growth and production of zooplankton and the growth and 
survival of larval and juvenile fish are sensitive to water temperature.  The Oscillating Control Hypothesis (OCH) re-
cently proposed by Hunt et al. (2002), predicts that control of the abundance of forage fish, and in the case of walleye 
pollock (Theragra chalcogramma), recruitment of large piscivorous fish, will switch from bottom-up limitation in 
extended periods with late ice retreat to top-down in warmer periods when ice retreat occurs before mid-March.  In 
support of this hypothesis, we review recent data from the southeastern Bering Sea that show 2- to 13-fold changes 
in copepod abundance with changes in spring water temperatures of 3 to 5°C.  We also provide indirect evidence 
that the abundance of adult pollock on the eastern Bering Sea shelf negatively affects the abundance forage fishes 
(including juvenile pollock) available to top predators.  Although there is evidence that pollock year-class strength is 
positively related to temperature, we lack the time series of pollock populations in extended periods (8–10 years) of 
cold-water blooms necessary to test the OCH.

Hunt, G.L. J., P. Stabeno, et al.  2002.  Climate change and control of the southeastern Bering Sea pelagic ecosystem.  
Deep-Sea Res. II 49(26): 5821–5853.

We propose a new hypothesis, the Oscillating Control Hypothesis (OCH), which predicts that pelagic ecosystem 
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function in the southeastern Bering Sea will alternate between primarily bottom-up control in cold regimes and 
primarily top-down control in warm regimes.  The timing of spring primary production is determined predomi-
nately by the timing of ice retreat.  Late ice retreat (late March or later) leads to an early, ice-associated bloom in 
cold water (e.g., 1995, 1997, 1999), whereas no ice, or early ice retreat before mid-March, leads to an open-water 
bloom in May or June in warm water (e.g., 1996, 1998, 2000).  Zooplankton populations are not closely coupled 
to the spring bloom, but are sensitive to water temperature.  In years when the spring bloom occurs in cold water, 
low temperatures limit the production of zooplankton, the survival of larval/juvenile fish, and their recruitment into 
the populations of species of large piscivorous fish, such as walleye pollock (Theragra chalcogramma), Pacific cod 
(Gadus macrocephalus) and arrowtooth flounder (Atheresthes stomias).  When continued over decadal scales, this 
will lead to bottom-up limitation and a decreased biomass of piscivorous fish.  Alternatively, in periods when the 
bloom occurs in warm water, zooplankton populations should grow rapidly, providing plentiful prey for larval and 
juvenile fish.  Abundant zooplankton will support strong recruitment of fish and will lead to abundant predatory fish 
that control forage fish, including, in the case of pollock, their own juveniles.  Piscivorous marine birds and pinnipeds 
may achieve higher production of young and survival in cold regimes, when there is less competition from large 
piscivorous fish for cold-water forage fish such as capelin (Mallotus villosus).  Piscivorous seabirds and pinnipeds 
also may be expected to have high productivity in periods of transition from cold regimes to warm regimes, when 
young of large predatory species of fish are numerous enough to provide forage.  The OCH predicts that the ability 
of large predatory fish populations to sustain fishing pressure will vary between warm and cold regimes.  The OCH 
points to the importance of the timing of ice retreat and water temperatures during the spring bloom for the productiv-
ity of zooplankton, and the degree and direction of coupling between zooplankton and forage fish. Forage fish (e.g., 
juvenile pollock, capelin, Pacific herring (Clupea pallasii)) are key prey for adult pollock and other apex predators.  
In the southeastern Bering Sea, important changes in the biota since the mid-1970s include a marked increase in the 
biomass of large piscivorous fish and a concurrent decline in the biomass of forage fish, including age-1 walleye 
pollock, particularly over the southern portion of the shelf.  Populations of northern fur seals (Callorhinus ursinus) 
and seabirds such as kittiwakes (Rissa spp.) at the Pribilof Islands have declined, most probably in response to a di-
minished prey base.  The available evidence suggests that these changes are unlikely the result of a decrease in total 
annual new primary production, though the possibility of reduced post-bloom production during summer remains.  
An ecosystem approach to management of the Bering Sea and its fisheries is of great importance if all of the ecosys-
tem components valued by society are to thrive.  Cognizance of how climate regimes may alter relationships within 
this ecosystem will facilitate reaching that goal.

Hur, Y.H., C.S. Lee, et al.  2004.  Preliminary results on the long-term changes of return season and some biological 
characteristics of chum salmon (Oncorhynchus keta) in relation to the environmental factors in Namdae-cheon, eastern 
area of Korea.  N. Pac. Anadr. Fish Comm. Doc. 830.  6 pp.  (Available at www.npafc.org).

The season to return home stream of chum salmon for spawning have become earlier as years go.  Main returning 
season of chum salmon were in mid-November in 1980s, in early November in 1990s and in late October in 2000s.  
Return season did not show significantly related to water temperature in the coastal area and river.  However ex-
tremely cold year as 2002 delayed the return season and advanced warm year as 1990.  The return rate was less than 
0.4% for the broods released in 1984 to 1986.  And fluctuated from 1.0 to 1.5% for those released in 1987–1995, 
and dropped to 0.7% for that released in 1996 and further dropped to 0.1% that for 1997.  For those released in 
1998–2000 was 0.2~0.3%.  The Number of released fingerings was very high during 1997-1999, the return rate for 
those broods were very low.  Water temperature for April to June during 1997 to 1999 was higher to 1–3°C compared 
to mean temperature.  The biomass of zooplankton during April and June shows increasing trends.  The proportion of 
female for the returned adults in Namdae-cheon ranged 34–43% for the late 1980s and increased to 45–55% in 1990s 
and 2000s except 2001.  For the group by returning season, the proportion of female was lower in earlier returning 
groups and it has become increased in late returning group.  Age compositions of returned chum salmon for spawning 
to Namdae-cheon are from 2 to 5 years old with the main age groups are 3 and 4.  However, for female in late 1980s 
the proportions of age 3 and 4 groups were about the same, however, in 1990s and 2000s the age 4 group became 
dominant.  Mean fork length of female for age 3 has tendency to be smaller from 1985 to 1998.  However, for male 
showed increasing trend since 1990. In 1980s the length of female was larger than male, though, in late 1990s there 
are not different between sexes for both age groups.

Hyatt, K.D., M.M. Stockwell, et al.  2003.  Impact and adaptation responses of Okanagan River sockeye salmon (On-
corhynchus nerka) to climate variation and change effects during freshwater migration: stock restoration and fisheries 
management implications.  Can. Water Res. J. 28: 689–713.

We summarized existing knowledge on behavioural and physiological responses of Okanagan sockeye salmon (O. 
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nerka) adults to annual and seasonal variations in aquatic thermal regimes during migration.  This enabled us to 
identify an underlying set of ’decision rules’ as a biophysical model of how temperature mediates en-route delays 
as a specific element of annual migrations by sockeye salmon.  Several sets of results indicate that adult sockeye 
migrations stop as seasonal water temperatures increase and exceed 21°C and then restart when temperatures de-
crease and fall below 21°C.  Model predictions of annual variations in the duration of migratory delay exhibited 
close agreement with independent estimates of observed delays available from a subset of years (predicted delay = 
1.23 observed delay + 2.08, r2 = 0.92, p < 0.001, n = 10).  We applied the model in a retrospective analysis of the 
likely impacts of climate variation and change events on adult sockeye migrations in freshwater over the 70 plus 
year interval between 1924 and 1998.  Results indicate that migration delays for a significant portion of the sockeye 
population averaged 29 days per year (range 0–55).  Average annual migration delays roughly equal the 33 day esti-
mate of time required, given continuous migration, to traverse the 986 km distance from the Columbia River mouth 
to terminal spawning grounds near Osoyoos Lake, BC.  Alternating intervals of above-average and below-average 
migration delays corresponded closely with ’warm-phase’ and then ’cold-phase’ periods of the Pacific Interdecadal 
Oscillation.  Circumstantial evidence suggests alternating periods of sub-average and above-average productivity for 
salmon on the southern end of their range are linked to climate variation and change events in both freshwater and 
marine environments. Climate impact and adaptation responses that register first at the level of salmon, propagate 
rapidly through both salmon resource users and fisheries managers.  Consequently, future climate warming episodes 
will complicate the manageability and threaten the sustainability of many salmon populations in the southern end of 
their range (Georgia Basin and the Pacific Northwest).  This requires strategies that minimize the impact of uncertain 
climate variability and change scenarios on the resilience of the salmon resource, and maximize our adaptive capac-
ity for both short- and long-term fisheries planning and management decisions.

Hyun, S.-Y., K.W. Myers, et al.  2007.  Year-to-year variability in ocean recovery rate of Columbia River Upriver 
Bright fall Chinook salmon (Oncorhynchus tshawytcha).  Fish. Oceanogr. 16(4): 350–362.

Unusually large returns of several stocks of fall Chinook salmon (Oncorhynchus tshawytscha) from the U.S. North-
west commonly occurred during the late 1980s.  These synchronous events seem to have been due to ocean rather 
than freshwater conditions because natal rivers of these stocks were geographically disconnected.  We examined 
year-to-year variability in cohort strength of one of these stocks, Upriver Bright (URB) fall Chinook salmon from the 
Columbia River Hanford Reach for brood years 1976–99 (recovery years 1979–2002).  We used the ocean recovery 
rate of coded-wire-tag (CWT) fish as an index of cohort strength.  To analyse year-to-year variability in the ocean 
recovery rate, we applied a log-linear model whose candidate explanatory variables were ocean condition variables, 
fishing effort, age of recovered fish, and fish rearing type (hatchery versus wild).  Explanatory variables in the best 
model included fishing effort, and the quadratic term of winter sea surface temperature (SST) measured from coastal 
waters of British Columbia, Canada during the fish’s first ocean year.  The coefficient of the quadratic term of SST 
was significantly negative, so the model shape was convex.  Our findings can be used to infer year-to-year variability 
in cohort strength of other fall Chinook salmon whose life history and ocean distributions are similar to the URB 
fish.

Ingraham, W.J., Jr., C.C. Ebbesmeyer, et al.  1999.  Imminent climate change and circulation shift in Northeast Pacific 
Ocean could have major impact on marine resources.  Eos Trans. Am. Geophys. Union 79: 197–201.

Irvine, J., and B. Riddell.  2007.  Salmon as status indicators for North Pacific ecosystems.  N. Pac. Anadr. Fish Comm. 
Bull. 4: 285–287.  (Available at www.npafc.org).

A new system of salmon status categorization will provide useful indicators of ocean conditions and climate vari-
ability in the North Pacific Ocean.  Under Canada’s new Wild Salmon Policy, biological status will be assessed and 
categorized for a few hundred largely independent lineages of Chinook, sockeye, coho, chum, and pink salmon.  
Changes to the status of these Conservation Units, information regarding their oceanic distribution, and biologi-
cal characteristics of fish returning to fresh water to spawn will be linked to the status of marine ecosystems.  Data 
from short-lived species like pink salmon will inform the management of longer-lived species, including fish other 
than salmon. Each Conservation Unit will be categorized into one of three status zones based on the abundance and 
distribution of spawners or proxies thereof.  Intensive studies of salmon returning to selected streams will determine 
the relative importance of factors operating in fresh versus oceanic waters and the role of natural vs. anthropogenic 
factors (e.g. fishing) on Conservation Unit status.  These types of information collectively should provide important 
clues to marine health and carrying capacity. Things should also work the other way—ecosystem data (including 
oceanographic) will aid in the management of salmon and other marine species.
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Irvine, J.R., E. Linn, et al.  2009.  Pacific salmon in Canada’s Arctic draining rivers, with emphasis on those in British 
Columbia and the Yukon.  Pacific Fisheries Respurce Conservation Council, 290-858 Beatty Street, Vancouver, BC 
V6B 1C1.  23 pp.  (Available at http://www.fish.bc.ca/files/R-59_StockStatusArcticSalmon2009.pdf).

This report is one of several published by the Pacific Fisheries Resource Conservation Council that describe the 
salmon resources of areas within British Columbia and the Yukon (i.e., Fisheries and Oceans Canada (DFO) Pacific 
Region).  Our primary objective is to document what is known of Pacific salmon within DFO Pacific Region Arctic 
draining rivers.  There appear to be only two such river systems with Pacific salmon: the Peel River that originates 
within the Yukon, flows past the community of Fort McPherson in the Northwest Territories before joining the lower 
Mackenzie, and the Liard River that also originates within the Yukon, skirts along the northern BC border and then 
flows northeast through the Northwest Territories before entering the Mackenzie River at Fort Simpson.  We focus 
on providing information on salmon from the Liard watershed, since little of this information has been published, 
and because there is little known of salmon in the Peel. To put this information in context, we also summarise salmon 
information from other rivers in the Mackenzie River watershed.  We conclude by briefly speculating how salmon in 
Arctic draining rivers may be impacted by climate change.  All five species of Pacific salmon have been documented 
within the Mackenzie River watershed but there is general consensus that only chum regularly return to successfully 
spawn in the watershed.  Chum are widely distributed in the Arctic, and have been recorded in various locations for 
more than 125 years.  Pink salmon have been reported less frequently than chum, and in smaller numbers.  Small 
catches of sockeye, Chinook and coho salmon have all been recorded occasionally.  Chum salmon are frequently 
caught in the Peel River, and pink salmon, less frequently.  Chum have been caught in that portion of the river within 
the Yukon, as well as downstream within the Northwest Territories.  The Peel River flowed into the Porcupine River 
(tributary of the Yukon River) and vice versa during or following recent glaciations, resulting in a two way transfer 
of fish species between the two systems. Interestingly, Peel River chum salmon are genetically more closely associ-
ated with Alaskan and some Russian populations than with Yukon River chum.  Intensive fishery surveys in the Liard 
River watershed during 1978–1980 documented modest runs of chum salmon during the falls of 1979 and 1980.  
One Chinook salmon was also caught. Adult chum salmon were captured each year from late September until early 
November.  Radio-tagging results demonstrated that these fish ascended as far as the Grand Canyon of the Liard 
River ~540 km upstream of where the Liard joins with the Mackenzie, about 2000 km upstream of the mouth of the 
Mackenzie.  Mark recapture and expanded catch per effort data generated spawning escapement estimates of several 
hundred fish each year, but these underestimate the actual run since chum were still entering the study area when 
ice conditions necessitated the termination of field studies.  Efforts to capture chum in subsequent years have been 
largely unsuccessful, but this may be due to the major sampling challenges encountered when trying to catch salmon 
in a large and remote northern river.  Chum salmon captured at the two primary study sites in the Liard River ranged 
between 55 and 78 cm fork length and 2000 and 6200 g.  Four year old fish predominated, with some three and five 
year old fish also caught.  Sizes and ages of Liard chum were not significantly different from chum caught in the up-
per Yukon River.  We predict that with climate change, numbers of chum salmon in the Canadian Arctic will increase 
and pink salmon will eventually successfully colonise the Mackenzie watershed and regularly spawn.  We do not 
foresee regular use of the watershed by coho, Chinook or sockeye salmon, at least in the immediate future.  Over-
wintering habitat in fresh water will continue to hamper the survival of early life history stages of these three species, 
although increasing groundwater input may work to their favour.  However, the main limiting factor for all species 
may be the winter marine environment.  Regular monitoring is needed to track changes in salmon abundance and 
future colonization; we also recommend additional genetic analyses of tissue samples from chum and other salmon 
species to help understand patterns of relatedness and which species and populations may be natal to the area.

Irvine, J.R., R.W. Macdonald, et al.  2009. Salmon in the Arctic and how they avoid lethal low temperatures.  N. Pac. 
Anadr. Fish Comm. Bull. 5: 39–50.  (Available at www.npafc.org).

With climate change, scientists and others are interested in the future of Pacific salmon in the Arctic.  Chum, pink, 
sockeye, coho, and Chinook salmon have been encountered in the Beaufort Sea, well within Canadian Arctic waters.  
Chum is the only salmon species regarded as natal to the Mackenzie River watershed, although both pink and chum 
salmon appear to be natal to Alaska’s North Slope rivers.  It is not possible to say whether apparent recent increases 
in the frequency of occurrence of salmonids in the Arctic is an effect of climate change, but it appears there are either 
increases in the survival of natal fish from the Mackenzie, or in the wandering of non-natal fish to the Mackenzie, or 
both.  We propose three hypotheses to explain how chum salmon survive cold marine winter conditions, and thereby 
persist in the North American Arctic: (1) Bering Sea Refuge—young salmon migrate to the Bering Sea and Gulf 
of Alaska where they remain until they are ready to return to spawn; (2) Atlantic Layer Beaufort Refuge—salmon 
remain in the Beaufort Sea, wintering offshore deep under pack ice; and (3) Freshwater Beaufort Refuge—salmon 
remain in the Beaufort Sea region, wintering in the brackish, under-ice Mackenzie River plume or in fresh water 
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adjacent to the Beaufort Sea. As a preliminary test of these hypotheses, we examined the strontium-to-calcium ratios 
(Sr:Ca) of otoliths from chum salmon from the Colville (Alaska’s North Slope) and Tanana (Yukon River drainage) 
rivers.  Yukon River chum salmon were assumed to reside in the Gulf of Alaska and the Bering Sea.  Otolith Sr:Ca 
ratios were similar between rivers, implying that fish from each group lived in similar environments, but also ex-
hibited significant fluctuations often associated with migrations between freshwater and marine environments.  Age 
compositions and sizes of adult chum salmon from the upper Mackenzie River watershed did not differ from chum 
from a Yukon River tributary.  We are not able to refute any of our hypotheses, but the most parsimonious explanation 
is that arctic chum salmon live in the North Pacific for most of their marine life, rather than in the Beaufort Sea re-
gion.  Because of the long distance to migrate between the mouth of the Mackenzie and the North Pacific Ocean, we 
suggest salmon may spend their first winter deep within the Beaufort Sea (i.e., a combination of Hypotheses 1 and 2).  
Additional elemental and isotopic signature measurements will enable a more thorough testing of these hypotheses, 
allow us to understand how chum salmon survive cold winter conditions, and thereby better predict potential climate 
change effects on salmon in the Arctic.

ISAB.  2007.  Climate change impacts on Columbia River basin fish and wildlife.  Independant Scientific Advisory 
Board, National Marine Fisheries Service, Portland, Oregon.  136 pp.  (Available at http://www.nwcouncil.org/library/
isab/ISAB%202007-2%20Climate%20Change.pdf).

There is compelling scientific evidence that we are living in a time of rapid, world-wide climate change.  A recent 
report from the International Panel on Climate Change (IPCC 2007) illustrates the broad consensus among the sci-
entific community about changes to the global climate.  Climate changes include temperature, winds, rainfall, snow, 
ocean currents, and the interactions among these.  Alterations in climatically driven processes will impact aquatic 
and terrestrial habitats in the Columbia Basin and the marine environments used by anadromous fishes from the 
basin.  The resultant changes in habitat distribution and quality will affect most of the fish and wildlife populations 
in the basin.  The influence changing climate can have on the growth, survival, recruitment, and migration patterns 
of Columbia River salmon is amply demonstrated by the dramatic response of populations coast-wide to annual and 
decadal variations in climate and ocean conditions.  Wild fire and severe insect outbreaks are both likely to increase 
in response to climate warming; both of these processes can fundamentally alter fish and wildlife habitats over large 
areas.  Nonetheless, the impacts of climate change are rarely incorporated into natural resource planning in the Co-
lumbia Basin, despite the direction in the subbasin planning documentation that this issue be considered.  Generally, 
the Council’s fish and wildlife program and the NOAA Fisheries recovery strategies do not consider the impacts of 
climate change and implicitly assume stable conditions.  However, the changes in regional snow pack, stream flows, 
and temperature in the Columbia Basin that are projected by most climate models could have a profound impact 
on the success of restoration efforts and the status of Columbia River fish and wildlife populations.  Some previous 
ISAB reports have touched on the subject of climate change.  A section on climate and ocean change was included in 
the harvest report (ISAB 2005) and the tributary habitat report provided a brief discussion of climate change impacts 
on freshwater habitat (ISAB 2003).  The treatment of this subject was superficial in these reports and a significant 
amount of recent scientific effort has been dedicated to better understanding the mechanics of climate change and 
the potential impacts.  This report provides a much more thorough examination of the issue.  In this report we review 
the basic physics of the natural greenhouse effect, the role of past, present, and future human actions in altering the 
natural greenhouse effect, and how the resultant climate changes may affect the Columbia Basin.  The potential 
impacts of these predicted climate changes on the aquatic ecosystems utilized by Columbia River salmon and other 
cool-water species and effects on the productivity of the salmon populations are explored, as are potential impacts 
on terrestrial ecosystems.  Finally, we offer some suggestions as to how climate change might be incorporated into 
plans for ecosystem restoration and salmon recovery in the Columbia Basin and indicate some possible mitigation 
measures.  Much of the vocabulary that has evolved around the climate change issue is specialized to this field.  
Therefore, a glossary has been provided (Appendix A) that defines many of the technical terms used in this report.

Ishida, Y., T. Azumaya, et al.  2002.  Interannual variability in stock abundance and body size of Pacific salmon in the 
central Bering Sea.  Prog. Oceanogr. 55(1–2): 223–234.

Variability in catch-per-unit-effort (CPUE) and mean body size was examined for pink, chum and sockeye salmon 
collected with research gillnets in the central Bering Sea in July from 1972 to 2000.  The CPUEs for all three species 
showed significant increasing trends, but with large interannual variability.  The CPUE of pink salmon was higher 
in odd years than in even years, and abruptly increased in the odd years post-1989.  Chum salmon also showed odd/
even year fluctuations, which were out-of-phase with those of pink salmon.  Sockeye salmon showed no biennial 
such fluctuations.  The CPUEs of chum and sockeye salmon were higher during 1979–1984 and 1992–1998, but 
lower during 1985–1991, especially for younger age group such as ocean age 2 and 3.  Data for sea surface tempera-
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ture (SST) and abundances of chum and sockeye salmon during four periods (1972–1976, 1977–1984, 1985–1990, 
and 1991–2000) indicated a portion of chum and sockeye salmon were distributed in the northern Gulf of Alaska in 
1985-1990, when SST in the Gulf of Alaska was low.  However, the fish were more abundant in the Bering Sea in 
1977–1984 and 1991–2000 when SST was relatively high in the Gulf of Alaska.  Body size of pink salmon showed 
a significant decreasing trend.  Chum and sockeye salmon also showed significant decreasing trends in body size at 
ocean age 3 and older ages, but not at ocean age 2.  Significant negative relationships between CPUE and body size 
were found within species.  No significant correlations were found between an Aleutian low pressure index (ALPI) 
with CPUE and body size, but the increases in CPUE around the late 1970s and early 1990s may be partly be the 
result of shifts in the distributions of chum and sockeye salmon caused by SST changes related to the regime shift in 
1977 and 1989 identified by the ALPI.

Ishida, Y., T. Azumaya, et al.  2001.  Interannual variability in stock abundance and body size of Pacific salmon in the 
central Bering Sea.  N. Pac. Anadr. Fish Comm. Doc. 549.  12 pp.  (Available at www.npafc.org).

Variability in catch-per-unit-effort (CPUE) and mean body size was examined for pink, chum and sockeye salmon 
collected with research gillnets in the central Bering Sea in July from 1972 to 2000.  CPUEs of three species showed 
significant increasing trends with large interannual variability.  CPUE of pink salmon was higher in odd years than in 
even years, and abruptly increased in odd years from 1989.  CPUEs of chum and sockeye salmon were higher during 
1979–1984 and 1992–1998, but lower during 1985–1991.  Chum salmon also showed odd/even year fluctuations, 
which was out of phase with pink salmon, but sockeye salmon did not show such fluctuations.  In body size, pink 
salmon showed a significant decreasing trend, and chum and sockeye salmon also showed significant decreasing 
trends at ocean age 3 and older ages, but not at ocean age 2.  Significant negative relationships between CPUE and 
body size were found within species.  No correlation was found between an Aleutian Low Pressure index (ALPI) and 
CPUE or body size, but the increases in CPUE around the late 1970s and early 1990s may relate to the regime shift 
in 1977 and 1989 identified by the ALPI.

Ishida, Y., T. Azumaya, et al.  1998.  What happened to Pacific salmon in the North Pacific Ocean during the years of 
an El Niño event?  N. Pac. Anadr. Fish Comm. Tech. Rep. 1: 4–5.  (Available at www.npafc.org).

In the spring of 1997, a strong El Niño event occurred and extremely high sea surface temperatures (SSTs) were 
observed in the Gulf of Alaska and Bering Sea during the salmon surveys in summer in the North Pacific Ocean.  In 
this study, (1) SST and relative abundance of Pacific salmon in 1997 were compared between the El Niño and normal 
years on the basis of data collected by salmon research vessels in offshore waters from 1991 to 1997, and (2) an 
index of survival rate of pink salmon calculated from coastal catch data in Japan, Russia, Alaska, and Canada was 
examined for the period 1980–1997, which had four El Niño events and one La Niña event.

Ishida, Y., T. Azumaya, et al.  1998.  Stock abundance and fish size of Pacific salmon in the North Pacific Ocean, 1998.  
N. Pac. Anadr. Fish Comm. Doc. 323.  25 pp.  (Available at www.npafc.org).

This document summarizes the results of salmon stock assessment research conducted by Japan in 1998.  Mean sea 
surface temperatures, stock abundance and body size of salmonids in 1998 are compared to those from 1991 to 1997.  
Four Japanese salmon research vessels (Oshoro maru, Hokusei maru, Hokko maru, and Wakatake maru) conducted 
oceanographic observations, 75 gillnets fishing operations (3,332tan) and 44 longline fishing operations (997 hachi) 
in the western and eastern North Pacific, and Bering Sea from June to August 1998.  Mean sea surface temperature 
in 1998 was 11.4°C in the western North Pacific, 7.51°C in the Bering Sea, and 9.97°C in the eastern North Pacific, 
which was comparable with the previous seven-year means.  A total of 18,315 salmonids were caught by fishing op-
erations, including 8,579 chum (47%), 4, 918 pink (27%), 2,179 sockeye (12%), 1,849 coho (10%) and 473 Chinook 
(3%) salmon, and 231 steelhead trout (1%) and 86 Dolly Varden (0.5%).  Sockeye salmon abundance in 1998 was 
42% higher in the western North Pacific, 13 % lower in the Being Sea, and 6% higher in the eastern North Pacific 
than the past seven-year means.  Chum salmon abundance was 11%, 31%, and 54% higher in the respective areas.  
Pink salmon abundance was 45% higher in the western North Pacific, 46% lower in the Bering sea, and more than 
two times higher in the eastern North Pacific.  Compared to the past even-year means in the western and eastern 
North Pacific.  Chinook salmon in the Bering sea was very high and about eight times of the past mean.  Steelhead 
trout abundance was 58% and 89% higher in the western and eastern North Pacific compared to the past means.  As 
a whole, stock abundance of Pacific salmon in 1998 was higher than the past mean.  Body size of ocean age-1 sock-
eye in the eastern North Pacific was smaller than those in the past years.  Body sizes of ocean age-2 immature chum 
salmon in the western North Pacific and Bering Sea were smaller than the past means.  Also ocean age03 immature 
chum salmon in the western North Pacific was smaller than those in the past.  Body sizes of pink were smaller in the 
western North Pacific and Bering Sea compared to past means.  Body size of coho in the western North Pacific was 
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smaller like in 1997, but body size in the eastern North Pacific was larger than the past mean.  The reduction in body 
size of ocean age-2 chum and pink salmon in the western North Pacific and Bering Sea suggest that growth condi-
tions in these areas in 1998 were not so good compared to those of past years.

Ishida, Y., T. Hariu, et al.  2001.  Archeological evidence of Pacific salmon distribution in northern Japan and implica-
tions for future global warming.  Prog. Oceanogr. 49(1–4): 539–550.

Archeological evidence of Pacific salmon in Hokkaido is reviewed and compared with results from western North 
America. Salmon remains have been found at 24 sites in Hokkaido from the Early Jomon Period to the Ainu Period 
(6000–100 years ago).  Fish remains at three archeological sites in the Kushiro River basin indicated that Pacific 
salmon (Oncorhynchus spp.) were distributed and utilized from 6000 years ago.  The present Kushiro Wetland was 
formerly covered with seawater and called the Paleo Kushiro Bay 5000–6000 years ago.  Based on the molluscan 
fossil fauna, seawater temperature at Paleo Kushiro Bay was about 5°C warmer than at present.  Warmer conditions 
for salmon in Kushiro 5000–6000 years ago corresponded with the poor conditions for salmon in the Columbia River 
basin 6000–7000 years ago.  If the future global warming is similar to the conditions that prevailed 5000-6000 years 
ago, the southern limit of salmon distribution will shift northwards and the salmon production will decrease.  How-
ever, they will not disappear from either Hokkaido or southwestern North America.

Ishida, Y., S. Ito, et al.  1993.  Recent changes in age and size of chum salmon (Oncorhynchus keta) in the North Pacific 
Ocean and possible causes.  Can. J. Fish. Aquat. Sci. 50: 290–295.

Changes in age composition and size of adult chum salmon (Oncorhynchus keta) from rivers in Japan, Russia and 
Canada were examined based on body weight and scale measurement data collected from 1953 to 1988.  A signifi-
cant increase in mean age was found in Japanese and Russian stocks after 19769 when the number of Japanese chum 
salmon began to increase exponentially, but not in the Canadian stock.  Significant decreases in mean body weight, 
mean scale radius, and mean width of the third-year zones of age 4 chum salmon also occurred in Japanese and Rus-
sian stocks after 1970.  Based on the Japanese salmon research vessel data from 1972 to 1988, significant negative 
relationships between catch-per-unit-effort and mean body weight of chum salmon were observed in summer in the 
central North Pacific Ocean where the distribution of Japanese and Russian stocks overlaps.  These results suggest 
that density dependence is one of the possible causes for the recent changes in age and sine of churn salmon in the 
North Pacific Ocean.

Ishida, Y., S. Ito, et al.  1998.  Seasonal growth patterns of Pacific salmon (Oncorhynchus spp.) in offshore waters of the 
North Pacific Ocean.  N. Pac. Anadr. Fish Comm. Bull. 1: 66–80.  (Available at www.npafc.org).

Seasonal growth patterns of Pacific salmon (Oncorhynchus spp.) in the North Pacific Ocean were explored using 
biological data collections from the Japanese salmon research programs . Seasonal change in fork length and body 
weight was a similar between sockeye and chum salmon, and between pink and coho salmon.  Seasonal change in 
condition factors was very similar among the five species, that is, condition factors increased in spring, peaked in 
summer, decreased in fall, and were lowest in winter.  Average growth rate in weight during maturing stage was 
significantly higher than that in immature stage for sockeye, pink, and coho salmon.  For chum salmon, there was no 
significant difference in growth rate between immature and maturing fish, but the growth rate of immature fish was 
higher than those species, especially at age 0.2.  Growth rates during life stages when density-dependant growth may 
occur are higher than those in other life stages.  We can hypothesize that higher growth rates require greater demands 
for food intake, which may lead to density-dependant growth during these rapid-growth seasons if prey resources 
are limited.

Ishida, Y., Y. Ueno, et al.  2000.  Review of ocean salmon research by Japan from 1991 to 1998.  N. Pac. Anadr. Fish 
Comm. Bull. 2: 191–201.  (Available at www.npafc.org).

Scientists of the National Research Institute of Far Seas Fisheries, Shimizu, Japan, conducted various surveys on 
Pacific salmon (Oncorhynchus spp.) in the northern North Pacific Ocean and adjacent seas from 1991 to 1998.  The 
major results are summarized as follows: 1) chum salmon (O. keta) juveniles originating in Japan occurred in the 
Okhotsk Sea in summer and migrated into the western North Pacific from fall to winter; 2) growth variation of Pa-
cific salmon was due to both intra-and inter-specific density dependant effects; 3) the abundances of phytoplankton, 
zooplankton, and Pacific salmon (especially pink salmon O. gorbuscha) which varied both temporally and spatially 
in offshore waters were related to each other, suggesting a top-down control of production; 4) salmon sharks (Lamna 
ditropis) caused a high ocean mortality of Pacific salmon; 5) there was a positive relationship between summer off-
shore catches of chum and sockeye salmon (O. nerka) and their coastal returns, which suggests a possible method 
o (Available at http://www.npafc.org) f forecasting salmon returns; and 6) Pacific salmon were distributed in lower 
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temperature waters and may be adapted to lower food resources in winter. Issues for future salmon research are 
discussed.

Ishida, Y., D.W. Welch, et al.  1995.  Potential influence of North Pacific sea-surface temperatures on increased produc-
tion of chum salmon (Oncorhynchus keta) from Japan.  In Climate change and northern fish populations.  Edited by R. 
Beamish.  Can. Spec. Publ. Fish. Aquat. Sci. 121: 271-275.

We examined the potential influence of changes in sea-surface temperature (SST) in the North Pacific Ocean on Japa-
nese chum salmon (Oncorhynchus keta) adult returns and growth rates.  SST near the Kuril Islands in July and SST 
in the central North Pacific in winter and spring showed significant decreasing trends from 1947 to 1988.  Average 
return rate after the mid-1960s was higher than that occurring before the mid-1960s, when most juveniles were not 
fed prior to release.  Return rate was negatively correlated with SST near the Kuril Islands and in the central North 
Pacific after the mid-1960s, but not before.  Growth was positively correlated with spring SST in the central North 
Pacific.  The present results and previously reported negative correlations between growth and fish density suggest 
that chum salmon production is enhanced in Japan by hatchery technology but that yields have been reduced by de-
clining growth rates caused by decreasing SST and increasing fish density in the central North Pacific.

Ishida, Y., A. Yamada, et al.  2009.  Salmon distribution in northern Japan during the Jomon Period, 2,000–8,000 years 
ago, and its implications for future global warming.  N. Pac. Anadr. Fish Comm. Bull. 5: 287–292.  (Available at www.
npafc.org).

In Japan, the present southern limit for main chum salmon spawning is the Tone River in Chiba Prefecture on the 
Pacific side and the Tedori River in Ishikawa Prefecture on the Japan Sea side (about 36° North) of the Island of 
Honshu in Japan.  Historic chum salmon distributions along the coast of the Tohoku Region, from Aomori to Fuku-
shima Prefecture on the Pacific side, were examined based on archeological evidence dating to the Jomon Period, 
8,000–2,000 years ago.  The oldest salmon remains were found in the northern part of the Tohoku Region, such as in 
Hachinohe, from the Initial Jomon Period (8,000–6,000 years ago).  Salmon remains were found in Miyako from the 
Early Jomon Period (6,000–5,000 years ago), in Oofunato from the Middle Jomon Period (5,000–4,000 years ago), 
in Rikuzentakada from the Late Jomon (4,000–3,000 years ago), and Naruse in Sendai Bay from the Final Jomon 
(3,000–2,000 years ago).  These shifts of salmon remains from north to south appear to reflect a change in salmon 
distribution coincident with decreasing temperatures after the Jomon Marine Transgression peaked 6,000 years ago.  
Based on these observations of the past, we expect that global warming will reduce salmon production in Japan, if 
sea surface temperatures rise again.  If so, then managers and scientists should start searching for adaptive measures 
now to mitigate future global warming.  Such mitigation might include focusing on stock enhancement with late-run 
stocks, allowing more natural spawning, a greater emphasis on hatchery feeding programs, and adaptively changing 
the number of juvenile salmon released from hatcheries.

Jahncke, J., B.L. Saenz, et al.  2008.  Ecosystem responses to short-term climate variability in the Gulf of the Faral-
lones, California.  Prog. Oceanogr. 77(2–3): 182–193.

We conducted an integrated study from physics to upper trophic-level predators in the Gulf of the Farallones, Cali-
fornia.  We hypothesized that decreased zooplankton abundance for upper trophic-level predators in the Gulf of the 
Farallones during 2004 and 2005 was a response to reduced upwelling-favorable winds and primary production.  
Based on their trophic ecology, we hypothesized that planktivorous auklets and omnivorous murres will show differ-
ential responses to upwelling variability.  We examined these hypotheses by analyzing time series on oceanographic 
variables associated to upwelling and the biological responses at low, mid and high trophic-levels. We found that 
reduced upwelling-favorable wind was correlated with anomalously high SST and low chlorophyll a concentration 
from July 2004 to August 2005.  During 2005, low chlorophyll concentrations were related to reduced krill abun-
dance in the upper water column and decreased seabird abundance in the vicinity of the breeding colony in the study 
area.  Decreased krill abundance was associated with late timing of nesting and reduced breeding success, with auk-
lets showing a more pronounced response.  This study shows how short-term climate variability can affect primary 
through tertiary productivity, and supports an interpretation of “bottom-up” control of ecosystem dynamics.

Johnson, G.E., D.A. Neitzel, et al.  1996.  Proceedings from a workshop on ecological carrying capacity of salmonids 
in the columbia river basin: measure 7.1a of the northwest power planning council’s 1994 fish and wildlife program. 
Report 3 of 4 final report, U. S. Department of Energy, Bonneville Power Administration, Environment, Fish and 
Wildlife. 

This report is one of four that the Pacific Northwest National Laboratory (PNNL) staff prepared to address Measure 
7.1 A in the Northwest Power Planning Council’s (Council) Fish and Wildlife Program (Program) dated December 
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1994 (NPPC 1994). Measure 7.1 A calls for the Bonneville Power Administration (BPA) to fund an evaluation of 
salmon survival, ecology, carrying capacity, and limiting factors in freshwater, estuarine, and marine habitats.  Ad-
ditionally, the Measure asks for development of a study plan based on critical uncertainties and research needs iden-
tified during the evaluation.  This report presents the proceedings of a workshop that was held in Portland, Oregon 
during September 6 and 7,1995.  Ten experts in the field of carrying capacity discussed the definitions of carrying 
capacity, the determinants of carrying capacity, the research needs to increase the region’s understanding of the ecol-
ogy, carrying capacity, and limiting factors of salmon.  The report ends with conclusions and recommendations for 
studying carrying capacity.

Johnson, S.L.  1988.  The effects of the 1983 El Niño on Oregon’s coho (Oncorhynchus kisutch) and Chinook (O. tshaw-
ytscha) salmon.  Fish. Res. 6(2): 105–123.

The 1983 El Niño event off the Pacific Coast of North America resulted in increased adult mortality and decreased 
average size for Oregon’s coho and Chinook salmon.  Actual return of adult coho salmon to the Oregon Production 
Area in 1983 was only 42% of the pre-season prediction.  Coho smolts entering the ocean in the spring of 1983 also 
survived poorly, resulting in low adult returns again in 1984.  Abundance of Chinook stocks in southern Oregon was 
also reduced, as was abundance of Columbia River Chinook stocks that show localized ocean distribution.  Northerly 
migrating Chinook stocks from the Columbia River showed little or no decline in abundance.  The average weight 
of coho and Chinook salmon landed in 1983 by Oregon’s commercial troll fishery was the lowest recorded since 
statistics were first recorded in 1952.  Comparison of the length-weight relationship for these fish indicated coho and 
Chinook were in poorer condition in 1983 than in non-El Niño years.  Because adult coho salmon returned to hatch-
eries at a smaller size, the fecundity (eggs per female) in 1983 was reduced from the 1978–1982 average by 24% at 
coastal hatcheries and by 27% at Columbia River hatcheries.  The fecundity of Chinook salmon was unchanged at 
most hatcheries.

Jones, S.A., B. Fischhoff, et al.  1999.  Evaluating the science-policy interface for climate change research.  Clim. 
Chang. 43: 581–599.

We propose a general method for evaluating, and possibly improving, the interface between scientific research and 
policy-making institutions.  The method considers the adequacy of both institutional structures for incorporating 
research, and research for addressing institutional needs.  It involves both interviews (with policy makers and sci-
entists) and formal analyses of the links between the research and the decisions described in the interviews.  A case 
study applies the method in analyzing the usefulness of climate change research for managing salmon runs in the 
Pacific Northwest.  It shows these policy makers to be receptive to the research, which is, in principle, relevant to 
them.  However, they are unable to use it because the research is not currently formulated in ways compatible with 
current decisionmaking models.  For their part, these models are not comprehensive enough to capture the full range 
of potentially relevant environmental forcers, including climate change.

Kaeriyama, M.  1996.  Effects of population density and habitat environment on life history strategy and migration of 
juvenile sockeye (Oncorhynchus nerka) and chum salmon (O. keta).  Sci. Rep. Hokkaido Salmon Hatchery 50: 101–111.  
(Available at http://salmon.fra.affrc.go.jp/kankobutu/srhsh/data/srhsh371.pdf).

Life histories of juvenile sockeye (Oncorhynchus nerka) and chum salmon (O.keta) show a conditional strategy 
which have two tactics of residence and migration.  They usually remain in lakc and river if they can sufficiently 
obtain their resources such as food and habitat, whereas salmon migrate seaward when they do not have enough those 
resources satisfying their energy metabolism.  Their migration pattern, controlled by effects of “prior residence” and 
“precedent migration”, may involve a trade-off between the profitability of resource acquisition and risks such as 
osmoregulation, energetic demands of swimming, exposure to predators, and mobilization to non-adaptable habitat 
by water current.

Kaeriyama, M.  1996.  Life history strategy and migration pattern of juvenile sockeye and chum salmon.  N. Pac. An-
adr. Fish Comm. Doc. 209.  7 pp.  (Available at www.npafc.org).

Life histories of juvenile sockey and chum salmon show a conditional strategy which have two tactics of residence 
and migration.  They usually remain in lake and river if they can sufficiently obtain their resouces such as food and 
habitiat, whereas salmon migrate seaward when they do not have enough of those resources satisfying their energy 
metabolism.  Their migration pattern, controlled by effects of “prior residence” and “precedent migration”, would be 
determined as trade-off between the profitability of resource acquision and risks such as osmoregulation, energetic 
demands of swimming, exposure to predators, and mobilization to non-adaptable habitat by water current.
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Kaeriyama, M.  2003.  Evaluation of the carrying capacity of Pacific salmon in the North Pacific Ocean for ecosystem 
based sustainable conservation management.  N. Pac. Anadr. Fish Comm. Tech. Rep. 5: 1–4.  (Available at www.npafc.
org).

The change in biomass of Pacific salmon (Oncorhynchus spp.) indicates a 30- or 40-year periodicity in the North 
Pacific Ocean coinciding with long-term climate conditions.  I estimated the carrying capacity (K) of sockeye (O. 
nerka), chum (O. keta), and pink salmon (O. gorbuscha) in the North Pacific Ocean using the replacement level of 
the Ricker’s recruitment curve, and defined residual carrying capacity (RCC): RCC = (Carrying capacity – Biomass) 
/ (Carrying capacity) x 100.

Kaeriyama, M., M. Nakamura, et al.  2004.  Change in feeding ecology and trophic dynamics of Pacific salmon (Onco-
rhynchus spp.) in the central Gulf of Alaska in relation to climate events.  Fish. Oceanogr. 13: 197–207.

The effects of climate events on the feeding ecology and trophic dynamics of Pacific salmon (Oncorhynchus spp.) 
in offshore waters of the central Gulf of Alaska were investigated during early summers (1994–2000), based on 
analyses of stomach contents, and carbon and nitrogen stable isotopes (δ13C and δ15N).  Gonatid squids (mainly 
Berryteuthis anonychus) were the dominant prey of all salmon species except for chum salmon (O. keta). During the 
1997 El Niño event and the 1999 La Niña event, squids decreased sharply in the diets of all Pacific salmon except 
coho salmon (O. kisutch) in the Subarctic Current, and chum salmon diets changed from gelatinous zooplankton 
(1995–97) to a more diverse array of zooplankton species.  A δ13C and δ15N analysis indicated that all salmon 
species occupied the same branch of the food web in 1999–2000.  We hypothesize that high-seas salmon adapt to 
climate-induced changes in their prey resources by switching their diets either within or between trophic levels.  To 
understand the effects of climate change on Pacific salmon in the Gulf of Alaska, biological oceanographic research 
on B. anonychus and other important prey resources is needed.

Kaeriyama, M., H. Seo, et al.  2009.  Trends in run size and carrying capacity of Pacific salmon in the North Pacific 
Ocean. N. Pac. Anadr. Fish Comm. Bull. 5: 293–302.  (Available at www.npafc.org).

Pacific salmon (Oncorhynchus spp.) play an important role as keystone species and as ecosystem services in the 
North Pacific ecosystem.  Our objective is to evaluate the trends in and causes of variation in run size and carrying 
capacity of Pacific salmon, and to predict their future production dynamics.  Salmon catch data indicate that the abun-
dance of Pacific salmon has declined since the end of the twentieth century, despite the healthy condition of stocks.  
At the beginning of the 21st century, chum (O. keta) and pink salmon (O. gorbuscha) maintained high abundance 
commensurate with a sharp increase in hatchery-released populations. However, sockeye salmon (O. nerka) have 
shown a reduction trend since the late 1990s.  The abundance of coho (O. kisutch), Chinook (O. tshawytscha), and 
masu (O. masou) salmon, which spend more than one year in fresh water, has declined sharply since the 1980s due to 
degraded environmental conditions in freshwater habitats (e.g., habitat loss, urbanization, and river channelization).  
The significant positive correlation between the carrying capacity (K) of three species (sockeye, chum, and pink 
salmon), defined as the replacement level of Ricker’s recruitment curve, and the Aleutian Low Pressure Index (ALPI) 
indicate that their carrying capacity is synchronous with long-term trends in climate change.  The carrying capacity 
of the three species is expected to continue the downward trend seen since the 1998/99 regime shift.

Kaeriyama, M., S. Urawa, et al.  1998.  Ocean distribution, feeding ecology, and return of Pacific salmon in the 1997 El 
Niño event year.  N. Pac. Anadr. Fish Comm. Tech. Rep. 1: 22–24.  (Available at www.npafc.org).

We investigated the effect of oceanic environment related to the 1997 El Niño event on the offshore distribution, 
migration, and feeding ecology of Pacific salmon in the North Pacific Ocean and the Bering Sea, and return pattern 
of Japanese chum salmon in 1997.

Kaeriyama, M., A. Yatsu, et al.  2007.  Spatial and temporal changes in the growth patterns and survival of Hokkaido 
chum salmon populations in 1970–2001.  N. Pac. Anadr. Fish Comm. Bull. 4: 251–256.  (Available at www.npafc.org).

The survival strategies of Pacific salmon (Oncorhynchus spp.) offer a useful framework for quantifying both inter- 
and intra-specific interactions and also climate-related risk factors around the North Pacific Rim.  The annual growth 
patterns of adult chum salmon (O. keta) returning to the Ishikari River were estimated with the back-calculation 
method based on scale analysis.  Their growth increased during the first year in the Okhotsk Sea in the 1990s.  The 
growth in the first year was negatively correlated with the sea ice concentration in winter, and positively correlated 
with the sea surface temperature (SST) during summer and fall in the Okhotsk Sea, despite the lack of a relation 
between SST and zooplankton biomass.  The positive correlation between the growth in the Okhotsk Sea and sur-
vival was also observed in Hokkaido chum salmon.  In the Bering Sea, the relationship between residual carrying 
capacity and growth patterns of Hokkaido chum salmon indicated that the growth reduction is affected by changes 
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in population density-dependence.  Results of stepwise multiple regression analysis of the survival rate of Hokkaido 
chum salmon population on body size at release from the hatchery and growth in the Okhotsk Sea showed that chum 
salmon have periods of critical mortality in the early marine period and the first winter at sea.

Kaev, A. M.  1985.  Water temperature in feeding habits of juveniles as a factor in estimating stock abundance changes 
of chum salmon Oncorhynchus keta.  Ivz TINRO 110: 70–76.  (In Russian).

The variation of the temperature regime at juvenile foraging after migration from rivers to coastal sea waters particu-
larly, is of a main reason for the formation of chum abundance.  The largest mortality rate, as a rule, was marked for 
those year classes which juveniles were influenced by abnormally low temperature meanings at their sharp falls.

Kaev, A.M., A.A. Antonov, et al.  2007.  Possible causes and effects of shifts in trend of abundance in pink salmon of 
southern Sakhalin and Iturup Islands.  N. Pac. Anadr. Fish Comm. Bull. 4: 23–33.  (Available at www.npafc.org).

Data on the abundance of spawning pink salmon (Oncorhynchus gorbuscha) are presented for rivers of southern 
Sakhalin Island and Iturup Island.  Fluctuations in abundance are more dependent on marine survival than on the 
abundance of fry migrating downstream.  This is explained by the favourable spawning conditions in small rivers 
with dense aggregations on the spawning grounds.  We found stable longterm trends in changes in abundance, fish 
length and the seasonal dynamics of spawning migrations.  These trends suggest an important role for climatic-
oceanological cyclical processes in pink salmon stock dynamics.

Kaga, T., S. Sato, et al.  2007.  Seasonal changes in the total lipid contents of chum and pink salmon in the North Pacific 
Ocean and Bering Sea during the spring and summer of 2005–2006.  N. Pac. Anadr. Fish Comm. Doc. 1040.  20 pp.  
(Available at www.npafc.org).

This document reports total lipid content (TL) of chum and pink salmon caught in the North Pacific Ocean and the 
Bering Sea in the summer (June–July) of 2005, spring (April–June) and the summer (June–July) of 2006.  TL ex-
tracted from white muscle of 1,105 chum and 725 pink salmon using chloroform and methanol was measured gravi-
metrically.  TL of ocean age -.1 chum salmon caught in the Bering Sea did not increase from the spring to the summer 
in 2006.  Ocean age -.1 chum salmon might take priority for growth over lipid storage during the summer.  TL of 
chum white muscle increased from the spring to the summer for immature chum salmon (ocean age -.2-4) caught in 
the Bering Sea.  It might reflect the environmental condition in the Bering Sea such as food availability, prey con-
sumption rate, etc.  In annual variation in TL from 2000 to 2006, the TL of immature chum salmon showed similar 
fluctuation pattern among age groups; it was high in 2001 and decreased until 2004 gradually.  TL was the lowest 
in 2004 and increased in recent years.  The present and past studies suggested that the trophic status of high-seas 
salmon should be variable depending on the conditions of their ocean habitats related with ocean climate changes.  
Thus long-term trophic monitoring of high-seas salmon may be valuable to understand the relationship between fish 
growth and mortality.

Kaje, J.H., and D.D. Huppert.  2007.  The value of short-run climate forecasts in managing the coastal coho salmon 
(Oncorhynchus kisutch) fishery in Washington State.  Nat. Resour. Model. 20(2): 321–349.

In recent years our understanding of the intricate connections between climate variability, marine and freshwater 
environmental conditions and the responses of fish stocks has improved considerably.  With predictable relation-
ships between the environment and stock abundance, fishery managers should be able to forecast variation in stock 
survival and recruitment. Such forecasts present an opportunity for increasing the economic value of fisheries and for 
achieving other management objectives, such as stock conservation and maintenance of population diversity.  After 
describing a 4-step framework for addressing the question ‘What is a forecast worth?’ in a fishery decision-making 
context, we introduce the management system for Washington’s coastal coho salmon (Oncorhynchus kisutch) fish-
ery.  Then we apply the 4-step framework to estimate the value of improved run size forecasts in the annual harvest 
management of coho salmon in Washington State.  Our principal analytical tool is a stochastic simulation model 
that incorporates the main characteristics of the fishery.  The paper concludes with a discussion of opportunities and 
constraints to the use of climate-based forecasts in fishery management on various spatial and temporal scales, and 
we consider the challenges associated with forecasting variations in fish stock size caused by shifts in climate and 
related ocean conditions.

Kang, S., S.-Y. Hyun, et al.  2007.  Stomach contents of chum salmon (Oncorhynchus keta) fingerlings in Namdae 
stream.  J. Korean Soc. Oceanogr. 12(2): 86–93.

We analyzed the aquatic insects and stomach contents of chum salmon (Oncorhynchus keta) fingerings which were 
collected at Namdae stream in Yangyang.  A total of 6 orders, 25 family, and 52 species of aquatic insects have been 
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found in the study area.  The majority of prey eaten by chum salmon fingerlings was Diptera, which occupied 91.7% 
of prey items by number and 40.9% by wet weight.  The food items from juvenile salmon stomachs were matched 
with living organisms in the river.  Therefore it seemed that there was no food selectivity of juvenile chum salmon 
in Namdae stream.  The stomach contents of masu salmon fry showed a similar pattern to the fingerlings of chum 
salmon.  This result will provide information on the carrying capacity of Namdae stream for chum salmon.

Kang, S., S. Kim, et al.  2000.  Changes in ecosystem components induced by climate variability off the eastern coast of 
the Korean Peninsula during 1960–1990.  Prog. Oceanogr. 47(2–4): 205–222.

To understand the variations of ecosystem components in response to changing environment, especially relating to a 
shift in the climate regime during mid 1970s, we analyzed the physical and biological time-series data collected from 
the eastern part of the Korean Peninsula during 1960-1990.  The Northeast Pacific Pressure Index (NEPPI) in winter 
seasons showed a negative correlation (r = -0.384, p < 0.05) with SOI in summer.  The standardized chronologies 
of tree ring-width showed high correlations with precipitation of Ulleung Island and Kangrung city (r = 0.408, p < 
0.05; r = 0.410, p < 0.05) and seawater temperatures (r = 0.407, p < 0.05).  Sharp increases in tree growth appeared 
in 1969, 1973, 1979, 1983, and 1987.  Among these years, all except 1979 seem to have a close connection with the 
El Niño which had persisted more than five seasons.  Air temperatures in spring at Ulleung Island and Kangrung area 
appeared comparatively higher during the intense Aleutian low period after 1976.  The Mixed Layer Depth (MLD) 
was shallower (18.2 m) and less variable during 1961-1975 compared to that (26.1 m) of 1976–1990.  The shallower 
MLD in spring during the earlier period resulted in the higher chl a concentration than in the later years.  Conse-
quently, estimated zooplankton biomass in spring tended to decrease from the 1960s to the late 1980s in accordance 
with the phytoplankton decreases.  In the East Sea, composition changes in fish species as well as fish catches were 
observed.  Catches of pollock, sardine, and saury had good correlations with annual NEPPI.

Karpenko, V.I.  1998.  Early marine life period of Pacific salmon. VNIRO,  Moscow.  166 pp.  (In Russian).
The peculariarities of ecology of five species of Pacific salmon (pink, chum, sockeye, coho and Chinook) in the early 
sea life are considered in this monography.  The factors limiting the number and production of various year-classes 
are revealed and estimated.  Measures for the increasing of hatchery-reared and wild stocks productivity are worked 
out and proposed.

Karpenko, V.I.  2003.  Review of Russian marine investigations of juvenile Pacific salmon.  N. Pac. Anadr. Fish Comm. 
Bull. 3: 69–88.  (Available at www.npafc.org).

In the coastal waters of the far eastern seas of Russia, different gears were used for juvenile salmon surveys depend-
ing on the geomorphological and hydrological conditions of the region.  In offshore waters, pelagic rope-trawls were 
used to collect juvenile salmon in the same areas from year to year.  For the future it is recommended that monitor-
ing in these standard areas continue, and that a new investigation on biological interactions of enhanced and wild 
Salmonids be undertaken.

Kawamura, H., S. Kudo, et al.  2000.  Movements, food and predators of juvenile chum salmon (Oncorhynchus keta) 
entering the coastal Sea of Japan off northern Hokkaido in warm and cool years.  N. Pac. Anadr. Fish Comm. Bull. 2: 
33–41.  (Available at www.npafc.org).

The coastal ecology of juvenile chum salmon (Oncorhynchus keta) was studied in the Sea of Japan off Mashika in 
northern Hokkaido, Japan, from March to June 1995–1998.  Spring surface seawater temperatures (SSTs) were con-
sistently higher than the 10-year average in 1995 and 1998 (SST-H years), and consistently lower in 1996 and 1997 
(SST-L years). Peak catch rates of juvenile chum salmon occurred within 500 m from shore in May when the juve-
niles were approximately 70 mm and 3 g in size.  Mean fork length and body weight increased faster during SST-H 
years than SST-L years even though stomach fullness was lower in SST-H years.  Stomach contents were primarily 
fish larvae, sand lance, and terrestrial insects during SST-H years, and neritic and oceanic zooplankton during SST-L 
years.  Predation by juvenile masu salmon (O. masou) on juvenile chum salmon was the only observed occurrence 
of fish predation not thought to be associated with net feeding.  Beak scars and feeding on juvenile chum salmon by 
seabirds were observed.  We concluded that seabirds were the primary predators of juvenile chum salmon during 
early marine life, and their predation is likely to be higher in SST-H years than SST-L years.

Kawana, M., S. Urawa, et al.  1999.  Recoveries of thermally marked maturing pink salmon in the Gulf of Alaska in 
the summer of 1998.  Bull. National Salmon Resources Center 2: 1-8.  (Available at http://salmon.fra.affrc.go.jp/kanko-
butu/bulletin/BNSRC02-01.pdf).

We detected otolith thermal marks induced by Alaskan hatcheries to determine the ocean distribution and migra-
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tion of Alaskan pink salmon (Oncorhynchus gorhuscha) in the Gulf of Alaska.  Twenty-nine thermally marked pink 
salmon were found among 383 maturing fish (1996 brood year class) caught along two offshore transects (145°W 
and 165°W) during June and July 1998.  Along the 145°W transect, 25 thermally marked fish from three Prince Wil-
liam Sound hatcheries (PWS, southcentral Alaska) were found (8.1%, n=307 fish), and their origins were Armin F. 
Koernig Hatchery (AFK, n=8 fish), Cannery Creek Hatchery (CCH, n=9 fish), and Wally H. Noerenberg Hatchery 
(WHN, n=8 fish).  Along the 165°W transect, four thermally marked fish were found (5.3%, n=76 fish), and their 
origins were AFK (n=1 fish), CCH (n=2 fish), and WHN (n=1 fish).  PWS hatchery fish were more abundant in 
northern waters than in southern waters along both transects, which corresponded to the direction of their homeward 
migration.  Observed differences in distribution of male and female PWS hatchery fish may be caused by sexual dif-
ferences in the timing of homeward migrations.  The recovery of four thermally marked PWS hatchery fish in the 
Gulf of Alaska (47-50°N, 165°W) is a southwestward extension of the known ocean range of maturing southcentral 
Alaskan pink salmon in summer.

Kennedy, V. S.  1990.  Anticipated effects of climate change on estuarine and coastal fisheries.  Fisheries 15(6): 16–24.
Although the timing and magnitude of global climate change is in dispute, the possible effects of such change merit 
consideration to allow for discussion of policy ramifications and mitigative actions.  Climate change may result in sea 
level rise; water temperature increase; and deviations from present patterns of precipitation, wind, and water circula-
tion.  Estuaries may experience loss of marsh habitat, intrusion of marine waters and associated organisms, changes 
in circulation patterns that affect retention of some indigenous species, and increased hypoxia and storm surges.  
Estuarine and coastal systems could experience poleward retreat of cold-tolerant species and range expansion of 
warm-tolerant species.  Some fisheries and aquacultural enterprises and communities would benefit from the results 
of climate change and others would suffer losses, with economic and population dislocations probably inevitable in 
many parts of the world.  Thus, flexibility in policy-making and planning will be vital if global climate is modified 
as rapidly as is anticipated by some scientists.

Kim, G.-E., C.-G. Kim, et al.  2007.  Genetic similarity-dissimilarity among Korean chum salmons of each stream and 
their relationship with Japanese salmons.  J. Korean Soc. Oceanogr. 12(2): 94–101.

Analysis of population structure of Oncorhynchus keta, the most abundant salmon in the East Sea of Korea, has not 
been much carried out despite its importance as a fishery resource in the North Pacific.  Currently, molecular methods 
are being applied to stock identification and a method of using single nucleotide polymorphisms (SNPs) is getting 
more popular.  In this study, we analyzed the 720 bp long sequence of the mtDNA COIII-ND3-ND4L region in order 
to examine genetic similarity-dissimilarity among the Korea chum salmons of each stream and their relationship 
with the Japan chum salmons.  A total of 152 individuals were analyzed, 108 from 3 locations of Korea and 44 from 
2 locations of Japan, which resulted in as many as 29 different haplotypes.  Pairwise FST and AMOVA tests of the 
populations show that there is no significant population-level genetic difference among the chum salmons analyzed 
(FST < 0.07).  On the other hand, haplotype relationships among the individuals reveal that approximately 25% of 
the Korea salmons consist genetic lineages independent of Japan salmons and also that a genetic lineage exists in the 
Puk river and the Namdae river salmons independent of the Wangpi river salmons of Korea.

Kim, S., and S. Kang.  2000.  Ecological variations and El Niño effects off the southern coast of the Korean Peninsula 
during the last three decades.  Fish. Oceanogr. 9(3): 239–247.

To explore ecosystem response to environmental changes, we investigated interannual and decadal changes in the 
marine ecosystem using data collected from the southern coast of the Korean Peninsula during the 1960s-1990s.  
Water properties such as sea surface temperature (SST) and salinity in April did not show large variation during the 
1970s, but a relatively cool water mass appeared from the early to mid 1980s and a warm water mass replaced it after 
1989.  Chl a concentration in April, which was converted from Secchi disk information, was low (mean = 1.18 mg 
m-3) during the period 1968–1980 excluding 1974, but there was a period of greater biomass for 7 years from 1981 
(mean = 2.78 mg m-3).  A negative correlation (r = -0.387, P < 0.05) between SST and chl a in April matched high 
chl a during the low-SST period in the early and mid 1980s.  Annual zooplankton biomass ranged from 37 to 132 
mg m-3, but abundance was frequently high after 1984 and low during 1972–1982.  The most representative pelagic 
fishes in the South Sea seemed to respond to the increase in planktonic organisms.  Anchovy, mackerel and sardine 
increased in abundance since the mid 1970s.  High catches of anchovy and mackerel lasted until the 1990s, whereas 
sardine decreased after the early 1990s.  From the matrix of simple correlation coefficient, the Southern Oscillation 
Index (SOI) exhibited a high correlation with SST in December in the study area (P < 0.05).  Catches of anchovy and 
mackerel were positively correlated with chl a and zooplankton during their early life periods, as well as with SST 
in December.
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Kim, S., S. Kang, et al.  2007.  Climate variability and chum salmon production in the North Pacific.  J. Korean Soc. 
Oceanogr. 12(2): 61–72.

The relationship between North Pacific chum salmon (Oncorhynchus keta) population and climate variability was 
investigated in the North Pacific ecosystem.  Time-series for the Aleutian Low Pressure, Southern Oscillation, Arctic 
Oscillation, and Pacific Decadal Oscillation (PDO) indices dating back to 1950 are compared with the chum salmon 
catch using a cross-correlation function (CCF) and cumulative sum (CuSum) of anomalies.  The results of CCF and 
CuSum analyses indicated that there was a major change in climate during the mid 1970s, and that the chum salmon 
population responded to this climate event with a time-lag.  The PDO and chum salmon returns showed a highly 
significant correlation with a time-lag of 3 years, while the AOI with a time-lag of 6~7 years.  The favorable environ-
ments for fry chum salmon might cause better growth in the coastal areas, but higher growth rate during the early 
stage does not seem to be related to the improved return rate of spawning adults.  Rather, growth in the Okhotsk Sea 
or the Bering Sea during immature stages has a significant correlation with return rate, which implies the size-related 
mortality process.  The development of a local climate index is necessary to elucidate the effect of climate variability 
on the marine ecosystem around the Korean Peninsula.

Kim, S., C.-I. Zhang, et al.  2007.  Climate variability and its effects on major fisheries in Korea.  Ocean Sci. J. 42(3): 
179–192.

Understanding in climate effects on marine ecosystem is essential to utilize, predict, and conserve marine living 
resources in the 21s t century.  In this review paper, we summarized the past history and current status of Korean 
fisheries as well as the changes in climate and oceanographic phenomena since the 1960s.  Ocean ecosystems in 
Korean waters can be divided into three, based on the marine commercial fish catches; the demersal ecosystem in 
the Yellow Sea and the East China Sea, the pelagic ecosystem in the Tsushima Warm Current from the East China 
Sea to the East/Japan Sea, and the demersal ecosystem in the northern part of the East/Japan Sea.  Through the inter-
disciplinary retrospective analysis using available fisheries, oceanographic, and meteorological information in three 
important fish communities, the trend patterns in major commercial catches and the relationship between climate/ 
environmental variability and responses of fish populations were identified.  Much evidence revealed that marine 
ecosystems, including the fish community in Korean waters, has been serio usly affected by oceanographic changes, 
and each species has responded differently.  In general, species diversity is lessening, and mean trophic level of each 
ecosystem has decreased during the last 3~4 decades.  Future changes in fisheries due to global warming are also 
considered for major fisheries and aquaculture in Korean waters.

King, J.R.  (Editor).  2005.  Report of the study group on the fisheries and ecosystem responses to recent regime shifts.  
PICES Sci. Rep. No. 28.  162 pp.  (Available at www.pices.int).

The North Pacific Marine Science Organization (PICES) received a formal request for advice from the United States 
government in October 2003.  The request asked for scientific advice on the implications of the 1998 regime shift for 
North Pacific fisheries.  Following the strong 1997–1998 El Niño, the North Pacific climate underwent a rapid and 
striking transition, the persistence of which suggests that a regime shift had occurred. Previous regime shifts have 
had serious implications for ecosystems, and consequently for fish populations and the fishing industry.  As such, 
the National Marine Fisheries Service requested scientific advice from PICES that addresses six specific questions: 
1) Has the North Pacific shifted to a different state or regime since the late 1980s?  2) What is the nature of the new 
state?  3) What are the ecosystem responses?  4) How long can the shift be expected to last?  5) Is it possible to pre-
dict when the regime will shift back, and what indicators should be used to determine when it happens?  6) What are 
the implications for the management of marine resources?  This is the first such formal request for scientific advice 
made to PICES and represents a new direction for the Organization.  PICES was formed in 1992 to provide a forum 
for scientists from throughout the North Pacific to compare observations and ideas.  During these years, PICES 
has focused on environmental variation and impacts on marine ecosystems and has organized symposia addressing 
ocean–climate regimes and regime shift impacts on marine resources.  At its first annual meeting in 1992, in Victoria, 
Canada, PICES sponsored an international symposium on climate variability and fish production (R.J. Beamish (Edi-
tor).  1995.  Climate Change and Northern Fish Populations.  Canadian Special Publication of Fisheries and Aquatic 
Sciences 121: 739 pp.).  In a 1999 symposium held in Vladivostok, Russia, numerous papers identified a strong pos-
sibility that a regime shift had occurred in 1989 (S.R. Hare, S. Minobe, and W.S. Wooster (Editors). 2000.  The Na-
ture and Impacts of North Pacific Climate Regime Shifts. Progress in Oceanography 47: 99–408).  A conference held 
in La Jolla, United States, in 2000, focused specifically on climate regimes, ecosystem consequences and impacts on 
fisheries (S.M. McKinnell, R.D. Brodeur, K. Hanawa, A.B. Hollowed, J.J. Polovina, and C. Zhang (Editors).  2001.  
Pacific Climate Variability and Marine Ecosystem Impacts from the Tropics to the Arctic.  Progress in Oceanography 
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49: 1–639).  Most recently, at a workshop in Victoria, Canada, in 2003, a PICES Working Group recognized that a 
simple two-state system was not a sufficient representation of regime variability.  Thus, the scientists of PICES have 
considerable expertise on ocean-climate regimes, and this topic is of current active research within the Organization 
and its member nations.

King, J.R., H.P. Batchelder, et al.  2005.  Coherent regional responses.  PICES Sci. Rep. 28: 37–50.  (Available at www.
pices.int).

The Pacific basin-wide changes in climate and ocean parameters are reported in Section 1.  To describe specific 
regional responses to the basinwide changes, we divided the North Pacific into five major regions: the central North 
Pacific, which includes the transition zone and the Hawaiian Islands; the California Current System from California 
up to northern Vancouver Island; the Gulf of Alaska system from northern Vancouver Island to the start of the Aleu-
tian Islands, including the central Gulf region; the Bering Sea and Aleutian Islands; the western North Pacific, which 
includes the Sea of Okhotsk, the Tsushima Current region, the Kuroshio/Oyashio Current region, the Yellow Sea and 
the East China Sea.  Regional responses were detected in physical oceanographic parameters such as temperature and 
salinity, and in organisms at both lower trophic levels (phytoplankton, zooplankton, and invertebrates) and at higher 
trophic levels, including fishes and marine mammals. 

Kishi, M.J. (Editor).  2004.  PICES-GLOBEC international program on climate change and carrying capacity: report 
of the model task team second workshop to develp a marine ecosystem model of the North Pacific Ocean including 
pelagic fishes.  PICES Sci. Rep. No. 27.  49 pp.  (Available at www.pices.int).

The Second International Workshop to Develop a Marine Ecosystem Model of the North Pacific Ocean including 
Pelagic Fishes was held at the Frontier Research System for Global Change in Yokohama, Japan, from March 3 to 
6, 2003.  The workshop was convened to build upon the results of three earlier marine ecosystem model workshops.  
The first was the NEMURO (North Pacific Ecosystem Model for Understanding Regional Oceanography) Work-
shop, held in Nemuro, Japan, in January 2000, to develop a marine ecosystem model based on lower trophic levels.  
Next was the MODEL Workshop, which took place in Hakodate, Japan during the PICES Ninth Annual Meeting in 
October 2000, to look at viable strategies for linking lower trophic level models to higher trophic models of the North 
Pacific ecosystem at regional and basin scales.  The third was the NEMURO.FISH (NEMURO For Including Saury 
and Herring) Workshop, held in Nemuro, January 2002, in which a higher trophic level bioenergetic model for fish 
was linked with the lower trophic level NEMURO model.  Twenty-four scientists with expertise in plankton studies, 
modelling, and fisheries biology from Canada, Japan, Korea, and the United States participated in the Yokohama 
workshop chaired by Dr. Michio J. Kishi and Dr. Bernard A. Megrey.  The goals of the Yokohama 2003 MODEL 
Workshop were: 1) to develop a dynamically coupled two-way model that would include prey-predator interac-
tions between lower trophic levels and pelagic fish, and 2) to develop a Lagrangian model that would include fish 
migration and fish population dynamics which could be embedded into a basin-scale three-dimensional circulation 
model.  Models were parameterized for Pacific saury (Cololabis saira) and herring (Clupea harengus pallasi).  This 
workshop produced a number of significant achievements: 1) A saury version of NEMURO.FISH was coupled with 
a population dynamics model and the effects of a two-way dynamics linkage between lower and higher trophic levels 
were tested; 2) A herring bioenergetics model was expanded to the population level and coupled to the lower trophic 
levels of the NEMURO model; 3) A Lagrangian model of NEMURO.FISH describing fish migration was developed 
and adapted to saury in the western North Pacific Ocean.  Based on these accomplishments, recommendations were 
made for future modelling activities.  The importance of these achievements will be determined by how well the 
PICES-GLOBEC Climate Change and Carrying Capacity Program embraces these models and uses them as a basis 
for increasing our understanding of marine ecosystems and fisheries management in the North Pacific.

Kline, T.C. J., J.L. Boldt, et al.  2008.  Pink salmon (Oncorhynchus gorbuscha) marine survival rates reflect early ma-
rine carbon source dependency.  Prog. Oceanogr. 77(2–3): 194–202.

Marine survival rate (the number of adult salmon returning divided by the number of salmon fry released) of pink 
salmon runs propagated by Prince William Sound, Alaska (PWS) salmon hatcheries is highly variable resulting in 
large year-to-year run size variation, which ranged from ~20 to ~50 million during 1998–2004.  Marine survival 
rate was hypothesized to be determined during their early marine life stage, a time period corresponding to the first 
growing season after entering the marine environment while they are still in coastal waters.  Based on the predictable 
relationships of 13C/12C ratios in food webs and the existence of regional 13C/12C gradients in organic carbon, 
13C/12C ratios of early marine pink salmon were measured to test whether marine survival rate was related to food 
web processes.  Year-to-year variation in marine survival rate was inversely correlated to 13C/12C ratios of early 
marine pink salmon, but with differences among hatcheries.  The weakest relationship was for pink salmon from the 
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hatchery without historic co-variation of marine survival rate with other PWS hatcheries or wild stocks.  Year-to-
year variation in 13C/12C ratio of early marine stage pink salmon in combination with regional spatial gradients of 
13C/12C ratio measured in zooplankton suggested that marine survival was driven by carbon subsidies of oceanic 
origin (i.e., oceanic zooplankton).  The 2001 pink salmon cohort had 13C/12C ratios that were very similar to those 
found for PWS carbon, i.e., when oceanic subsidies were inferred to be nil, and had the lowest marine survival rate 
(2.6%).  Conversely, the 2002 cohort had the highest marine survival (9.7%) and the lowest mean 13C/12C ratio.  
These isotope patterns are consistent with hypotheses that oceanic zooplankton subsidies benefit salmon as food 
subsidies, or as alternate prey for salmon predators.  Oceanic subsidies are manifestations of significant exchange of 
material between PWS and the Gulf of Alaska.  Given that previously observed inter-decadal cycles of oceanic zoo-
plankton abundance were climatically driven, exchange between PWS and the Gulf of Alaska may be an important 
process for effecting synoptic changes in marine populations of higher trophic levels, and thus an important consid-
eration for climate-change models and scenarios.

Klovach, N.V.  2000.  Tissue degeneration in chum salmon and carrying capacity of the North Pacific Ocean.  N. Pac. 
Anadr. Fish Comm. Bull. 2: 83-88.  (Available at www.npafc.org).

Klovach, N.V.  2003.  Ecological consequences of large-scale cultivation of chum salmon.  VNIRO, Moscow.  164 pp. 
(In Russian).

The monograph deals with spatial relations between the wild Asian chum salmon stocks and stocks of artificially 
propagated chum salmon released from Japanese fish farms, in the Northwest Pacific during the period of feeding 
and migrations in the Russian Exclusive Economic Zone (EEZ).  The spatial and temporal dynamics of salmon diet 
composition is investigated.  The estimates of physiological state of chum salmon under the conditions of their high 
abundance are obtained.  The approaches to determine the ecological capacity of the North Pacific regarding salmons 
are developed.

Klovach, N.V., G.A. Bogdanov, et al.  2000.  Water temperature and pre-spawning migration dynamics of the Pacific 
salmon at sea.  Vopr. Ikhtiologii 1(2-3): 176–177.  (In Russian).

Klyashtorin, L.  1996.  Global climate cycles and Pacific forage fish stock fluctuations.  In International Symposium 
on the Role of Forage Fishes in Marine Ecosystems, Anchorage, Alaska (USA).  American Fisheries Society, Lowell 
Wakefield Fisheries Symposium Series No. 14: 545–557.

Strongly smoothed global and Northern Hemisphere surface air temperature anomaly (dT degree ) and Aleutian low 
pressure index (ALPI) trends demonstrate the general direction of global climate changes, although without reliable 
prognostic meaning for Pacific fish production.  The atmospheric circulation index (ACI) trend characterizing the 
principal direction of air mass transport in the Northern Hemisphere is in phase with the general trends in the global 
dT degree index and global geophysics characteristic: the earth rotation velocity index (ERVI).  The ACI and ERVI 
trends correlate closely with the main Pacific commercial stock trends: Peruvian, Japanese, and California sardines, 
anchovy, Pacific salmon, Alaska pollock, Chilean jack mackerel, Pacific cod, tunas, and some others.  It is possible to 
consider ACI and ERVI as a prognostic index and to forecast the dynamics of main commercial stocks for 2-15 years 
based on a “climatic regime model.”  Variation in the harvest of Pacific commercial species over the last century 
can be pictured as two sequential natural climate-governed production cycles with maxima in the late 1930s and late 
1980s–early 1990s.  The recent cycle is not yet complete, but is coming to the phase similar to the climatic phase of 
the 1940s and 1950s.  The evolution of the new climatic phase will have serious ecological consequences not only 
for oceanic but also for terrestrial biota of the Pacific Rim region.

Klyashtorin, L.  1997.  Pacific salmon: climate-linked long-term stock fluctuations.  PICES Press 5(2): 30–34.
The impact of large-scale climate change on the salmon productivity of the North Pacific is an important scientific 
and economical problem.  Commercial catching may not always be a good indicator of abundance, but for larger 
aggregations of stocks we suppose that catches represent the abundance trends of the total aggregate (Beamish and 
Bouillon, 1993).  Reliable information on the trends of commercial catch is necessary to estimate the carrying ca-
pacity of the North Pacific for salmon. T he commercial catches have been collected for more than 70 years, but the 
statistics of salmon catches in the 20-40s needs to be substantially corrected. (Klyashtorin and Smirnov, 1992, 1995; 
Chigirinsky, 1994).  The dependence of the long-term fluctuations of Pacific salmon abundance on climate changes 
was demonstrated recently by a number of papers (Beamish and Bouillon, 1993, Klyashtorin, and Smirnov, 1995).  
Nevertheless, reliable predictive climatic indices for salmon dynamics still have not been determined.  The main 
purposes of this paper are the following: 1) To refine the long-term dynamics of total salmon catch and evaluate the 
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carrying capacity of the Pacific for salmon stocks; 2) To determine if the climatic characteristics are correlated with 
salmon stock dynamics; 3) To outline new approaches to the forecast of the long term dynamics of Pacific salmon 
stocks.

Klyashtorin, L.  1998.  Cyclic climatic changes and Pacific salmon stock fluctuations: a possibility for long-term fore-
casting.  N. Pac. Anadr. Fish Comm. Tech. Rep. 1: 6-7.  (Available at www.npafc.org).

Maximums of Pacific salmon production took place in the 1870s, 1930s, and 1990s with roughly 60-year periodic-
ity.  Total harvest of Pacific salmon amounted to 1 million tons (mln t.) in the 1930s, declined to 0.4 mln t. in the 
1950–60s and increased again to about 1 mln t. in the 1990s.  The carrying capacity of the North Pacific for salmon is 
not constant and exhibits long-term climate-governed fluctuations (from 1.4–1.7 to 0.4–0.6 mln t).  The populations 
of Pacific salmon of Asian and American origin undergo long-term simultaneous oscillations.  This is believed to be 
caused by large-scale climate changes.

Klyashtorin, L.B.  1998.  Long-term climate change and main commercial fish production in the Atlantic and Pacific. 
Fish. Res. 37(1–3): 115–125.

Main Atlantic and Pacific commercial species of the subtropic, subarctic and arctic zones—Atlantic and Pacific her-
ring; Atlantic cod; European, South African, Peruvian, Japanese and Californian sardine; South African and Peruvian 
Anchovy; Pacific salmon; Alaska pollock; Chilean jack mackerel and some others—undergo long-term simultaneous 
oscillations.  The total catch of these highly abundant species equals about 50 percent of the total Atlantic and Pacific 
marine fish harvest.  The dynamics of northern hemispheric surface air temperature anomaly (dT) can hardly be cor-
related with long-term dynamics of marine commercial fish production because of high inter-annual variability.  The 
so called atmospheric circulation index (ACI) characterizing a dominant direction of air mass transport was found to 
be closely related with long-term fluctuations of the main commercial stocks.  This index has been registered over the 
Northern Hemisphere or more than 100 years using the Wangengeim-Girs method.  Correlation coefficients between 
commercial catches and ACI dynamics in the period of 1900-1994, stayed in the range of 0.70–0.90.  The global 
character of the ACI dynamics is confirmed by its close correlation with such global geophysical characteristics as 
the earth rotation velocity index (ERVI).  Approximately 50–70 year simultaneous cycles were observed in stock 
dynamics of the main commercial species, ACI and ERVI.  The dynamics of main commercial stocks in both Atlan-
tic and Pacific follow the alternation of the so-called circulation epochs (meridional or latitudinal).  The long-term 
changes of dT, ACI, ERVI and commercial stock dynamics display the beginning of new climate-production phase 
similar to that of 1950–1970s.

Klyashtorin, L.B.  2001.  Climate change and long-term fluctuations of commercial catches: the possibility of forecast-
ing.  FAO Fisheries Technical Paper No. 410. Rome, FAO.  86 pp.

The main objective of this study was to develop a predictive model based on the observable correlation between well-
known climate indices and fish production, and forecast the dynamics of the main commercial fish stocks for 5–15 
years ahead.  Spectral analysis of the time series of the global air surface temperature anomaly (dT), the atmospheric 
circulation index (ACI), and length of day (LOD) estimated from direct observations (110-150 years) showed a clear 
55–65 year periodicity.  Spectral analysis also showed similar periodicity for a reconstructed time series of the air 
surface temperatures for the last 1 500 years, a 1 600-year-long reconstructed time series of sardine and anchovy 
biomass in Californian upwelling areas, and catch statistics for the main commercial species during the last 50-100 
years.  These relationships are used as a basis for a stochastic model intended to forecast the long-term fluctuations of 
catches of the 12 major commercial species for up to 30 years ahead.  According to model calculations, total catch of 
Atlantic and Pacific herring, Atlantic cod, South African sardine, and Peruvian and Japanese anchovy for the period 
2000-2015 will increase by approximately two million tons, and will then decrease.  During the same period, total 
catch of Japanese, Peruvian, Californian and European sardine, Pacific salmon, Alaska pollock and Chilean jack 
mackerel is predicted to decrease by about 4 million tons, and then increase.  The probable scenario of climate and 
biota changes for next 50-60 years is considered.

Klyashtorin, L., and N.S. Sidorenkov.  1996.  The long-term climatic changes and pelagic fish stock fluctuations in the 
Pacific.  Izv. TINRO 119: 33–54.  (In Russian).

Analysis of long-term changes in the global and hemisphere temperature anomaly (T degree ) and the Aleutian low 
pressure index (ALPI) shows that their smoothed trends give a general indication of global climatic changes.  How-
ever because of their high variability, these indices cannot be used to predict fluctuations in the yield of the main 
commercial fish species.  The trend of the index of the frequency of atmospheric circulation types (FAC) which 
characterizes the main directions of air-mass transport in the northern hemisphere is similar to the T degree and ALPI 
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trends and correlates with the trend of the global geophysical index of the earth rotation speed (ERS).  The trend of 
the latter shows a close correlation with the long-term trend of fluctuations in the abundance and catches of the main 
commercial fish species.  The FAC and ERS indices can be used to predict changes in the abundance of the main 
commercial species 2–15 years ahead from the ‘climatic regime model’.  Changes in the productivity of the Pacific 
Ocean may be represented as consequences of 2 climatic-production cycles with maxima in the late 1930s and the 
late 1980s.  The latter cycle is not yet completed but is already in its final stage analogous to the 1940s–1950s.

Klyashtorin, L., and B.P. Smirnov.  1995.  Climate-dependent salmon and sardine stock fluctuations in the North Pa-
cific.  In Climate change and northern fish fluctuations.  Edited by R. Beamish.  Can. Spec. Publ. Fish. Aquat. Sci. 121: 
687-689.

Analysis of all available statistical data on Pacific salmon commercial fisheries shows that the historic maximum 
harvest was reached in the late 1930s (about 1 million tons).  There are three major periods in the commercial salmon 
catches: the maximum occurred in the 1930s, a minimum occurred in the 1960s and 1970s, and a recent period of 
salmon stock increase (middle 1970s to 1980s).  Long-term changes in salmon catches corresponded well with those 
of mean surface air temperature in the northern hemisphere.  The correlation coefficient between these two series is 
about 0.76.  Far Eastern and Californian sardine catch fluctuations were in phase with both Pacific salmon catches 
and surface air temperature variations.  The peaks in Far Eastern sardine populations practically coincide with those 
of salmon, but essentially were more pronounced.  Apparently, the recent period of salmon and sardine population 
abundance is near its maximum.  The unfavourable “cold” climatic period is now under way and there is evidence of 
an abrupt drop in sardine population abundance.  The salmon stock changes are slower.  During the next 5 yr, salmon 
catches will be kept on a rather stable level but in the first decade of the next century we can expect a decrease in 
salmon catches by 10–20% of recent levels.

Klyashtorin, L.B., and F.N. Rukhlov.  1998. Long-term climate change and pink salmon stock fluctuations.  N. Pac. 
Anadr. Fish Comm. Bull. 1: 464–479.  (Available at www.npafc.org).

Northern Hemisphere surface air temperature anomaly (dT) and Aleutian Low Pressure Index (ALPI) are highly 
variable and have not reliable correlation with Pacific salmon and pink salmon abundance for the period 1920–1995.  
Atmospheric Circulation Index (ACI) by G. Wangengeim method correlate closely with Pacific salmon, pink salmon 
and a number of Pacific commercial stock dynamics (Japanese, Californian and Peruvian sardine, Alaska Pollock 
and others).  This allows us to suppose a principal cause of long-term fluctuations in Pacific salmon and pink salmon 
abundance is oceanic climate conditions.  The close relationship was observed between high and low abundant pink 
salmon generation in Asian and not American stock.  The new approach is proposed on this basis to forecast inter-
annual pink salmon stock fluctuations for Kamchatka and Sakhalin regions and for Asian pink salmon as whole.

Klyashtorin, L.V., and A.A. Lyubashin.  2005.  Cyclic climate changes and fish productivity.  Moscow, VNIRO Publish-
ing.

The book considers relationships between climate changes and productivity of oceanic ecosystem.  Long-term time 
series of various climatic indices, dynamics of phyto- and zooplankton and variation of commercial fish popula-
tions in the most productive ocean areas are analyzed.  Comparison of climate index fluctuations and populations 
of major commercial species for the last 1500 years indicates on a coherent character of climate fluctuations and 
fish production dynamics.  A simple stochastic model is suggested that makes it possible to predict trends of basic 
climatic indices and population of some commercial fish species for several decades ahead.  The approach based on 
the cyclic character of both climate and marine biota changes makes it possible to improve harvesting of commercial 
fish stocks depending on a phase (ascending or descending) of the long-term cycle of the fish population.  In addition, 
this approach is helpful for making decisions on long-term investments in fishing fleet, enterprises, installations, etc.  
The obtained results also elucidate the old discussion: which factor is more influential on the long-term fluctuations 
of major commercial stocks, climate or commercial fisheries?

Kondzela, C., M. Garvin, et al.  2009.  Preliminary genetic analysis of juvenile chum salmon from the Chukchi Sea and 
Bering Strait.  N. Pac. Anadr. Fish Comm. Bull. 5: 25–27.  (Available at www.npafc.org).

The arctic region has experienced warming in recent years, resulting in decreased summer sea ice cover and increased 
sea surface temperatures.  In September 2007, the U.S. BASIS survey extended surface trawling into the Chukchi 
Sea.  Juvenile (young-of-the-year) chum salmon were collected at most stations.  Genetic methods using microsatel-
lite and SNP loci were applied to identify the origin of a subset of juvenile chum salmon collected in the Chukchi 
Sea and Bering Strait.  Most of the juvenile chum salmon caught in the Bering Strait were from populations of the 
Anadyr-Kanchalan river system of northeastern Russia and the majority of fish collected in the Chukchi Sea site were 
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from populations of northwestern Alaska.

Kope, R.G., and L.W. Botsford.  1988.  Detection of environmental influence on recruitment using abundance data.  
Can. J. Fish. Aquat. Sci. 45: 1448–1458.

Environmental influences on recruitment are usually detected by correlation analysis using environmental and re-
cruitment data.  When recruitment data are unavailable, abundance data are sometimes used instead.  An abundance 
time series can be described as a convolution of the recruitment time series, and consequently, when it is used as a 
proxy for recruitment, the magnitude of correlations is lower and the probability of both type I and type II errors is 
greater.  Two approaches can restore the correlation bemeen the environmental series and the recruitment series: (1) 
convolution of the environmental series, and (2) deconvolution of the abundance series.  Convolution of the envi-
ronmental series increases the variance of computed correlation coefficients and can further increase the probability 
of type II errors.  Deconvolution of the abundance series can recover the correlation between the environment and 
recruitment without increasing the variance sf sample correlation coefficients or the probability of type I errors, as 
long as the deconvolution is stable and errors in the data are relatively small.  When errors in the data are sufficiently 
large or the dwonvolution is sufficiently unstable, the best results may be obtained by simply using abundance as 
a recruitment index.  We evaluate application of the deconvolution technique to Chinook salmon (Oncorhynchus 
tshawytscha) catch and spawner abundance series using both real and simulated data.

Kope, R.G., and L.W. Botsford.  1990.  Determination of factors affecting recruitment of Chinook salmon Onco-
rhynchus tshawytcha in central California.  Fish. Bull. 88: 257–269.

We computed correlations between various population estimates for Central California Chinook salmon Onco-
rhynchus tshawytscha and both freshwater and marine environmental variables using methods that account for intra-
series correlation in a more accurate and conservative way than those used previously.  These indicated a negative 
influence of ENSO (EI NiñoSouthern Oscillation) conditions in the year during which most of these fish are caught or 
leave the ocean to spawn.  Although freshwater environmental influences have been previously proposed on the basis 
of correlation analysis, and have been demonstrated using direct survival estimates based on marked fish, they were 
not detectable using correlation techniques that accurately account for intraseries correlation.  There was also weak 
evidence for an influence of conditions associated with a negative upwelling index at the time Chinook salmon enter 
the ocean.  However, because these conditions are associated with high river flows in addition to oceanographic ef-
fects, these correlations may merely result from the influence of freshwater flows.  To further describe oceanographic 
influences we computed the principal components of upwelling index, sea level height, and sea surface temperature.  
The first principle component, which reflected the effects of ENSO conditions in the equatorial Pacific during the 
previous winter, was significantly correlated with Chinook salmon abundance in their final year, and marginally cor-
related with abundance during the first ocean summer.  This work demonstrates new techniques for reducing spurious 
correlations and the practical difficulties involved in sorting out the multivariate influences on populations subject to 
remote forcing through oceanographic and meteorological conditions.  

Kope, R.G., and T.C. Wainwright.  1998.  Trends in the status of Pacific salmon populations in Washington, Oregon, 
California and Idaho.  N. Pac. Anadr. Fish Comm. Bull. 1: 1–12.  (Available at www.npafc.org).

Over the past 3 years, the National Marine Fisheries Service, Northwest Fisheries Science Center has conducted 
coastwide status reviews of Pacific salmon in Washington, Oregon, California, and Idaho.  Patterns of stock health 
have emerged that relate to life history, and freshwater and marine distribution.  For most species, the health of natu-
ral populations declines from north to south.  The health of natural populations also declines from west to east as the 
length of freshwater migration increases.  Across species and life history strategies, declines in natural populations 
generally increase with the length of freshwater residence.  Populations of pink salmon and chum salmon are doing 
relatively well, while populations of Chinook, coho, and sockeye salmon have experienced greater declines.  Trends 
in abundance of natural populations of steelhead, and Chinook and coho salmon are obscured to some degree by 
extensive hatchery programs.  These patterns implicate the availability and quality of freshwater habitat as a primary 
factor in observed declines in abundance.

Koseki, Y., and I.A. Fleming.  2006.  Spatio-temporal dynamics of alternative male phenotypes in coho slamon popula-
tions in response to ocean environment.  J. Anim. Ecol. 75(2): 445–455.

The coexistence of alternative reproductive phenotypes will probably be shaped by spatial and temporal variability 
in the environment.  However, the effects of such variability on coexistence and the scale at which it operates are 
seldom understood.  To quantify such effects, we examined spatial and temporal dynamics in the abundance and 
frequency of alternative phenotypes of  male coho salmon, Oncorhynchus kisutch Walbaum, which mature as either 
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large fighters (age-3 ‘hooknoses’) or small sneakers (age-2 ‘jacks’).  Using over 20 years of data on coded-wire 
tagged fish released from nine Oregon hatcheries, we tested for the effects of ocean environment independent of 
those due to freshwater rearing.  Annual fluctuations of the abundance of jack and hooknose males within popula-
tions were correlated strongly by brood year (cohort) but not by return year (breeding group).  This occurred inde-
pendently of significant effects of release practice (i.e. the number of fish released, body size at release and date of 
release), indicating that a synchronized fluctuation in mortality during the first year at sea was the predominant cause.  
As a result, the annual frequency of the alternative phenotypes at breeding varied considerably within populations.  
Spatial patterns in the annual fluctuations of the two phenotypes were similar (i.e. synchronous among populations), 
except that jacks showed local spatial structure (decreased synchrony with distance) not evident among hooknoses.  
This suggests that oceanic processes affecting the two phenotypes operate at different spatial scales.  Despite effects 
on salmon abundance, the ocean environment had little influence through its effects on salmon growth on the relative 
frequencies of the alternative phenotypes within and among populations.  The results provide insight into the evolu-
tionary dynamics of alternative phenotypes, including an intragenerational time lag that increases annual variability 
in phenotype frequencies at breeding (return years) and the significance of local freshwater processes, rather than 
oceanic processes, on phenotype expression.  Freshwater processes, such as juvenile growth, timing of migration 
and breeding competition, operating at evolutionary and intragenerational time-scales, are probably the predominant 
forces affecting phenotype frequency.

Koslow, J.A., A.J. Hobday, et al.  2002.  Climate variability and marine survival of coho salmon (Oncorhynchus kisutch) 
in the Oregon production area.  Fish. Oceanogr. 11(2): 65-77.

Time series of adult recruitment for natural runs of coho salmon from the Oregon coastal region (1970–94) and ma-
rine survival of hatcheryreared coho salmon from California to Washington (1960–94) are significantly correlated 
with a suite of meteorological and oceanographic variables related to the biological productivity of the local coastal 
region.  These variables include strong upwelling, cool sea surface temperature (SST), strong wind mixing, a deep 
and weakly stratified mixed layer, and low coastal sea level, indicating strong transport of the California Current.  
Principal component analysis indicates that these variables work in concert to define the dominant modes of physical 
variability, which appear to regulate nutrient availability and biological productivity.  Multiple regression analysis 
suggests that coho marine survival is significantly and independently related to the dominant modes acting over this 
region in the periods when the coho first enter the ocean and during the overwintering/spring period prior to their 
spawning migration.  Linear relationships provided good fits to the data and were robust, capable of predicting ran-
domly removed portions of the data set.

Krovnin, A.S.  1995.  A comparative study of climatic changes in the North Pacific and North Atlantic and their relation 
to the abundance of fish stocks.  In Climate change and northern fish fluctuations.  Edited by R. Beamish.  Can. Spec. 
Publ. Fish. Aquat. Sci. 121: 181–198.

Spatial and temporal features of mean winter sea-surface temperature (SST) anomaly variations in the North Atlantic 
and North Pacific during the last several decades were studied.  In each ocean, several large-scale subdomains with 
the coherent SST anomaly fluctuations were defined on the basis of Ward’s method (1963), a hierarchical clustering 
method.  The SST anomaly variations in the northeastern and southwestern North Atlantic are opposite to those in 
the northwestern and southeastern North Atlantic.  The spatial structure of the SST anomaly fluctuations in the North 
Pacific is characterized by two independent patterns: changes in the SST anomalies in the eastern and central North 
Pacific, and those in the northwestern and southwestern North Pacific, are out of phase.  Strong relationships between 
the SST anomaly variations in each subdomain and the well-known teleconnection patterns in the atmosphere were 
identified.  Examination of the temporal variability of the SST anomalies within each subdomain in the North Pacific 
and North Atlantic allowed the definition of several periods with essentially different anomaly variations.  Some 
evidence for climatic effects on variations in the abundance of commercial fish stocks were also obtained.

Krovnin, A.S.  1998.  Changes in the abundance of far east pink salmon (Oncorhynchus gorbushca) stocks in the con-
text of climatic variability in the North Pacific region.  N. Pac. Anadr. Fish Comm. Tech. Rep. 1: 14–15.  (Available at 
www.npafc.org).

Spatial and temporal features of climatic variations in the North Pacific region over the last 40 years were analyzed.  
Data on mean winter (January–April) sea surface temperatures (SST) in the North Pacific (20–55°N), mean winter 
(December–February) sea level pressure in the North Pacific area (20–70°N, 100°E–90°W), and geopotential heights 
on the 700-hPa surface in the Northern hemisphere were used.  Data on SST and sea level pressure are available from 
the U.S. National Center for Atmospheric Research.  To characterize the changes in the Far East pink salmon produc-
tion data on catches for West and East Kamchatka, and the South Kuril Islands areas were used.  Five large-scale 



Climate Impacts on Pacific Salmon 83

subdomains with coherent SST anomaly fluctuations were defined, using a Ward’s hierarchical clustering method.

Kruse, G. H.  1998.  Salmon run failures in 1997–1998: a link to anomalous ocean conditions?  Alaska Fish. Res. Bull. 
5: 55–63.

In July 1998 Alaska’s Governor Tony Knowles submitted a request for federal disaster relief owing to severe eco-
nomic and social hardships in some western Alaska communities affected by unusually poor salmon runs, especially 
Bristol Bay sockeye salmon Oncorhynchus nerka and Yukon River Chinook O. tshawytscha and summer chum O. 
keta salmon.  Other anomalies were also noted in these runs: late run timing, smaller-than average fish, altered migra-
tion pathways, and anecdotal reports of higher occurrences of parasites and increased signs of predation.  Were these 
poor returns attributable to unusual marine environmental conditions in 1997/98?  Decadal changes in salmon pro-
ductivity have been related to indices of the strength of the Aleutian Low in winter, which may affect feeding success 
during early marine life.  Analysis of return-per-spawner data is needed to determine whether this climate-salmon 
relationship continues to hold.  Additionally, significant changes in ocean conditions occurred in the North Pacific 
and Bering Sea in 1997/98 that may have had profound effects on the marine ecosystem.  Not only was there a very 
strong equatorial El Niño, but light winds, low nutrients, and high solar radiation led to the first-recorded bloom of 
coccolithophores in the Bering Sea in summer 1997 and a bloom occurred again in spring 1998.  At-sea research is 
urgently needed on the biotic implications of these conditions, from effects on primary and secondary producers to 
effects on invertebrates, fish, birds and marine mammals through the pelagic and benthic food webs.

Labelle, M., C.J. Walters, et al.  1997.  Ocean survival and exploitation of coho salmon (Oncorhynchus kisutch) stocks 
from the east coast of Vancouver Island, British Columbia.  Can. J. Fish. Aquat. Sci. 54: 1433–1449.

Juvenile tagging and escapement enumeration was conducted during 1985–1988 in nine streams within a 150-km 
section on the east coast of Vancouver Island. Fourteen coho salmon (Oncorhynchus kisutch) stocks of wild, hatch-
ery, and mixed origin were monitored for ocean survival and exploitation patterns.  Estimates of smolt-to-adult sur-
vival ranged from 0.5 to 23.1%.  Survival rates were highly variable across years and stocks.  No stock or stock type 
had consistently higher survival, but one hatchery stock exhibited consistently lower survival.  Average exploitation 
rates were about 80% each year, and were as high as 96% for some stocks.  Exploitation rates were not consistently 
higher or lower for any stock or stock type, but hatchery reared coho tended to be subject to higher exploitation.  
Log–linear models were used to assess the effects of various factors on survival and exploitation.  Certain hatchery 
rearing practices had a large influence on survival. Genetic factors, run timing, and stream location had large influ-
ences on exploitation rates.  An assessment of covariation in survival and exploitation rates showed no indication of 
a high level of similarity among stocks from adjacent streams or among stock types in this region.

Lackey, R.T., D.H. Lach, et al.  (Editors).  2006.  Salmon 2100: the future of wild Pacific salmon.  American Fisheries 
Society, Bethesda, Maryland.  629 pp.

Restoring wild salmon to the Pacific Northwest is a daunting challenge.  In this innovative book, 36 salmon scien-
tists, resource managers, and policy experts identify realistic options to restore and sustain wild salmon runs in Cali-
fornia, Oregon, Washington, Idaho, and southern British Columbia through this century.  The policy prescriptions 
offered are candid, sometimes uncomfortably radical, and occasionally sobering.  Most authors conclude that major, 
sometimes wholesale modification of core societal values and priorities will have to occur if significant, sustainable 
populations of wild salmon are to be present in the region through 2100.  This work will be appreciated by those 
involved in the policy and science of salmon recovery, as well as by nonexperts who care about the resource.

Landingham, J.H., M.V. Sturdevant, et al.  1998.  Feeding habits of juvenile Pacific salmon in marine waters of south-
eastern Alaska and northern British Columbia.  Fish. Bull. 96(2): 285–302.

First ocean-year feeding habits were determined for juvenile salmon (Oncorhynchus spp.) collected with purse seines 
in marine waters of southeastern Alaska in 1983 and 1984 and northern British Columbia in 1984.  Associated prey 
assemblages were sampled with neuston and plankton nets in 1984. Salmon diets included at least 30 taxa of prey.  
Crustaceans (principally hyperiid amphipods), fish, and tunicates were the most important prey of pink (O. gorbus-
cha), chum (O. keta), and sockeye (O. nerka) salmon.  Fish were the most important prey of coho (O. kisutch) and 
Chinook (O. tshawytscha) salmon and made up the highest percentage of stomach content weight for all salmon spe-
cies.  Diet shifted from crustaceans in 1983 to fish in 1984 for juvenile pink, sockeye, and chum salmon.  Diet over-
lapped significantly (Cλ > 0.60) between pink and sockeye salmon, pink and chum salmon, and chum and sockeye 
salmon.  Coho salmon diet overlap was <0.60 in all paired comparisons.  Nearly all (98.6%) of the 2,210 stomachs 
examined were at least half full.  Although, in general, prey consumed were not very similar to prey observed in the 
environment, the composition of salmon diets was more similar to neuston collections than to zooplankton collec-
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tions.

Lawson, P.W.  1993.  Cycles in ocean productivity, trends in habitat quality, and the restoration of salmon runs in 
Oregon.  Fisheries 18(8): 6–10.

Conservation management is always a political, as well as a biological, problem.  Oregon’s coastal natural coho 
salmon (Oncorhynchus kisutch) populations have drawn political attention because abundances are at critically low 
levels.  One of the underlying problems is a long-term trend of habitat degradation.  In addition, decadal-scale 
cycles in ocean survival of coho salmon may lead to cycles in abundance that are independent of freshwater habitat 
trends.  Programs to restore coho salmon populations through stream restoration will take decades to produce long-
lasting results.  When population abundance varies widely over time, a rise in abundance following the initiation of 
recovery measures can be taken as an indication of success even when the increase in numbers was independent of 
the actions taken.  Support for recovery efforts must be sustained through the cycle of higher abundance.  The true 
measure of success for such projects is the continued survival of the population through subsequent episodes of low 
abundance.

Lawson, P.W.  1997.  Interannual variability in growth and survival of Chinook and coho slamon.  In Estuarine and 
ocean survival of northeastern Pacific salmon.  Edited by R.L. Emmett and M.H. Schiewe.  pp. 81–92.

Spring upwelling in the year of ocean entry is generally recognized as an oceanic indicator of coho salmon (Onco-
rhynchus kisutch) recruitment (Nickelson 1986, Pearcy 1992, Lawson 1993).  Recent discussions (this conference) 
have focused on the observation that, in the Oregon Production Index (OPI) area, south of Leadbetter Point, Wash-
ington, hatchery coho salmon smolt-to-adult survival has not been correlated with upwelling in the current period 
of low upwelling years.  Nickelson (1986) showed that in all low upwelling years between 1960 and 1981 there had 
been no correlation between hatchery survival and upwelling.  I suggest that upwelling, by itself, is not an adequate 
indicator of ocean conditions.  Winter sea surface temperature in the adult return year is independent of upwelling 
and, in combination with upwelling, can be used to explain much of the variation in recruitment of naturally spawn-
ing coho salmon in Oregon.  Survival and recruitment of hatchery coho salmon, primarily from the Columbia River, 
are affected by freshwater factors including variability in rearing and release practices and problems with disease.  
These fish enter an ocean more heavily influenced by the Columbia River freshwater plume and less strongly af-
fected by upwelling compared with the more southerly distributed Oregon coastal natural (OCN) stocks.  For these 
reasons, it is likely that OCN and hatchery stock groups would respond differently to changes in ocean conditions.  
Recruitment time series, rather than survival, are used for analysis because there are no direct estimates for naturally 
produced smolts from Oregon over the period from 1970 to 1996.

Lawson, P.W., E.A. Logerwell, et al.  2004.  Environmental factors influencing freshwater survival and smolt produc-
tion in Pacific Northwest coho salmon (Oncorhynchus kisutch).  Can. J. Fish. Aquat. Sci. 61: 360–373.

Climate variability is well known to affect the marine survival of coho salmon (Oncorhynchus kisutch) in Oregon and 
Washington. Marine factors have been used to explain up to 83% of the variability in Oregon coastal natural coho 
salmon recruitment, yet about half the variability in coho salmon recruitment comes from the freshwater life phase 
of the life cycle.  This seeming paradox could be resolved if freshwater variability were linked to climate and climate 
factors influencing marine survival were correlated with those affecting freshwater survival.  Effects of climate on 
broad-scale fluctuations in freshwater survival or production are not well known.  We examined the influence of 
seasonal stream flows and air temperature on freshwater survival and production of two stock units: Oregon coastal 
natural coho salmon and Queets River coho salmon from the Washington Coast. Annual air temperatures and second 
winter flows correlated strongly with smolt production from both stock units.  Additional correlates for the Oregon 
Coast stocks were the date of first fall freshets and flow during smolt outmigration.  Air temperature is correlated with 
sea surface temperature and timing of the spring transition so that good freshwater conditions are typically associated 
with good marine conditions.

Lee, C.G., A.P. Farrell, et al.  2003.  The effect of temperature on swimming performance and oxygen consumption in 
adult sockeye (Oncorhynchus nerka) and coho (O. kisutch) salmon stocks.  J. Exp. Biol. 206(18): 3239–3251.

Our knowledge of the swimming capabilities and metabolic rates of adult salmon, and particularly the influence 
of temperature on them, is extremely limited, and yet this information is critical to understanding the remarkable 
upstream migrations that these fish can make.  To remedy this situation, we examined the effects of temperature 
on swimming performance and metabolic rates of 107 adult fish taken from three stocks of sockeye salmon Onco-
rhynchus nerka and one stock of coho salmon O. kisutch at various field and laboratory locations, using large, porta-
ble, swim tunnels.  The salmon stocks were selected because of differences in their ambient water temperature (rang-
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ing from 5°C to 20°C) and the total distance of their in-river migrations (ranging from ~100 km for coastal stocks to 
~1,100 km for interior stocks).  As anticipated, differences in routine metabolic rate observed among salmon stocks 
were largely explained by an exponential dependence on ambient water temperature.  We conclude that high-caliber 
respirometry can be performed in a field setting and that stock-specific differences in swimming performance of adult 
salmon may be important for understanding upstream migration energetics and abilities.

Lee, C.S., K. Seong, et al.  2007.  History and status of the chum salmon enhancement program in Korea.  J. Korean 
Soc. Oceanogr. 12(2): 73–80.

The chum salmon enhancement program in Korea started at Gowon in Hamgyeong nam-do in 1913 and the program 
has been more active since Yeongdong Inland Fisheries Research Institute was established at Yangyang in 1984.  
The major activities were the release of chum salmon fingerlings and the catch of adult chum salmon for artificial 
fertilization.  The range of return rate to Korean waters was in 0.72 ~ 1.57% during 1990s, but it has declined seri-
ously since 2000.  To overcome the low return rate and enhance chum salmon resources in Korean waters, we must 
understand the mechanisms of mass mortality of chum salmon during their early life in rivers and coastal areas in 
conjuction with the fluctuation of return rates and climate.  In addition, comprehensive and effective habitat protec-
tion and restoration policies will be needed.

Lees, K., S. Pitois, et al.  2006.  Characterizing regime shifts in the marine environment.  Fish and Fisheries 7(2): 
104–127.

Recent years have seen a plethora of studies reporting that ‘regime shifts’ have occurred in the North Atlantic and 
Pacific Oceans during the last century. In many cases, the criteria used to distinguish a regime shift have not been 
explicitly stated.  In other cases, a formal definition has been proposed and the data set assessed against it.  Develop-
ing a universal quantitative definition for identifying and distinguishing between purported climatic and ecological 
regime shifts has proved problematic as many authors have developed criteria that seem unique to the system under 
study.  Consequently, they throw little light on the drivers of ecological regime shifts.  Criteria used to define regime 
shifts are reviewed and on the basis of evidence from purported regime shifts, common characteristics in the speed 
and amplitude of the changes and the duration of quasi-stable states are used to propose a more clearly defined set of 
criteria for defining climatic and ecological regime shifts.  Causal drivers of regime shifts are explored using correla-
tion analysis.  Limitations of these methods are discussed.

Lehodey, P., J. Alheit, et al.  2006.  Climate variability, fish and fisheries.  J. Climate 19(20): 5009–5030.
Fish population variability and fisheries activities are closely linked to weather and climate dynamics.  While weather 
at sea directly affects fishing, environmental variability determines the distribution, migration, and abundance of 
fish.  Fishery science grew up during the last century by integrating knowledge from oceanography, fish biology, 
marine ecology, and fish population dynamics, largely focused on the great Northern Hemisphere fisheries.  During 
this period, understanding and explaining interannual fish recruitment variability became a major focus for fisheries 
oceanographers.  Yet, the close link between climate and fisheries is best illustrated by the effect of “unexpected” 
events—that is, nonseasonal, and sometimes catastrophic—on fish exploitation, such as those associated with the El 
Niño–Southern Oscillation (ENSO).  The observation that fish populations fluctuate at decadal time scales and show 
patterns of synchrony while being geographically separated drew attention to oceanographic processes driven by 
low-frequency signals, as reflected by indices tracking large-scale climate patterns such as the Pacific decadal oscil-
lation (PDO) and the North Atlantic Oscillation (NAO).  This low-frequency variability was first observed in catch 
fluctuations of small pelagic fish (anchovies and sardines), but similar effects soon emerged for larger fish such as 
salmon, various groundfish species, and some tuna species.  Today, the availability of long time series of observations 
combined with major scientific advances in sampling and modeling the oceans’ ecosystems allows fisheries science 
to investigate processes generating variability in abundance, distribution, and dynamics of fish species at daily, dec-
adal, and even centennial scales.  These studies are central to the research program of Global Ocean Ecosystems Dy-
namics (GLOBEC).  This review presents examples of relationships between climate variability and fisheries at these 
different time scales for species covering various marine ecosystems ranging from equatorial to subarctic regions.  
Some of the known mechanisms linking climate variability and exploited fish populations are described, as well as 
some leading hypotheses, and their implications for their management and for the modeling of their dynamics.  It 
is concluded with recommendations for collaborative work between climatologists, oceanographers, and fisheries 
scientists to resolve some of the outstanding problems in the development of sustainable fisheries.

Levin, P.S.  2003.  Regional differences in responses of Chinook salmon populations to large-scale climatic patterns.  J. 
Biogeogr. 30(5): 711–717.
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Aim To quantitatively explore the extent to which many different populations of the same species (Chinook salmon, 
Oncorhynchus tshawytscha) respond cohesively to a common large-scale climatic trend.  Location The Columbia 
River basin of the northwestern US.  Methods I used regression analyses to describe the downward trend in popula-
tion growth (number of recruits per spawning adult) for thirteen populations of Chinook salmon distributed among 
three geographical regions: Snake River, Upper Columbia River and Middle Columbia River.  I then used residuals 
from these regressions to characterize per capita productivity for each brood year. Positive residuals indicated pro-
ductivity higher than that predicted by the time series, while negative residuals revealed years in which productivity 
was lower than predicted.  I next used analysis of covariance (ancova) to test the null hypothesis that associations 
between ocean/climate conditions and deviations from predicted population growth did not vary among geographical 
regions.  All ancovas used residuals generated from the regressions as the response variable, geographical region as 
the main effect, and climatic condition [characterized by the Pacific Decadal Oscillation index (PDO)] as the covari-
ate.  A major climate shift occurred in 1977, and because the association of the PDO with salmon productivity varied 
between the pre- and post-1977 climate regimes, I analysed data from the two regimes separately.  Results There 
were marked impacts of climate on salmon production that varied among geographical regions and between decade-
scale climate regimes.  During the pre-1977 climate regime, productivity of salmon populations from the Snake 
River tended to exceed expectations (i.e. residuals were positive) when values of the PDO were negative.  In contrast, 
this pattern was not evident in populations from the upper or middle Columbia Rivers.  During the post-1977 regime 
when ocean productivity was generally lower, the association of the PDO with salmon productivity changed 2013 
productivity tended to fall short of expectations (i.e. residuals were negative) when values of the PDO were nega-
tive.  Main conclusions Understanding the linkages between salmon populations and climate is critical as managers 
attempt to preserve threatened salmon populations in the face of both natural or human-induced climate variation 
and the litany of human activities affecting salmon.  An important step in this understanding is the recognition that 
the response to ocean/climate change by salmon populations of the same species and river basin is not necessarily 
homogeneous.

Levin, P.S., R.W. Zabel, et al.  2001.  The road to extinction is paved with good intentions: negative association of fish 
hatcheries with threatened salmon.  Proc. Roy. Soc. Lond. 268: 1153–1158.

Hatchery programmes for supplementing depleted populations of fish are undergoing a worldwide expansion and 
have provoked concern about their ramifications for populations of wild fish.  In particular, Pacific salmon are artifi-
cially propagated in enormous numbers in order to compensate for numerous human insults to their populations, yet 
the ecological impacts of this massive hatchery effort are poorly understood.  Here we test the hypothesis that mas-
sive numbers of hatchery-raised Chinook salmon reduce the marine survival of wild Snake River spring Chinook, a 
threatened species in the USA. Based on a unique 25-year time-series, we demonstrated a strong, negative relation-
ship between the survival of Chinook salmon and the number of hatchery fish released, particularly during years of 
poor ocean conditions.  Our results suggest that hatchery programmes that produce increasingly higher numbers of 
fish may hinder the recovery of depleted wild populations.

Levitus, S., J. Antonov, et al.  2005.  Warming of the world ocean, 1955–2003.  Geophys. Res. Lett. 32(L02604).
We present new estimates of the variability of ocean heat content based on: a) additional data that extends the record 
to more recent years; b) additional historical data for earlier years.  During 1955–1998 world ocean heat content 
(0–3000 m) increased corresponding to a mean temperature increase of 0.037°C at a rate of 0.20 Wm_2 (per unit 
area of Earth’s total surface area).

Levy, D.A.  1992.  Potential impacts of global warming on salmon production in the Fraser River watershed.  Can. 
Tech. Rep. Fish. Aquat. Sci. No. 1889.  Department of Fisheries and Oceans Canada, Vancouver, BC.

Implications of the effects of global warming on salmonid fisheries resources of the Fraser River basin were syn-
thesized from a literature review.  While the greenhouse theory of global warming has not been substantiated de-
finitively to date, the establishment of proactive and adaptive fihseries management polices to respond to potential 
climatic-induced shifts in resource distribution and productivity is warranted.  In the Fraser River basisn, salmon 
would be susceptible to climatic warming through increases in water temperatures and preciptitation-related changes 
in flow regime; winter runoff may increase and summer runoff may decrease.  Existing stock monitoring programs 
would provide sufficient data to detect climate change impacts.  Mitigating the effects of cliamtic change does not 
appear feasible over the long term.  Eight impact hypotheses developed for this report address differential effects that 
the various stocks of five species of salmon may encounter.

Logerwell, E.A., N.J. Mantua, et al.  2003.  Tracking environmental processes in the coastal zone for understanding 
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and predicting Oregon coho (Oncorhynchus kisutch) marine survival.  Fish. Oceanogr. 12: 554–568.
To better understand and predict Oregon coho (Oncorhynchus kisutch) marine survival, we developed a conceptual 
model of processes occurring during four sequential periods: (1) winter climate prior to smolt migration from fresh-
water to ocean, (2) spring transition from winter downwelling to spring/summer upwelling, (3) the spring upwelling 
season and (4) winter ocean conditions near the end of the maturing coho’s first year at sea.  We then parameterized 
a General Additive Model (GAM) with Oregon Production Index (OPI) coho smolt-to-adult survival estimates from 
1970 to 2001 and environmental data representing processes occurring during each period (presmolt winter SST, 
spring transition date, spring sea level, and post-smolt winter SST).  The model explained a high and significant 
proportion of the variation in coho survival (R2 = 0.75).  The model forecast of 2002 adult survival rate ranged from 
4 to 8%.  Our forecast was higher than predictions based on the return of precocious males (‘jacks’), and it won’t be 
known until fall 2002 which forecast is most accurate.  An advantage to our environmentally based predictive model 
is the potential for linkages with predictive climate models, which might allow for forecasts more than 1 year in 
advance.  Relationships between the environmental variables in the GAM and others (such as the North Pacific In-
dex and water column stratification) provided insight into the processes driving production in the Pacific Northwest 
coastal ocean.  Thus, coho may be a bellwether for the coastal environment and models such as ours may apply to 
populations of other species in this habitat.

MacCall, A.D., and T.C. Wainwright  (Editors).  2003.  Assessing extinction risk for westcoast salmon.  US Department 
of Commerce.

In 1994, after receiving several petitions to list West Coast salmonid (Oncorhynchus spp.) populations under the 
U.S. Endangered Species Act (ESA), the National Marine Fisheries Service (NMFS) undertook a series of coast-
wide reviews of the status of seven anadromous species of salmonid: coho salmon (O. kisutch), Chinook salmon 
(O. tshawytscha), pink salmon (O. gorbuscha), chum salmon (O. keta), sockeye salmon (O. nerka), steelhead trout 
(O. mykiss), and cutthroat trout (O. clarki).  This workshop was convened to provide NMFS with scientific expert 
opinion regarding the best methods for assessing the extinction risk of Pacific salmon population units for the ESA 
listing decisions and recovery planning.  The agenda and list of panelists were assembled under the advice of a 
steering committee composed of Dan Goodman (Montana State University), John Emlen (National Biological Ser-
vice), Mike Lynch (University of Oregon), Alex Wertheimer (NMFS Alaska Fisheries Science Center), Alec MacCall 
(NMFS Southwest Fisheries Science Center), and Tom Wainwright (NMFS Northwest Fisheries Science Center).  
The participants in this symposium were selected as having both informative and provocative viewpoints that could 
contribute to the improvement in the science and underlying application of the ESA to salmonid populations.  The 
opinions expressed in the workshop proceedings are those of the individuals, and not necessarily those of NMFS.  
Assessing the extinction risk of any group of organisms under the ESA requires answering two questions: 1) Is the 
entity in question a “species” as defined by the ESA? 2) If so, is the “species” threatened or endangered?

MacDonald, J.S., Ed.  2000.  Mortality during the migration of Fraseer River sockeye salmon (Oncorhynchus nerka): 
as study of the effect of ocean and river environmental conditions in 1997.  Can. Tech. Rep. Fish. Aquat. Sci. No. 2315.  
Minister of Public Works and Government Services Canada.

In 1997, a record return of 1,671,000 early Stuart sockeye salmon (Oncorhynchus nerka) arrived in coastal British 
Columbia waters to migrate up the Fraser River to reach their spawning grounds north of Stuart Lake, in the most 
northern portion of the watershed.  These fish had faced warmer than average sea surface temperatures associated 
with a record setting El Niño-Southern Oscillation (ENSO), and were about to face a migration through the Fraser 
River system during a period when discharge levels were approaching the highest on record.  These conditions cre-
ated fish passage impediments in the lower Fraser canyon and production losses to the run.  This report is a collation 
of papers describing the environmental conditions in the Pacific Ocean and Fraser River during this spawning mi-
gration, and will provide behavioural and physiological evidence that strongly suggests that large numbers of early 
Stuart sockeye salmon were lost due to the accumlated stress.  These papers describe the type of information that is 
necessary in the future to provide in-season decision support to all those involved in the welfare of the Fraser River 
salmon stocks

MacDonald, J.S., M.G.G. Foreman, et al.  2000.  The influence of extreme water temperatures on migrating Fraser 
River sockeye salmon (Oncorhynchus nerka) during the 1998 spawning season.  Can. Tech. Rep. Fish. Aquat. Sci. No. 
2326.  Fisheries and Oceans Canada, Science Branch, Pacific Region, Simon Fraser University, Scool of Resource and 
Environmental Management.

During the summer of 1998 record low water levels and record high water temperatures were predicted and occurred 
throughout the Fraser River watershed.  All stock groups of sockeye salmon (Oncorhynchus nerka) were exposed to 
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these conditions during their annual spawning migration.  Records kept from previous years indicated a high likeli-
hood for en route and spawning ground losses to all stock groups exposed to these conditions.  We review these 
records, provide estimates of both en route and pre-spawn mortality in 1998, and comment on our ability to forecast 
migration success with existing models and knowledge.  Mechanisms used to monitor temperature and discharge 
are documented and a retrospective evaluation of our in-season forecasts of Fraser River conditions is provided.  We 
also describe events that occurred during the migration, and estimates of the stress levels and reproductive success of 
selected stocks, once they had arrived at their spawning grounds.  The literature is reviewed as it pertains to migra-
tion success and opinions are provided to explain the events of the summer of 1998 in the Fraser River.  Findings are 
summarized in an executive summary.

MacDonald, J.S., I. . Williams, et al.  2000.  The effects of in-river conditions on migrating sockeye salmon (Onco-
rhynchus nerka).  In Mortality during the migration of Fraser River sockeye salmon (Oncorhynchus nerka): a study 
of the effect of ocean and river environmental conditions in 1997.  Edited by J.S. Macdonald.  Can. Tech. Rep. Fish. 
Aguat. Sci. 2315.  pp. 39-57.

Spawning migration records of Early Stuart sockeye salmon (Oncorhynchus nerka) dating back to 1949 document a 
number of years during which in-river passage problems occurred.  A desire to relate in-season run strength to physi-
cal and biologicial conditions in the river during the migration has led to the development of a variety of models and 
decision support systems (Foreman et al. 1997; Hinch and Rand 2000; Williams et al. 1996; Williams et al. 1999).  
In 1997, a coincidence of higher than average water and temperature levels in the Fraser River, and large densities of 
fish, provided an opportunity to utilize these models and observe migration behaviour in the face of adverse condi-
tions.  This paper will document behavioural observations made during the Early Stuart sockeye salmon spawning 
migration in the Fraser River system and comment on the utility of the decision support system approach.

MacFarlane, R.B., S. Ralston, et al.  2005.  Juvenile Chinook salmon (Oncorhynchus tshawytcha) growth on the central 
California coast during the 1998 El Niño and 1999 La Niña.  Fish. Oceanogr. 14(5): 321–332.

We assessed growth in subyearling Chinook salmon (Oncorhynchus tshawytscha) during the 1998 El Niño and 1999 
La Niña in the Gulf of the Farallones, a region of the continental shelf off central California seaward of the Golden 
Gate and the southernmost ocean entry point for the species in North America.  Juvenile salmon demonstrated greater 
growth during this strong El Niño, when water temperature anomalies of more than +3°C were recorded at local 
buoys, than during the similarly strong 1999 La Niña.  Slopes of regressions of weight on length, length on age, 
and weight on age were all significantly greater for juvenile salmon during the 1998 El Niño compared with those 
in the 1999 La Niña.  Daily otolith increment widths, an estimator of somatic growth, corroborated population data.  
Between June 1 and August 9, mean increment widths for juvenile Chinook salmon in 1998 were 3.54 ± 0.03 μm, 
significantly larger than the 3.13 ± 0.03 μm found in juveniles during the same time interval in 1999.  Condition fac-
tor for juvenile Chinook salmon entering the ocean at the Golden Gate was the same in both years, but became sig-
nificantly greater in ocean fish during the 1998 El Niño than in ocean fish during the 1999 La Niña.  Energy storage 
was significantly greater in ocean juvenile salmon during the 1998 El Niño as well.  Mean triacylglycerol/cholesterol 
ratios increased following ocean entry in 1998, whereas they declined in ocean juveniles during 1999.  Thus, not only 
was growth better in the El Niño period compared with La Niña, but lipid accumulation was also better.  Oceano-
graphic data for 1998 indicated elevated temperatures, lower salinity, greater freshwater outflow from San Francisco 
Bay, northerly flowing coastal currents, and positive upwelling index anomalies.  This combination of environmental 
factors resulted in greater zooplankton productivity that, in conjunction with higher temperatures, allowed metabolic 
processes to enhance growth.  Although El Niño events have certainly produced large-scale, and often adverse, ef-
fects on ecosystems, the results of this study emphasize the importance of local oceanographic conditions to growth 
and other physiological and ecological processes.

MacNutt, M.J., S.G. Hinch, et al.  2006.  Temperature effects on swimming performance, energetics, and aerobic ca-
pacities of mature adult pink salmon (Oncorhynchus gorbuscha).  Can. J. Zool. 84: 88–97.

We assessed the prolonged swimming performance (Ucrit), metabolic rate (M-dotO2-min and M-dotO2-max), and oxygen 
cost of transport (COT) for upper Fraser River pink salmon (Oncorhynchus gorbuscha (Walbaum, 1792); 53.5 ± 0.7 
cm FL) and sockeye salmon (Oncorhynchus nerka (Walbaum, 1792); 59.3 ± 0.8 cm FL) across a range of naturally 
occurring river temperatures using large Brett-type swim tunnel respirometers.  Pink salmon were capable of similar 
relative critical swimming speeds (Ucrit) as sockeye salmon (2.25 FL s-1), but sockeye salmon swam to a higher ab-
solute Ucrit (125.9 cm•s-1) than pink salmon (116.4 cm s-1) because of their larger size.  Nevertheless, three individual 
pink salmon (Ucrit-max = 173.6 cm s-1) swam faster than any sockeye salmon (Ucrit-max = 157.0 cm s-1), indicating that 
pink salmon are far better swimmers than has been previously assumed.  Metabolic rate increased exponentially with 
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swimming speed in both species and was highest for pink salmon, but swimming efficiency (i.e., COT) did not differ 
between species at their optimal swimming speeds.  The upper and lower limits of metabolism did not differ between 
species and both M-dotO2-min and M-dotO2-max increased exponentially with temperature, but aerobic costs of transport 
were independent of temperature in both species.  Strong thermal dependence of both swimming performance and 
COT were expected but not demonstrated in either species.  Overall, a higher degree of inter-individual variability in 
pink salmon swim performance and capacity suggests that this species might not be as locally adapted to particular 
river migration conditions as are sockeye salmon.

Magnusson, A.  2002.  Survival rates of coho (Oncorhynchus kisutch) and Chinook salmon (O. tshawytcha) released from 
hatcheries on the U.S. and Canadian Pacific coast 1972-1998, with respect to climate and habitat effects.  MS thesis, 
University of Washington, School of Aquatic and Fishery Sciences, Seattle, WA.  104 pp.

Smolt-to-adult survival rates were estimated for 18,659 coho and Chinook coded wire tag (CWT) groups released 
in 1972-1998 from 206 hatcheries on the U.S. and Canadian Pacific coast.  Survival rates of 153 wild CWT groups 
showed similar trends as those of hatchery fish.  The long-term trend for both coho and Chinook was a decline in 
all regions south of Alaska, while survival rates increased in Alaska.  Regional and annual variation explined 46% 
of the total variation for coho, 34% for fall Chinook, and 42% for spring Chinook.  Regression analysis was used to 
explore the relationship between survival rate and climate during the year of release, and the variable that showed the 
strongest relationship was summer sea surface temperature (SST) at the place where the fish reach the ocean.  The 
estimated relationship is quadratic in log space, with an optimum around 13°C for coho (95% confidence interval: 
12.87°C–13.08°C) and fall Chinook (12.44°C–13.42°C), but such an optimum could not be accurately determined 
for spring Chinook (2.56°C–12.24°C).  The SST variable alone explained 41% of the regional and annual variation 
of coho survival rates, only 12% for fall Chinook, but 44% for spring Chinook due to low survival rates at high SST 
values.  Little is known about the ecological dynamics that link SST and survival rate, but SST is highly correlated 
with a suite of physical and biologicla factors in the ocean. There has been a long-term increase in SST from the 
early 1970s to the late 1990s, corresponding to the declining survival rates south of Alaska and increasing survival 
rates in Alaska.  During a cooler period in the mid 1980s, survival rates increased for some years south of Alask, 
but decreased in Alaska.  These results suggest that the decline in wild salmon abundance in the 1990s was due in 
considerable part to changes in ocean conditions and increases in wild stock abundance may be expected if ocean 
conditions change.

Magnusson, A., and R. Hilborn.  2003.  Estuarine influence on survival rates of coho (Oncorhynchus kisutch) and 
Chinook salmon (Oncorhynchus tshawytscha) released from hatcheries on the U.S. Pacific coast.  Estuaries and Coasts 
26(4): 1094–1103.

While it has long been known that Pacific salmon use estuarine habitat, it has proven much harder to establish that 
the loss of estuarine habitat results in reduced survival.  We used coded-wire tagging of hatchery fish to estimate the 
survival from release until maturity and related this survival to several indicators of estuarine condition.  We found a 
significant relationship between the survival of Chinook salmon (Oncorhynchus tshawytscha) and the percentage of 
the estuary that is in pristine condition, but no significant relationship for coho salmon (Oncorhynchus kisutch).  This 
supports field observations that Chinook salmon use estuarine habitat much more than coho salmon and confirms that 
the loss of estuarine habitat results in lower survival of Chinook salmon.

Malick, M.J., M.D. Adkison, et al.  2009.  Variable effects of biological and environmental processes on coho salmon 
marine survival in southeast Alaska.  Trans. Am. Fish. Soc. 138(4): 846–860.

Correlation analyses, linear regression models, and multistock mixed effects models were used to examine the rela-
tionships between coho salmon Oncorhynchus kisutch marine survival and six biological and environmental covari-
ates across 14 southeast Alaska (SEAK) stocks.  A primary focus of the study was to investigate the influence of pink 
salmon O. gorbuscha and chum salmon O. keta fry abundances on coho salmon marine survival.  The coho salmon 
stocks exhibited strong covariation; 88 of the 91 pairwise comparisons among the coho salmon stocks covaried 
positively and 54 of them were significant (P = 0.05).  Only one of the covariates, the North Pacific index, which is 
a measure of the Aleutian low pressure zone, had consistent relationships (positive) across all 14 stocks.  The other 
covariates, including freshwater discharge, the Pacific decadal oscillation, sea-surface temperature, and two indi-
ces of pink salmon and chum salmon fry abundances, all had inconsistent relationships with marine survival.  The 
best-fit linear regression models varied greatly among the 14 stocks, as did the R2 values, which ranged from 0.00 
to 0.54.  An index representing local hatchery pink salmon and chum salmon fry abundance was the most important 
variable in explaining the variation in marine survival, having a stronger estimated effect on survival than an index 
of local wild pink salmon fry abundance.  The magnitude and sign of the hatchery pink salmon and chum salmon ef-
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fect varied greatly among different localities.  Our results suggest that (1) SEAK coho salmon stocks are not equally 
influenced by the same factors, and (2) there are factors that appear to affect marine survival of SEAK coho salmon 
stocks at varying spatial scales.  This study also provides evidence that coho salmon stocks throughout SEAK experi-
ence some degree of regional concordance in the marine environment but also that local stock-specific conditions are 
important in fully understanding variation in marine survival.

Mangel, M.  1994.  Climate change and salmonid life history variation.  Deep-Sea Res. II 41(1): 75–106.
A model is developed to predict some effects of climate change on anadromous fish.  A review the relevant biol-
ogy of salmonids, focusing on three species of Pacific salmon and on Atlantic salmon, shows that there is sufficient 
commonality to this biology that we can conceive of a “general salmon” model, which is then tailored to consider a 
particular species in a particular situation.  Such a model is developed for the Atlantic salmon (Salmo salar L.) and 
is used to study the effects of climate change on its patterns of development and maturation.  The main variables in 
this model are the weight and length of the fish (assumed to be related allometrically), the metabolic rate of the fish 
(a measure of how potential growth is converted into realized growth) and environmental properties such as food 
availability and water temperature.  The main predictions are the pattern of development (maturation and smoltifica-
tion) and feeding behavior in the stream.  Given these predicted patterns of development and behavior, we can ad-
dress the response to climate change.  For example, if climate change leads to an overall decrease in the availability 
of food, then returning fish will be smaller (as expected).  However, the return timing may change too, depending 
upon the metabolic rate.  Similarly, assuming that streams are warmed by climate change, leads to a clear prediction 
about switches in the patterns of smolting as a function of size of the fish and metabolic rate.  Methods for testing the 
proposed models are described.

Mantua, N.J., and R.C. Francis.  2004.  Natural climate insurance for Pacific northwest salmon and salmon fisheries: 
finding our way through the entangled bank.  Am. Fish. Soc. Symp. 43:127-140

This essay focuses on the linkages between climate (variability and change) and sustainable salmon management 
policies.  We show the importance of climate in its effects on salmon production as well as how unpredictable these 
effects are.  Our assessment leads us to conclude that the treatment of environmental uncertainty poses a fundamental 
conflict between the kind of policies that have been traditionally used in fishery management—basically command 
and control policies that assume predictability and assert engineering solutions to just one or a few aspects of highly 
complicated problems—and what the environmental variability dictates—policies that embrace environmental vari-
ability and uncertainty and acknowledge a lack of predictability for salmon ecosystems.  In this regard, we conclude 
that three things need to happen in order to integrate climate information into sustainable salmon management 
policies: 1. De-emphasize the role of preseason run-size predictions in management activities.  2. Emphasize pre-
season and in-season monitoring of both the resource and its environment.  3. Focus on strategies that minimize the 
importance of uncertain climate variability and change scenarios to increase the resilience of short and long-term 
planning decisions.  Our bottom line is that sustainable salmon fisheries cannot be engineered with technological 
fixes and prediction programs, but that climate insurance for Pacific Northwest salmon can be enhanced by restoring 
and maintaining healthy, complex, and connected freshwater and estuarine habitat and ensuring adequate spawner 
escapements.  If we are interested in purchasing long-term climate insurance for wild salmon so they can better cope 
with changing ocean conditions, we will likely get the best return on investments aimed at restoring the health and 
integrity of our beleaguered watersheds.  We also believe that the health of northwest salmon resources is inherently 
dependent upon social, economic, and political pressures in this world of multi-objective resource conflict.  Because 
of the human dimensions of salmon fisheries, we need salmon fisheries if we hope to sustain wild salmon, and vice 
versa.

Mantua, N.J., and S.R. Hare.  2002.  The Pacific decadal oscillation.  J. Oceanogr. 58(1): 35–44.
The Pacific Decadal Oscillation (PDO) has been described by some as a long-lived El Niño-like pattern of Pacific 
climate variability, and by others as a blend of two sometimes independent modes having distinct spatial and tempo-
ral characteristics of North Pacific sea surface temperature (SST) variability.  A growing body of evidence highlights 
a strong tendency for PDO impacts in the Southern Hemisphere, with important surface climate anomalies over the 
mid-latitude South Pacific Ocean, Australia and South America.  Several independent studies find evidence for just 
two full PDO cycles in the past century: cool PDO regimes prevailed from 1890–1924 and again from 1947–1976, 
while warm PDO regimes dominated from 1925–1946 and from 1977 through (at least) the mid-1990’s.  Interdecadal 
changes in Pacific climate have widespread impacts on natural systems, including water resources in the Americas 
and many marine fisheries in the North Pacific.  Tree-ring and Pacific coral based climate reconstructions suggest that 
PDO variations—at a range of varying time scales—can be traced back to at least 1600, although there are important 
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differences between different proxy reconstructions.  While 20th Century PDO fluctuations were most energetic in 
two general periodicities—one from 15-to-25 years, and the other from 50-to-70 years—the mechanisms causing 
PDO variability remain unclear.  To date, there is little in the way of observational evidence to support a mid-latitude 
coupled air-sea interaction for PDO, though there are several well-understood mechanisms that promote multi-year 
persistence in North Pacific upper ocean temperature anomalies.

Mantua, N.J., S.R. Hare, et al.  1997.  A Pacific interdecadal climate oscillation with impact on salmon production.  
Bull. Am. Meteorol. Soc. 78: 1069–1079.

Evidence gleaned from the instrumental record of climate data identifies a robust, recurring pattern of ocean–atmo-
sphere climate variability centered over the midlatitude North Pacific basin.  Over the past century, the amplitude of 
this climate pattern has varied irregularly at interannual-to-interdecadal timescales.  There is evidence of reversals 
in the prevailing polarity of the oscillation occurring around 1925, 1947, and 1977; the last two reversals correspond 
to dramatic shifts in salmon production regimes in the North Pacific Ocean.  This climate pattern also affects coastal 
sea and continental surface air temperatures, as well as streamflow in major west coast river systems, from Alaska 
to California.

Mantua, N.J., N.G. Taylor, et al.  2009.  The salmon MALBEC Project: a North Pacific-scale study to support salmon 
conservation planning.  N. Pac. Anadr. Fish Comm. Bull 5: 333–354.  (Available at www.npafc.org).

The Model for Assessing Links Between Ecosystems (MALBEC) is a policy gaming tool with potential to explore 
the impacts of climate change, harvest policies, hatchery policies, and freshwater habitat capacity changes on salmon 
at the North Pacific scale.  This article provides background information on the MALBEC project, methods, input 
data, and preliminary results pertaining to (1) hatchery versus wild salmon production in the North Pacific Ocean, (2) 
rearing, movement, and interactions among Pacific salmon populations in marine environments, (3) marine carrying 
capacities, density-dependent growth, and survival in Pacific salmon stocks, and (4) climate impacts on productivity 
in salmon habitat domains across the North Pacific.  The basic modeling strategy underlying MALBEC follows the 
full life cycle of salmon and allows for density-dependence at multiple life stages, and it includes spatially explicit 
ecosystem considerations for both freshwater and marine habitat.  The model is supported by a data base including 
annual run sizes, catches, spawning escapements, and hatchery releases for 146 regional stock groups of hatchery 
and wild pink, chum, and sockeye salmon around the North Pacific for the period 1952–2006. For this historical pe-
riod, various hypotheses about density-dependent interactions in the marine environment are evaluated based on the 
goodness-of-fit between simulated and observed annual run sizes.  Based on the information we used to inform our 
ocean migration table, interactions among stocks that originate from geographically distant regions are greatest in the 
Bering Sea in summer–fall and in the eastern sub-Arctic in winter–spring.  While the model does not reproduce the 
observed data for some specific stock groups, it does predict the same overall production pattern that was observed 
by reconstructing run sizes with catch and escapement data alone.  Our preliminary results indicate that simulations 
that include density-dependent interactions in the ocean yield better fits to the observed run-size data than those simu-
lations without density-dependent interactions in the ocean.  This suggests that for any level of ocean productivity, 
the ocean will only support a certain biomass of fish but that this biomass could consist of different combinations 
of stocks, stock numbers and individual fish sizes. MALBEC simulations illustrate this point by showing that under 
scenarios of Pacific-wide reduced hatchery production, the total number of wild Alaskan chum salmon increases, 
and that such increases are large where density-dependent effects on survival are large and small where they are 
not.  Under scenarios with reduced freshwater carrying capacities for wild stocks, the impacts of density-dependent 
interactions also lead to relative increases in ocean survival and growth rates for stocks using ocean habitats where 
density-dependence is large.

Marine, K.R., and J.J. Cech.  2004.  Effects of high water temperature on growth, smoltification, and predator avoid-
ance in juvenile Sacramento River Chinook salmon.  N. Am. J. Fish. Manage. 24(1): 198–210.

Intensive water management and frequent drought cycles can increase water temperatures, thereby decreasing habi-
tat quality for Chinook salmon Oncorhynchus tshawytscha inhabiting streams of California’s Central Valley.  We 
studied the incremental effects of chronic exposure (.60 d; effects measured bimonthly) to three temperature regimes 
typical of the range of conditions experienced by Sacramento River fall-run Chinook salmon during juvenile rearing 
and smoltification (13–16°C, 17–20°C, and 21–24°C; diel fluctuations of 0.5–3°C were allowed within these limits).  
Our laboratory experiments demonstrated that Chinook salmon can readily survive and grow at temperatures up to 
24°C.  However, juveniles reared at 21–24°C experienced significantly decreased growth rates, impaired smolti-
fication indices, and increased predation vulnerability compared with juveniles reared at 13–16°C.  Fish reared at 
17–20°C experienced similar growth, variable smoltification impairment, and higher predation vulnerability com-
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pared with fish reared at 13–16°C.  These results improve our understanding of the range of juvenile Chinook salmon 
responses to elevated temperatures and should assist biologists and resource decision makers in coordinating water 
management and salmon conservation decisions.

Martin, J.T.  2006.  Climate and development: salmon caught in the squeeze.  In Salmon 2100: the future of wild Pacific 
salmon.  Edited by R.T. Lackey, D.H. Lach and S.L. Duncan.  American Fisheries Society.  pp. 411-424.

It seems highly likely that the pincers of development and climate change will cause the severe depletion or local-
ized extinction of anadromous salmonids in low-elevation streams in the Pacific Northwest and California.  The 
remaining populations will be fragmented ntial rearing areas, incresing the chances that depletions caused by ex-
treme climatic events will become extinctions.  The fact is that very little can be done with hatchery technology or 
modified fishing practices that could compensate for the anticipated impacts of development and climate change on 
low-elevation anadromous salmon populations.  The future of salmon conservation and restoration in western North 
America depends on transforming our current approach: we need to become profoundly more strategic in our deci-
sion making.  By trying to restore salmon everywhere, we risk not achieving sustainability anywhere.  By spreading 
our tactics thinly, we fail to identify true strategic opportunities while there is still time.  The purpose of this chapter 
is to highlight what I see as the most significant challenges to the future of salmon and to suggest a number of more 
difficult but more strategic approaches.

Martin, P.C.  2009.  Do sea surface temperatures influence catch rates in the June south peninsula, Alaska, salmon 
fishery?  N. Pac. Anadr. Fish Comm. Bull. 5: 147–156.  (Available at www.npafc.org).

The influence of sea surface temperature (SST) on sockeye salmon catch per unit effort (CPUE) for the June south 
Alaska Peninsula fishery and on the run size of the western Alaska sockeye salmon was investigated for the period 
1975–2008.  CPUE was positively related to the size of the western Alaska sockeye salmon run but not to SST over 
the pooled time period.  Time-stratified analysis before and after 1994/1993 revealed significant negative relations 
between the June fishery CPUE and winter and spring SST in the area to the east of the fishery.  There were positive 
relations between the size of the western Alaska run and SST for temperature time series in the central Bering Sea, 
eastern Aleutian Islands, and between Kodiak and the Shumagin islands for one- and two-year lags prior to the adult 
return.  Time-stratified analysis showed that there were significant changes in the influence of temperature on the June 
fishery CPUE and in the size of the western Alaska run.  Combined the results suggest that warming temperatures in 
the Bering Sea have shifted regions of importance to the west for all ocean ages.

Martinson, E.C., J.H. Helle, et al.  2009.  Alaska sockeye salmon scale patterns as indicators of climatic and oceanic shifts 
in the North Pacific Ocean, 1922–2000.  N. Pac. Anadr. Fish Comm. Bull. 5: 177–182.  (Available at www.npafc.org).

Climate regime shifts can alter the community structure of marine species in the North Pacific Ocean.   In this study, 
we use a regime shift detection algorithm to determine whether regime shifts are recorded as shifts in the mean fish 
length indices at the smolt, juvenile, immature, and mature life stages based on measurements of increments on 
scales of adult age-2.2 sockeye salmon (Oncorhynchus nerka) that returned to the Karluk River, Kodiak Island over 
a 77-year time period (1924–2000).  Fish length was expected to increase with cool-to-warm climate shifts (1926, 
1958, 1977, and 1998) and decrease with warm-to-cool climate shifts (1943, 1947, 1971, and 1989).  Regime shifts 
were not consistently observed as statistical shifts in the time series of fish length indices.   At contemporaneous lags, 
shifts in the mean temperature of the North Pacific were detected as shifts in length in 1958 (+), but not in 1926 (+), 
1943 (-), 1971 (-), and 1977 (+).  Shifts in the atmospheric circulation and sea level pressure of the North Pacific were 
detected as negative shifts in length in 1989 (-), but not in 1926 (+), 1947 (-), 1977 (+), 1998 (+).  Shifts in length 
indices were associated with the 1957-58 El Niño, the warm-to-cool shift in 1989, and preceded the 1976–77 climate 
shift in the North Pacific Ocean.  Fish length indices from salmon scales may be useful predictors for major and more 
recent shifts in the status of the ecosystem of the North Pacific Ocean.

Mathews, S.B.  1980.  Trends in Puget Sound and Columbia River coho salmon.  In Salmonid ecosystems of the North 
Pacific.  Edited by W.J. NcNeil and D.C. Himnsworth.  Oregon State University Press.  pp. 133–145.

Catches of Chinook (Oncorhynchus tshawytscha) and coho (O. kisutch) from California, Oregon and Washington 
have increased during the past two decades due to substantial increases in hatchery production.  This paper compares 
broad trends of coho production, catch, survival and size of adult fish in two major hatchery production areas: Puget 
Sound and the Columbia River.  The purposes are to seek possible evidence of producing and releasing too many 
hatchery salmon to the ocean and/or overfishing, and to provide analyses that may improve harvest and enhancement 
strategies.
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Mathews, S.B.  1984.  Variability of marine survival of Pacific salmonids: a review.  In The influence of oceanic condi-
tions on the production of salmonids in the North Pacific.  Edited by W.G. Pearcy.  Oregon State University Sea Grant 
Program.  pp. 161–183.

Time series of total marine survival rate estimates for a number of North American salmonid stocks were reviewed.  
Only species with extended fresh-water rearing phases were considered.  Variability in marine survival tends to be 
quite variable, and such variability is largely unexplainable from smolt data such as mean smolt size, age composi-
tion, or abundance.  The causes of such variability in the marine environment are poorly understood.  The best cor-
relation so far found between marine survival and marine environment factor (strength of ocean-upwelling) is for 
coho salmon originating from the Oregon coast and Columbia River.  However, the biological mechanism even for 
this case is not known.

Mathews, S.B., and R.M. Buckley.  1976.  Marine mortality of Puget Sound coho salmon (Oncorhynchus kisutch).  J. 
Fish. Res. Board Can. 33: 1677–1684.

A model for natural mortality over the 18 mo of marine life of Puget Sound coho salmon (Oncorhynchus kisutch) 
is proposed, wherein the natural mortality rate, M, continuously decreases with increasing weight.  Weight closely 
follows an increasing exponential function of marine age. The model is extended to account for ocean troll and sport 
fishing mortalities and applied to data from marking studies of Puget Sound coho.  The survival curve for marine 
life with only natural mortality declines rapidly for early ocean life and is quite flat over the ages fished. Recent high 
survival rates for hatchery coho released at a larger than normal size could be partially explained by this mortality 
model, although additional marking experiments are needed to separate the effects upon survival of size at release 
and time of release.  The model applied to hatchery release-size strategy indicates that 70g/fish might be optimal.

Mathews, S.B., and Y. Ishida.  1989.  Survival, ocean growth, and ocean distribution of differentially timed releases of 
hatchery coho salmon (Oncorhynchus kisutch).  Can. J. Fish. Aquat. Sci. 46: 1216–1226.

Estimates of growth rates in early ocean life and length frequency distributions at time of release for adult survivors 
were inferred from scale measurements for lots of coho salmon (Oncorhynchus kisutch) released at several dates from 
a Columbia River hatchery (Big Creek) and a southern Oregon hatchery (Coos Bay).  Analysis of these measure-
ments failed to support either of two literature-suggested hypotheses for the variability of marine survival of hatchery 
coho by date of release: (1) intraseasonal variability of food supply during early marine life; and (2) intraseasonally 
improving ability of smaller individuals within release lots to convert to salt water.  Marine survival improved sub-
stantially with date of release at both hatcheries.  However, fish released earliest, which survived relatively poorly, 
grew as fast in early marine life as fish released later, which survived better.  Thus, poor survival of the early released 
fish did not appear related to lack of food at early ocean life.  For the Big Creek hatchery, no significant differences 
were seen between the mean lengths at date of release and the mean release-date lengths of adult survivors back 
calculated from their scales, for lots released on May 5, June 3, and July 2.  Apparently, small and large fish of each 
lot survived with equal probability.  For the Coos Bay hatchery, the mean release date lengths of adult survivors were 
significantly larger than the mean lengths of all fish released, for each of six lots released between early June and 
late July.  Thus, large fish apparently survived better than small ones within each of these six lots.  But there was no 
seasonal trend in survivability of small fish relative to large ones, contrary to hypothesis (2).

Mathews, S.B., and F.W. Olson.  1980.  Factors affecting Puget Sound coho salmon (Oncorhynchus kisutch) runs.  Can. 
J. Fish. Aquat. Sci. 37: 1373–1378.

Summer streamflow, apparently affecting survival of zero-age coho salmon (Oncorhynchus kisutch) is shown to be 
an important determinant of Puget Sound run strength since 1952.  Recently, hatchery production has also been a 
significant factor.  Earlier studies indicated a relationship between rearing flows and coho run strength beginning in 
1935.  The persistence of the correlation between streamflow and run strength for more than 40 yr is noteworthy.  
Although the mechanism is unclear, survival of hatchery coho may also be positively dependent upon the same en-
vironmental conditions that affect stream-reared coho; a depensatory mortality relationship between abundance of 
hatchery coho and abundance of stream-reared coho is postulated.

Matthews, W.J., and E.G. Zimmerman.  1990.  Potential effects of global warming on native fishes of the southern 
Great Plains and the Southwest.  Fisheries 15(6): 26–32.

Fish in streams of the southern Great Plains and southwestern North America may be particularly vulnerable to ex-
tirpation or extinction due to global warming.  Streams of this region already have some of the hottest free-flowing 
water on earth (summer maxima of 38–40°C), and even now fish live at times very near their lethal thermal limits.  
Unlike many terrestrial and marine organisms or fishes of some rivers, fishes in these prairie stream systems cannot 
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migrate northward to cooler temperatures in the event of global warming.  If warming of 3–4°C occurs, a substantial 
number of species endemic to this region could face extinction unless they adapt behaviorally or genetically for ther-
mal increases.  Existing evidence suggests little likelihood of successful behavioral adjustments.  Data on thermal 
tolerance of local populations provide conflicting evidence: one widespread species of the Great Plains shows no 
difference in thermal tolerance across its range, whereas another shows adaptation to environmental temperatures 
at the local level.  Because of the evolutionarily brief time predicted for global warming, it is unlikely that genetic 
options can arise rapidly enough through mutation to allow species to cope with hotter environments.  Species that 
survive major increases in environmental temperature will likely be ones with adequate existing genetic variation to 
allow survival and selection of at least some individuals.  Overall, the outlook for native fishes of the Great Plains 
and southwest is bleak, if predicted temperature increases occur.

Mayama, H., and Y. Ishida.  2003.  Japanese studies on the early ocean life of juvenile salmon.  N. Pac. Anadr. Fish 
Comm. Bull. 3: 41–67.  (Available at www.npafc.org).

Almost all the salmon resources in Japan have been supported by artificial enhancement, and because of the success 
of this program the population size of chum salmon (Oncorhynchus keta) has increased dramatically since the early 
1970s.  About 90% of Japan’s salmon catch is chum; 5–10% is pink salmon (O. gorbuscha) and 0.5% masu (O. 
masou).  Therefore, biological research has focused on the early ocean life of juvenile chum salmon to establish the 
proper timing and size for release of juveniles from hatcheries, and, since the late 1960s, to study the distribution and 
movement of juvenile salmon in nearshore waters.  Survey results indicated that juvenile chum salmon remained in 
coastal water masses with good food conditions and physiologically optimum surface temperature and salinity until 
they reached about 70–80 mm FL, when they were able to migrate offshore, avoiding high SST (over 12–13ºC) and 
high salinity (over 34 pus).  Japan-Russia cooperative juvenile salmon surveys were conducted in the Okhotsk Sea 
and the western North Pacific Ocean, from early summer to winter in 1988–1996.  Results suggest that the Okhotsk 
Sea is an important nursery area for juvenile salmon originating from Russia and Japan.

McBean, G.A.  1990.  Possible impacts of climate change on the North Pacific Ocean and its marine resources.  Trans. 
Royal Soc. Can. 1(1): 435–452.

McCarthy, J.J., O. F. Canziani, et al. (Editors).  2001.  Climate change 2001: impacts, adaptation, and vulnerability.  
Contribution of working group II to the third assessment report of the Intergovernmental Panel on Climate Change.  
Cambridge University Press, Cambridge, UK.  1032 pp.

Impacts, Adaptation, and Vulnerability is the most comprehensive and up-to-date scientific assessment of the con-
sequences of, and adaptation responses to, climate change.  The report:  - Evaluates evidence that recent observed 
changes in climate have already affected a variety of physical and biological systems.  - Makes a detailed study of 
the vulnerabilities of human populations to future climate change, including associated sea-level rise and changes in 
the frequency and intensity of climate extremes such as floods, droughts, heat waves and windstorms, and taking into 
account potential impacts on water resources, agriculture and food security, human health, coastal and other types 
of settlements, and economic activities.  - Assesses the potential responses of natural environments and the wildlife 
that inhabit them to future climate change and identifies environments at particular risk.  - Considers how adaptation 
and climate change might lessen adverse impacts or enhance beneficial impacts.  - Provides an overview of the vul-
nerabilities and adaptation possibilities by major region of the world (Africa, Asia, Australia/New Zealand, Europe, 
Latin America, North America, Polar Regions, and Small Island States).  - Contrasts the different vulnerabilities 
of the developed and developing parts of the world and explores the implications for sustainable development and 
equity concerns.  This latest assessment of the IPCC will again form the standard scientific reference for all those 
concerned with the environmental and social consequences of climate change, including students and researchers in 
ecology, biology, hydrology, environmental science, economics, social science, natural resource management, pub-
lic health, food security, and natural hazards, and policy makers and managers in governmental, industry, and other 
organizations responsible for resources to be affected by climate change.

McCoullough, D.A.  1999.  A review and synthesis of effects of alterations to the water temperature regime on freshwa-
ter life stages of salmonids, with special reference to Chinook salmon.  U.S. Environmental Protection Agency, Region 
10, Seattle, Washington.  279 pp.  (Available at http://www.krisweb.com/biblio/gen_usepa_mccullough_1999.pdf).

Average annual adult salmon runs were estimated to be 10-16 million fish historically.  Of this number there were 
7.4–12.5 million salmon destined for above Bonneville Dam.  Currently, this number has dwindled to 600,000, of 
which approximately 58% are produced by hatcheries (ODFW and WDFW 1995, as cited by CRITFC 1995).  Pas-
sage mortalities through the system of dams average 15–30% per dam for juvenile emigration and 5–10% per dam 
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for adult immigration.  Cumulative dam mortality through 9 dams is 77–96% for juveniles and 37–51% for adults 
(NPPC 1986).  Sources of mortality are numerous and include environmental effects of timber harvest, agriculture, 
livestock grazing, mining, urbanization, overfishing, and direct habitat destruction (e.g., estuary diking or filling), in 
addition to dam-related mortalities.  These mortality sources taken cumulatively threaten the inherent capability of 
salmon populations to replace themselves.

McFarlane, G.A., J.R. King, et al.  2000.  Have there been recent changes in climate?  Ask the fish.  Prog. Oceanogr. 
47(2-4): 147–169.

It is generally accepted that a climate shift occurred about 1977 that affected the dynamics of North Pacific marine 
ecosystems.  Agreement on the possibility of further climate shifts in 1989 and the late 1990s is yet to be achieved.  
However, there have been changes in the dynamics of key commercial fishes that indicate changes in their environ-
ment occurred in the early 1990s, and possibly around 1998.  One method of measuring climate change is to observe 
the dynamics of species that could be affected.  Several studies have described decadalscale changes in North Pacific 
climate-ocean conditions.  Generally, these studies focus on a single index.  Using principal components analysis, 
we use a composite index based on three aspects of climate ocean conditions: the Aleutian Low Pressure Index, 
the Pacific Atmospheric Circulation Index and the Pacific Interdecadal Oscillation Index.  We link this composite 
index (Atmospheric Forcing Index) to decadal-scale changes in British Columbia salmon and other fish populations.  
Around 1989 there was a change from intense Aleutian Lows (above average south-westerly and westerly circulation 
patterns and warming of coastal sea surface temperatures) to average Aleutian Lows (less frequent south-westerly 
and westerly circulation and slightly cooler coastal sea surface temperatures in winter).  These climate-ocean chang-
es were associated with changes in the abundance and ocean survival of salmon (Oncorhynchus spp.), distribution 
and spawning behaviour of hake (Merluccius productus) and sardines (Sardinops sagax) and in recruitment patterns 
of several groundfish species.

McFarlane, G.A., J.R. King, et al.  1998.  The use of the Pacific atmospheric classification system as an indicator of 
future long-term climate impacts on the early life history of salmon from the Fraser River.  N. Pac. Anadr. Fish Comm. 
Doc. 320.  13 pp.  (Available at www.npafc.org).

The Pacific Atmospheric Circulation classification incorporates three types of atmospheric circulation.  The clas-
sification is based on the concepts of Russian meteorologists and classifies circulation into three types, Z, M1, and 
M2.  The winter frequency of the M1 (northwesterly meridional flow) type was found to be a general indicator of the 
long-term pattern of Fraser River flows in this century.  Above average northwesterly circulation (M1) is associated 
with increased winter precipitation and deeper snow pack in the Fraser River drainage. In general, the dominant pe-
riods correspond to periods of above average flows from the Fraser River.  The M1 processes were dominant during 
the early 1900s, 1948–1973, and possibly beginning in the mid-1990s.  The switch from dominant to non-dominant 
circulation patterns generally corresponded to the published regime shifts of 1925, 1947, 1977, and 1989.  Fraser 
River salmon production accounts for approximately 40% of salmon production in British Columbia waters.  Fraser 
River flows may affect salmon production during spawning, freshwater rearing and in the early marine period in the 
Strait of Georgia through the estuarine circulation.  Changing flows, increased freshwater temperatures and changing 
ecosystem dynamics within the Strait of Georgia affect Pacific salmon production.  Understanding when changes 
occur in the persistence of trends in atmospheric wind patterns will assist in the understanding of climate impacts on 
salmon produced in the Fraser River, including global warming.

McFarlane, G.A., B.A. Megrey, et al. (Editors).  2001.  PICES-GLOBEC international program on climate change and 
carrying capacity: report of the 2000 BASS, MODEL, MONITOR and REX Workshops, and the 2001 BASS/MODEL 
Workshop.  PICES Sci. Rep. No. 17.  125 pp.  (Available at www.pices.int).

This volume summarizes the results of the activities in 2000 by the four Task Teams of the PICESGLOBEC Climate 
Change and Carrying Capacity Program.  The activities reported here include the BASS, MODEL, MONITOR 
and REX Workshops at the PICES Ninth Annual Meeting in Hakodate, Japan (October 2000), and the joint BASS/
MODEL Workshop in Honolulu, U.S.A. (March 2001).  The BASS Workshop on “The development of a conceptual 
model of the Subarctic Pacific basin ecosystems” discussed the possibility of applying ECOPATH/ECOSIM to the 
modeling of subarctic gyre ecosystems, based on presentations, the extended abstracts of which appear in the report.  
The workshop participants recognized that the Program has now entered its synthesis phase and the role of model-
ing has become more important.  They have recommended convening a joint BASS/MODEL Workshop to examine 
the feasibility of using ECOPATH/ECOSIM as a tool to model higher trophic level components of the subarctic 
gyre ecosystems.  This joint workshop on “Higher trophic level modeling” was held March 2001, in Honolulu.  The 
initial eastern- and western- subarctic gyre ecosystem models were reviewed and existing data used for each model 
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were noted.  The workshop found considerable room for improving the estimates that can be accomplished by im-
provement of input data quality.  The MODEL Workshop on “Strategies for coupling higher and lower trophic level 
marine ecosystem models” discussed the strategic considerations necessary in coupling higher and lower trophic 
level marine ecosystem models and the extension and improvement of the prototype lower trophic level PICES 
NEMURO Model.  The workshop reported these strategies in the form of workshop recommendations, which can be 
re-organized and re-stated in the future workplan of the CCCC Program for integration.  The workshop report also 
contains abstracts, extended abstracts, and fully prepared reports presented at the workshop.  The MONITOR Work-
shop on “Progress in monitoring the North Pacific” reviewed ongoing and/or planned monitoring programs in North 
Pacific and made a number of pertinent recommendations.  The summary of the workshop is followed by extended 
abstracts of papers given at the meeting.  The REX Workshop on “Trends in herring populations and trophodynam-
ics” summarized generalizations, observations and hypotheses on herring populations and identified the need to add 
F (fish) into the current crop of NPZ (Nutrients - Phytoplankton - Zooplankton) models that are now available.  The 
four Task Teams are coordinating their activities in order to reach their goal, namely to answer the scientific questions 
addressed to the Program and to develop the ecosystem-monitoring program as an output of the Program. The final 
recommendations from each of these Task Teams can be found in the PICES Annual Report 2000.

McGie, A.M.  1984.  Commentary: evidence for density dependence among coho salmon stocks in the Oregon Produc-
tion Index area.  In The influence of ocean conditions on the production of salmonids in the North Pacific: a workshop.  
Edited by W.G. Pearcy. Corvallis, Oregon, Oregon State University Press.  pp. 37–49.

Possible density dependence among salmon stocks in the eastern Pacific Ocean has come under increasing scrutiny 
in recent years (Clark and McCarl 1983; Gunsolus 1978; McCarl and Rettig 1983; McGie 1981; Nickelson 1983; 
Nickelson and Lichatowich, this workshop; Oregon Department of Fish and Wildlife 1982; Peterman 1978, 1982; 
Walters et al. 1978).  These authors have often reported widely divergent interpretations of the role of density-
dependent relationships between smolt and adult abundances in the marine environment.  This is particularly true for 
coho salmon (Oncorhynchus kisutch) stocks found in the Oregon Production Index (OPI) area south of Leadbetter 
Point, Washington.  Some scientists believe that existing data indicate density-dependent marine mortality is a factor 
governing stock size and further hatchery smolt releases are unwarranted.  However, others feel that marine mortality 
of the stocks is primarily driven by densityindependent factors and further smolt releases are justified.

McGowan, J.A., D.R. Cayan, et al.  1998.  Climate-ocean variability and ecosystem response in the Northeast Pacific.  
Science 281(5374): 210–217.

The role of climatic variation in regulating marine populations and communities is not well understood.  To improve 
our knowledge, the sign, amplitude, and frequency of climatic and biotic variations should be compared as a neces-
sary first step.  It is shown that there have been large interannual and interdecadal sea-surface temperature changes 
off the West Coast of North America during the past 80 years.  Interannual anomalies appear and disappear rather 
suddenly and synchronously along the entire coastline.  The frequency of warm events has increased since 1977.  
Although extensive, serial, biological observations are often incomplete, it is clear that climate-ocean variations have 
disturbed and changed our coastal ecosystems.

McKinnell, S.  2008.  Fraser River sockeye salmon productivity and climate: a re-analysis that avoids an undesirable 
property of Ricker’s curve.  Prog. Oceanogr. 77(2-3): 146–154.

In descending order of importance, artificial spawning channels, density-dependent mortality, carryover mortality, 
and climate have significant influences on the average productivity of Fraser River sockeye salmon (Oncorhynchus 
nerka).  When factors that are known or have been hypothesized to affect Fraser River sockeye salmon productivity 
are included in a single analytical framework, no significant change in average productivity occurred in 1976/1977, 
however, beginning in 1989 average productivity was significantly lower.  In the one lake (Chilko) in the Fraser 
River basin where pre-smolt survival can be distinguished from post-smolt survival, this decline arose from freshwa-
ter causes.  After accounting for other factors that have a greater influence, Fraser River sockeye salmon productiv-
ity tends to be slightly lower in years when the intensity of the Aleutian low pressure region is stormier in winter, 
although the effect is not strongly expressed in any particular population.  A footnote to the study was the realiza-
tion that estimates of Ricker’s density-dependent mortality parameter, [beta], are influenced by both the numerical 
properties of the equation and by population biology; density-dependent and density-independent influences on the 
estimates of the parameter are confounded.

McLain, D.R.  1984.  Coastal ocean warming in the northeast Pacific, 1976–1973.  In The influence of ocean condi-
tions on the production of salmonids in the North Pacific.  Edited by W.G. Pearcy.  Oregon State University Sea Grant 
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Program.  pp. 61–86.
Anomalously warm coastal waters occurred in the northeast Pacific during the years 1976–83 with extremely warm 
conditions in 1982–83.  Similar periods of unusually warm coastal water conditions have occurred many times in the 
past, including the following periods in recent decades: 1940–41, 1957–58, 1972–73, and 1976–77.  The cause of the 
anomalous warming appears to be a combination of effects including (1) a shift in the wind field over the northeast 
Pacific so that warm surface water is transported toward the coast, and (2) a northward propagating depression of the 
thermocline along the coast from “El Niño” conditions in the eastern tropical Pacific.  Both processes depress the 
thermal structure along the coast and cause major physical and ecological changes.  One effect is the occurrence of 
anomalously strong northward coastal currents in winter which transport tropical species northward along the coast.  
Radovich (1961) and Squires (1983) described occurrences of southern species such as barracuda, white sea bass, 
yellowfin tuna, and skipjack tuna off California during warm water periods.

Mesa, M.G., L.K. Weiland, et al.  2002.  Effects of acute thermal stress on the survival, predator avoidance, and physi-
ology of juvenile fall Chinook salmon.  Northwest Science 76(2): 118–128.

We subjected juvenile fall Chinook salmon from the Hanford Reach of the Columbia River to acute thermal stressors 
in the Iaboratory that were derived from field data.  We assessed the effects of thermal stress on: (1) the extent of di-
rect mortality; (2) the vulnerability of fish to predation by smallmouth bass; and (3) some general physiological stress 
responses and synthesis of heat shock protein 70 (hsp70).  Thermally-stressed fish showed little direct mortality and 
no increases in vulnerability to predation.  However, these fish showed transient increases in plasma concentrations 
of cortisol, glucose, and lactate, and a dramatic (25-fold higher than controls) and persistent (lasting 2wk) increase 
in levels of liver hsp70.  Our results indicate that exposure of Hanford Reach juvenile fall Chinook salmon to such 
stressors did not lead to significant increases in direct motality or vulnerability to predation, but did alter physiologi-
cal homeostasis, which should be of concem to those managing this resource.  Because our fish received only a single 
exposure to one of the stressors we examined, we are also concerned about the consequences of exposing fish to 
multiple, cumulalive stressors—a likely scenario for fish in the wild.

Miller, A.J., D.R. Cayan, et al.  1994.  The 1976–77 climate shift of the Pacific Ocean.  Oceanography 7(1): 21–26.
Understanding how climate varies in time is a central issue of climate research.  Of particular interest are climate 
variations which occur within the human lifespan, say over 5- to 100-y time scales.  Climate changes might occur as 
a gradual drift to a new state, a series of long-term swings, or a sequence of abrupt steps.  The climate record over 
the last 100 years or so exhibits ample evidence for all these types of variations (Jones et al., 1986), but we have little 
understanding of what causes and controls these regime changes (Karl, 1988; Wunsch, 1992).  Though many of these 
variations in climate are certainly natural, some components could be associated with increased concentrations of 
greenhouse gases or other anthropogenic effects.  To advance our understanding of mankind’s potential influence on 
climate, the study of various natural climate variations is of paramount importance.

Miller, C. B. (Editor).  2002.  PICES-GLOBEC international program on climate change and carrying capacity: report 
of the PICES 2002 volunteer observing ship workshop.  PICES Sci. Rep. No. 21.  38 pp.  (Available at www.pices.int).

Executive Summary: PICES and the Exxon Valdez Oil Spill Trustee Council’s Gulf Ecosystem Monitoring (GEM) 
program presently sponsor a plankton monitoring program in the subarctic Pacific that uses commercial “volunteer 
observing ships” (VOS) to tow a Continuous Plankton Recorder (CPR) along repeated routes from southern Califor-
nia to Alaska, and from British Columbia to Japan.  Value of the CPR data would be greatly enhanced by additional 
underway measurements from the VOS.  A workshop to identify and evaluate potential add-on sensor and archival 
modules was held on April 4–5, 2002, in Seattle. The recommended system would include one group of instruments 
making measurements of water from the ship’s engine room sea-water intake, and a second group of instruments 
(mounted on or near the bridge) making optical, acoustic, and sea-state measurements, and perhaps deploying ex-
pendable subsurface profiling probes (XBT or XCTD).  The total price for the acquisition and testing of the first 
unit would probably be under US$250,000. Subsequent units could be assembled for about US$150,000.  Workshop 
participants recommend that a technical proposal for funding such a system be developed, and seek endorsement by 
PICES and approval to proceed with proposal development as an official PICES activity.

Miller, K.A.  2000.  Pacific salmon fisheries: climate, information and adaptation in a conflict-ridden context.  Clim. 
Chang. 45: 37–61.

Pacific salmon are anadromous fish that cross state and international boundaries in their oceanic migrations.  Fish 
spawned in the rivers of one jurisdiction are vulnerable to harvest in other jurisdictions.  The rocky history of at-
tempts by the United States and Canada to cooperatively manage their respective salmon harvests suggests that such 
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shared resources may present difficult challenges for effective adaptation to climate change.  On June 30, 1999, the 
two nations signed an agreement which, if successfully implemented, may end several years of rancorous conflict.  
For the previous six years, they had been unable to agree on a full set of salmon “fishing regimes” under the terms of 
the Pacific Salmon Treaty.  This conflict was sparked by strongly divergent trends in each nation’s interceptions of 
salmon spawned in the other nation’s rivers.  The trends are attributable, in part, to the effects of large-scale climate 
change.  Adaptation is difficult when a resource is exploited by multiple competing users who possess incomplete 
information.  If, in addition, their incentives to cooperate are disrupted by the impacts of climate variation, dysfunc-
tional breakdowns in management rather than efficient adaptation may ensue.  Institutional factors will determine the 
extent to which the management of such resources can adapt effectively to climate variability or long-term climate 
change.

Miller, K.A., and G.R. Munro.  2004.  Climate and cooperation: a new perspective on the management of shared fish 
stocks.  Mar. Res. Econ. 19: 367–393.

Climate regime shifts occur at irregular intervals and have profound and persistent impacts on ocean temperature 
and circulation patterns and on the dynamics of marine fish populations.  Despite a growing scientific literature and 
some attention to the implications of such regime shifts for domestic fisheries, the issue has received little attention 
in the context of international fishery management.  This paper presents evidence for the significance of climatic re-
gime shifts, and draws upon the recent history of conflict between Canada and the United States over Pacific salmon 
management to illustrate the dangers that unpredicted, unanticipated environmental regime shifts pose for efforts 
to maintain international cooperation.  This suggests a need for greater attention to this issue. Fishery agreements 
can be made more resilient to the impacts of such environmental changes by explicitly building in flexibility—for 
example, by allowing the use of side payments.  In addition, pre-agreements on procedures to be followed in the 
event of sustained changes in fish stock productivity or migration patterns, and cooperation on developing common 
scientific understandings, can help to prevent destructive conflicts.  Finally, the literature employing game theoretic 
shared-fishery models could be further developed to focus on providing practical guidance for maintaining coopera-
tion in the presence of unpredictable and persistent environmental changes.

Milovskaya, L.V.  2002.  The influence of climate changes and sockeye escapement on state of ecosystem in Kuril Lake 
(South Kamchatka).  N. Pac. Anadr. Fish Comm. Doc. 648.  17 pp.  (Available at www.npafc.org).

In 1980–2000 in the Kuril Lake rise of the air temperature and quantity of precipitation was observed along with 
fall of the water temperature and high fish productivity of the lake.  Productivity of forage zooplankton was not 
limited by the trophic factor but was dependent on the water temperature which determined biomass growth rate.  
And, through predation, it was dependent on the abundance of feeding sockeye salmon.  During periods of high 
sockeye salmon abundance in the Kuril Lake (a reservoir with limited feeding capacity) when the water temperature 
decreases the level of forage base also sharply decreases and does not meet food requirements of juvenile.  Decrease 
in food supply for sockeye salmon juvenile caused decrease in smolt weight.

Miyakoshi, Y., M. Fujiwara, et al.  2007.  Distribution and growth of juvenile chum salmon in the Abashiri Bay, Easter 
Hokkaido, in relation to sea surface temperature.  N. Pac. Anadr. Fish Comm. Tech. Rep. 7: 21–22.  (Available at www.
npafc.org).

The number of chum salmon (Oncorhynchus keta) returns in Hokkaido, northern Japan, increased since 1970s.  The 
recent high returns are supported by the improved stocking techniques and favorable oceanic conditions (Kaeriyama 
1999).  However, there are significant differences in the return rate of hatchery-released salmon depending on their 
spawning seasons or home regions within northern Japan.

Miyakoshi, Y., M. Nagata, et al.  2007.  Coastal seawater temperature during early ocean life of chum salmon measured 
by satellite remote sensing and its effect on their return rates in eastern Hokkaido.  N. Pac. Anadr. Fish Comm. Tech. 
Rep. 7: 105–106.  (Available at www.npafc.org).

Many chum salmon populations are currently maintained by hatchery program in Japan.  Egg-to-fry survival is 
improved by the hatchery technologies, and the early marine phase is thought as a critical period for hatcheryreared 
chum salmon when the mortality is highly variable.  Recent researches in the Abashiri Bay, eastern Hokkaido, re-
ported that the distribution of juvenile chum salmon shortly after ocean entry was strongly affected by coastal envi-
ronmental conditions (Nagata et al. 2005; Miyakoshi et al. 2007), and ocean conditions greatly varied among years 
(Sawada et al. 2007).  We hypothesized that coastal seawater temperature affected the distribution and survival of 
juvenile chum salmon in this region.  The satellite remote sensing has been developed as an effective tool in ocean-
ography research (Laurs and Polovina 2000).  We began a study using the satellite remote sensing to analyze the 



Climate Impacts on Pacific Salmon 99

relationship between coastal sea surface temperature (SST) and return rates of chum salmon stocked along the coast 
of the Okhotsk Sea, eastern Hokkaido.

Mohseni, O., H.G. Stefan, et al.  2003.  Global warming and potential changes in fish habitat in U.S. streams.  Clim. 
Chang. 59: 389–409.

To project potential habitat changes of 57 fish species under global warming, their suitable thermal habitat at 764 
stream gaging stations in the contiguous United States was studied.  Global warming was specified by air tempera-
ture increases projected by the Canadian Centre of Climate Modelling General Circulation Model for a doubling of 
atmospheric CO2.  The aquatic thermal regime at each gaging station was related to air temperature using a nonlinear 
stream temperature/air temperature relationship.  Suitable fish thermal habitat was assumed to be constrained by both 
maximum temperature and minimum temperature tolerances.  For cold water fishes with a 0°C lower temperature 
constraint, the number of stations with suitable thermal habitat under a 2×CO2 climate scenario is projected to de-
crease by 36%, and for cool water fishes by 15%.  These changes are associated with a northward shift of the range.  
For warm water fishes with a 2°C lower temperature constraint, the potential number of stations with suitable thermal 
habitat is projected to increase by 31%.

Morita, K., S. H. Morita, et al.  2006.  Population dynamics of Japanese pink salmon (Oncorhynchus gorbuscha): Are 
recent increases explained by hatchery programs or climatic variations?  Can. J. Fish. Aquat. Sci. 63(1): 55–62.

Hatchery programs involving the mass release of artificially propagated fishes have been implemented worldwide.  
However, few studies have assessed whether hatchery programs actually increase the net population growth of the 
target species after accounting for the effects of density dependence and climatic variation.  We examined the com-
bined effects of density dependence, climatic variation, and hatchery release on the population dynamics of Japanese 
pink salmon (Oncorhynchus gorbuscha) from 1969 to 2003.  The population trends were more closely linked to 
climatic factors than to the intensity of the hatchery programs.  The estimated contributions of hatcheryreleased fry 
to catches during the past decade are small.  We concluded that the recent catch increases of Japanese pink salmon 
could be largely explained by climate change, with increased hatchery releases having little effect.

Morita, S.H., K. Morita, et al.  2001.  Growth of chum salmon (Oncorhynchus keta) correlated with sea-surface salinity 
in the North Pacific.  ICES J. Mar. Sci. 58(6): 1335–1339.

The average adult size-at-return of North Pacific salmon (Oncorhynchus spp.) has decreased since the 1970s and 
several hypotheses regarding the cause of this decrease have been proposed.  These have included fishing pressure, 
change of sea-surface temperature (SST) and density-dependence.  This paper re-examines recent trends in the catch 
per unit effort (cpue) of chum salmon (Oncorhynchus keta), SST, sea surface salinity (SSS) and the Aleutian Low 
Pressure Index (ALPI), and compares them with trends in growth to determine if any of these factors related to the 
growth of chum salmon in the Sub-Arctic Domain of the Western North Pacific.  From 1979 to 1998 chum salmon 
cpue increased, but fork length and back-calculated year-specific growth-increment size decreased significantly.  
SST showed no consistent pattern but SSS decreased significantly over time.  Of total salmon cpue, chum salmon 
cpue, SST and SSS, only SSS was significantly correlated with growth-increment size; this relationship was positive.  
Residuals of the year-SSS relationship were also correlated with residuals of the year-growth increment-size relation-
ship, indicating that SSS was consistently linked to growth-increment size.

Morris, J.F. T., M. Trudel, et al.  2007.  Stock-specific migrations of juvenile coho salmon derived from coded-wire tag 
recoveries on the continental shelf of western North America.  In Ecology of juvenile salmon in the Northeast Pacific 
Ocean: regional comparisons.  Edited by C. B. Grimes, R. D. Brodeur, L. J. Haldorson and S. McKinnell.  Am. Fish. 
Soc. Symp. 57: 81–104.

Aconceptual model of juvenile coho salmon Oncorhynchus kisutch migration from Oregon, Washington, the Colum-
bia–Snake River system, British Columbia, and southeast Alaska was derived using coded-wire-tag data from juve-
nile salmon surveys conducted between 1995 and 2004.  Over this 10-year period, 914 coded-wire-tagged (CWT) 
juvenile coho salmon were recovered.  In general, the migratory behavior of juvenile coho salmon observed in this 
study was consistent with previous studies showing that juvenile salmon generally undertake a northward migration 
and utilize the continental shelf as a migration highway.  However, this study also revealed that both regional and 
specific river stocks of coho salmon from all parts of the North American coast are composed of fast components that 
take a rapid and direct migration in the summer to as far west as Kodiak Island, Alaska and slow components that 
migrate over a relatively short distance from their natal rivers and reside over winter on the shelf.  The Columbia–
Snake River system, coastal Oregon, and coastal Washington had the highest proportion of fast CWT migrants 
among regions.  Furthermore, specific stocks within the lower Columbia River had the highest proportion of fast 
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CWT migrants both within the Columbia–Snake River watershed and along the entire west coast of North America.  
Distances migrated along the shelf were positively correlated to size at capture during the summer for almost all 
regional stocks, indicating that fast-migrating juvenile coho salmon have faster growth rates.  The widespread dis-
persion along the continental shelf as a consequence of a mix of slow and fast migrants and the subsequent offshore 
migration into different regions of the Gulf of Alaska may have been selected over evolutionary time scales.  This 
strategy would have ensured the long-term survival of individual stocks by spreading the risk of mortality among 
oceanic regions.

Mortensen, D.G., A. Wertheimer, et al.  2000.  The relation between early marine growth of pink salmon, Onco-
rhynchus gorbuscha, and marine water temperature, secondary production, and survival to adulthood.  Fish. Bull. 
98(2): 319–335.

Juvenile pink salmon, Oncorhynchus gorbuscha, from four consecutive brood years were tagged as they emigrated 
to the estuarine waters of Auke Bay, and information was obtained on the relationships between early marine growth, 
environmental conditions, and survival to adulthood. Juveniles that emigrated from Auke Creek later in the spring 
spent significantly less time in the estuary.  Individual growth rates of tagged fish recovered in Auke Bay ranged from 
3.1% to 7.1% per day.  In all study years, juvenile pink salmon grew more slowly in early April than in late April and 
early May.  Water temperature and growth were significantly correlated in all years, but growth did not consistently 
correlate with the biomass of epibenthic prey or zooplankton available to the fish.  Comparisons of expected and 
observed growth rates suggested that low prey availability, as well as low temperatures, may have limited growth 
for early spring emigrants.  Although early emigrants encountered poorer growth conditions, survivors were larger 
at a given date than later emigrants, their larger size possibly protecting them from size-selective predation.  Early 
marine growth was significantly related to intra-annual cohort survival to adults (R2 = 0.65, P < 0.05).  Larger fish 
consistently survived better than their smaller cohorts for all years.  Although early marine growth was an important 
determinate of survival within a cohort of pink salmon, other factors, such as predator abundance, contributed to the 
large interannual variability observed.

Moss, J.H., D.A. Beauchamp, et al.  2009.  Bioenergetic model estimates of interannual and spatial patterns in con-
sumption demand and growth potential of juvenile pink salmon (Oncorhynchus gorbuscha) in the Gulf of Alaska.  
Deep-Sea Res. II 56: 2553-2559.

A bioenergetic model of juvenile pink salmon (Oncorhynchus gorbuscha) was used to estimate daily prey consump-
tion and growth potential of four ocean habitats in the Gulf of Alaska during 2001 and 2002.  Growth potential was 
not significantly higher in 2002 than in 2001 at an alpha level of 0.05 (P = 0.073).  Average differences in growth 
potential across habitats were minimal (slope habitat = 0.844 g d-1, shelf habitat = 0.806 g d-1, offshore habitat = 0.820 
g d-1, and nearshore habitat = 0.703 g d-1) and not significantly different (P = 0.630).  Consumption demand differed 
significantly between hatchery and wild stocks (P = 0.035) when examined within year due to the interaction between 
hatchery verses wild origin and year.  However, the overall effect of origin across years was not significant (P = 
0.705) due to similar total amounts of prey consumed by all juvenile pink salmon in both study years.  We anticipated 
that years in which ocean survival was high would have had high growth potential, but this relationship did not prove 
to be true.  Therefore, modeled growth potential may not be useful as a tool for forecasting survival of Prince William 
Sound hatchery pink salmon stocks.  Significant differences in consumption demand and a two-fold difference in 
nearshore abundance during 2001 of hatchery and wild pink salmon confirmed the existence of strong and variable 
interannual competition and the importance of the nearshore region as being a potential competitive bottleneck.

Moss, J.H., D.A. Beauchamp, et al.  2005.  Evidence for size-selective mortality after the first summer of ocean growth 
by pink salmon.  Trans. Am. Fish. Soc. 134(5): 1313–1322.

Pink salmon Oncorhynchus gorbuscha with identifiable thermal otolith marks from Prince William Sound hatchery 
release groups during 2001 were used to test the hypothesis that faster-growing fish during their first summer in the 
ocean had higher survival rates than slower growing fish.  Marked juvenile pink salmon were sampled monthly in 
Prince William Sound and the Gulf of Alaska, and adults that survived to maturity were recovered at hatchery release 
sites the following year.  Surviving fish exhibited significantly wider circuli spacing on the region of the scale formed 
during early marine residence than did juveniles collected at sea during their first ocean summer, indicating that 
marine survival after the first growing season was related to increases in early marine growth.  At the same circuli, a 
significantly larger average scale radius for returning adults than for juveniles from the same hatchery would suggest 
that larger, faster growing juveniles had a higher survival rate and that significant size-selective mortality occurred 
after the juveniles were sampled.  Growth patterns inferred from intercirculi spacing on scales varied among hatch-
ery release groups, suggesting that density-dependent processes differed among release groups and occurred across 
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Prince William Sound and the coastal Gulf of Alaska.  These observations support other studies that have found that 
larger, faster-growing fish are more likely to survive until maturity.

Moss, J.H., J.M. Murphy, et al.  2009.  Juvenile pink and chum salmon distribution, diet, and growth in the northern 
Bering and Chukchi seas.  N. Pac. Anadr. Fish Comm. Bull. 5: 191–196.  (Available at www.npafc.org).

Loss of non-seasonal sea ice and a general warming trend in the Bering Sea has altered the composition, distribution, 
and abundance of marine organisms inhabiting the region.  Juvenile pink (Oncorhynchus gorbuscha) and chum (O. 
keta) salmon were found in significant numbers throughout the Chukchi Sea and Bering Strait regions during early 
autumn 2007, reflecting significant utilization of Arctic marine habitat by Pacific salmon.  Linear models of juve-
nile pink and chum salmon body size corrected for Day of Year were parameterized to estimate daily growth rates 
and habitat-specific differences in body size using 6 years of survey data.  Model results revealed that juvenile pink 
salmon inhabiting the eastern Bering Sea grew at an average rate of 1.17 mm•day-1 and juvenile chum salmon grew 
at a rate of 1.21 mm•day-1.  The U.S. BASIS survey area was expanded northward to include the Chukchi Sea dur-
ing 2007, where larger juvenile pink and chum salmon were found in higher abundances relative to pink and chum 
inhabiting the eastern Bering Sea.  Food habits analyses revealed that juvenile pink and chum salmon fed upon high 
energy prey in the Chukchi Sea, and that the majority of chum salmon encountered there were from either Alaskan 
or Russian stocks.

Mote, P.W., D. Canning, et al.  1999.  Impacts of climate variability and change in the Pacific Northwest.  The JISAO 
Climate Impacts Group, University of Washington.  110 pp.  (Available at http://www.cses.washington.edu/db/pdf/
moteetalgreenbook96.pdf).

Experience of the recent past illustrates the impacts that the climate variations have on the Pacific Northwest, and 
illustrates that there are both winners and loser when the climate is different from the “average.”  The mild winter 
and spring of 1997–98 saw an early snow melt, which strained regional water supplies during the summer and fall 
months.  An especially warm and dry summer, coupled with the early melt, led to exceptionally low flows and high 
temperatures in many Northwest streams.  These conditions in turn caused sever difficulties for salmon.  However, 
1997–98 also had benefits for the region, which avoided the damage and disruption caused by heavy snow fall and 
winter flooding during the previous two winters.  Climate is not a constant, and yet many aspects of human infra-
structure and activities are planned with the assumption that it is constant.  But what happens when climate produces 
a surprise?  What if, furthermore, there are long-term changes in climate?  Humans have altered the composition of 
Earth’s atmosphere to such an extent that climate itself appears to be changing.  The consequences of a changing 
climate may be beneficial for some places and activities, and detrimental for others.  This report describes the pos-
sible impacts of human-induced climate change and of natural climate variability like El Niño, focusing on the water 
resources, salmon, forests, and coasts of the Pacific Northwest (PNW).  It has been prepared largely by the Climate 
Impacts Group (CIG) at the University of Washington.  The CIG, under the direction of Professor Edward L. Miles, 
is an interdisciplinary group of researchers from the physical, biological, and social sciences working together to 
understand the impacts of climate variability and change on the Northwest.  Looking at the recent past, much of 
the climate history of the PNW can be described by a few recurring patterns.  The strongest pattern highlights the 
tendency for winter climate to be either relatively cool and wet or relatively warm and dry.  Cool-wet winters are 
generally associated with increased risks of flooding and landslides, abundant summer water supply, more abundant 
salmon, reduced risk of forest fires, and improved tree growth (except at high elevation).  Warm-dry winters are often 
followed by summer water shortages, less abundant salmon, and increased risk of forest fires.  The occurrence of the 
cool-wet or warm-dry winter pattern is influenced by two main climate variations in the Pacific Basin: ENSO (El 
Niño-Southern Oscillation) primarily on year-to-year timescales and PDO (the Pacific Decadal oscillation) primar-
ily on decade-to-decade timescales.  ENSO and PDO cause variation sin snowpack and streamflow, and hence the 
ability to meet water resource objectives; with respect tot he region’s water resources, ENSO and PDO can reinforce 
or cancel each other.  In contrast, the response of forests and salmon is correlated more strongly with the PDO than 
with ENSO.  The magnitude of seasonal anomalies of temperature and precipitation leading to the above effects is 
strikingly small, but these past anomalies enable us to calibrate the possible responses to long-term climate change.  
Looking to the future, computer models of climate generally agree that the PNW will become, over the next half 
century, gradually warmer and wetter, with most of the precipitation increase in winter.  These trends mostly agree 
with observed changes over the past century.  Wetter winters would likely mean more flooding of certain rivers, and 
landslides on steep coastal bluffs.  The region’s warm, dry summers may see slight increases in rainfall, according 
tot he models, but the gains in rainfall will be more than offset by losses due to increases in evaporation.  Loss of 
moderate-elevation snowpack in response to warmer winter temperatures would have enormous and mostly negative 
impacts on the region’s water resources, forests, and salmon.  Among these impacts are a diminished ability to store 
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water in reservoirs for summer use, more drought-stressed tress leading to reductions in forested area, and spawn-
ing and rearing difficulties for salmon.  Knowing what changes might occur is only part of the challenge, however.  
This knowledge must make its way from the realm of research to the realm of decisions, and be used in decisions.  
Large practical and, in some cases, legal constraints prevent climate information from being fully utilized.  Meeting 
the challenges posed by climate variations and climate change will require considerable revision of the policies and 
practices concerning how the region’s natural resources are managed.  An indication of the scope of such revisions 
comes from considering how government agencies have handled climate-related stresses in the past, like droughts 
and coastal erosion.  In many cases, agencies cannot even make use of a good seasonal forecast in making short-term 
planning decision: the operating assumption is often that climate is constant and extremes do not occur.  There are 
wide variations among the four sectors considered here in how management presently makes use of climate informa-
tion.

Mote, P.W., A.F. Parson, et al.  2003.  Preparing for climatic change: the water, salmon, and forests of the Pacific North-
west.  Clim. Chang. 61: 45–88.

The impacts of year-to-year and decade-to-decade climatic variations on some of the Pacific Northwest’s key natural 
resources can be quantified to estimate sensitivity to regional climatic changes expected as part of anthropogenic 
global climatic change.  Warmer, drier years, often associated with El Niño events and/or the warm phase of the 
Pacific Decadal Oscillation, tend to be associated with belowaverage snowpack, streamflow, and flood risk, below-
average salmon survival, below-average forest growth, and above-average risk of forest fire.  During the 20th cen-
tury, the region experienced a warming of 0.8°C.  Using output from eight climate models, we project a further 
warming of 0.5–2.5°C (central estimate 1.5°C) by the 2020s, 1.5–3.2 °C (2.3°C) by the 2040s, and an increase in 
precipitation except in summer.  The foremost impact of a warming climate will be the reduction of regional snow-
pack, which presently supplies water for ecosystems and human uses during the dry summers.  Our understanding 
of past climate also illustrates the responses of human management systems to climatic stresses, and suggests that a 
warming of the rate projected would pose significant challenges to the management of natural resources.  Resource 
managers and planners currently have few plans for adapting to or mitigating the ecological and economic effects of 
climatic change.

Moulton, L.L.  1997.  Early marine residence, growth, and feeding by juvenile salmon in the Northern Cook Inlet, 
Alaska.  Alaska Fish. Res. Bull. 4(2): 154–177.

The impacts of year-to-year and decade-to-decade climatic variations on some of the Pacific Northwest’s key natural 
resources can be quantified to estimate sensitivity to regional climatic changes expected as part of anthropogenic 
global climatic change.  Warmer, drier years, often associated with El Niño events and/or the warm phase of the Pa-
cific Decadal Oscillation, tend to be associated with belowaverage snowpack, streamflow, and flood risk, below-av-
erage salmon survival, below-average forest growth, and above-average risk of forest fire.  During the 20th century, 
the region experienced a warming of 0.8°C.  Using output from eight climate models, we project a further warming 
of 0.5–2.5°C (central estimate 1.5°C) by the 2020s, 1.5–3.2°C (2.3°C) by the 2040s, and an increase in precipitation 
except in summer.  The foremost impact of a warming climate will be the reduction of regional snowpack, which 
presently supplies water for ecosystems and human uses during the dry summers.  Our understanding of past climate 
also illustrates the responses of human management systems to climatic stresses, and suggests that a warming of 
the rate projected would pose significant challenges to the management of natural resources.  Resource managers 
and planners currently have few plans for adapting to or mitigating the ecological and economic effects of climatic 
change.

Mueter, F.J., C. Ladd, et al.  2006.  Bottom-up and top-down controls of walleye pollock (Theragra chalcogramma) on 
the Eastern Bering Sea shelf.  Prog. Oceanogr. 68(2-4): 152–183.

Control of walleye pollock (Theragra chalcogramma) recruitment in the Eastern Bering Sea involves complex in-
teractions between bottom-up and top-down processes, although the mechanisms are poorly understood.  We used 
statistical models to test the leading hypotheses linking recruitment variability to biotic and abiotic factors.  Con-
sistent with a “cold-pool hypothesis”, recruitment of pollock was significantly stronger if winters preceding the 
larval (age-0) and juvenile stages (age-1) were mild.  However, our results did not support the proposed top-down 
mechanism (cannibalism) underlying this hypothesis.  Several empirical relationships support an “oscillating control 
hypothesis”.  As predicted by it, the effect of ice conditions on survival during the larval and early juvenile stages was 
modified by the abundance of adult pollock, implying stronger bottom-up control when adult abundance (hence can-
nibalism) was low.  The proposed bottom-up mechanism predicts that the survival of pelagic-feeding walleye pollock 
(benthic-feeding yellowfin sole), should be higher during years with an early (late) ice retreat, which was confirmed 
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by our analysis.  Our results also provide additional evidence for a “larval transport hypothesis”, which states that 
cannibalism of larval and juvenile pollock is reduced in years when strong northward advection separates juveniles 
from cannibalistic adults.  In addition to testing existing hypotheses, we identified new relationships between spawn-
erto- recruit survival rates of walleye pollock and several indicators of mixed layer dynamics during the spring and 
summer.  Survival rates and recruitment were significantly reduced when larval or early juvenile stages experienced 
a delay in the (non-ice-associated) spring bloom as a result of stormy spring conditions, suggesting that the timing 
of the spring bloom is critical to both first-feeding larvae and age-1 juveniles.  Furthermore, a dome-shaped rela-
tionship between pollock survival and summer wind mixing at the early juvenile stage is consistent with modeling 
and laboratory studies showing an increase in survival at low to moderate levels of wind mixing, but a decrease in 
feeding success at high levels of wind mixing.  Top-down controls also regulate recruitment of walleye pollock.  At 
least one-third of the variability in spawner-to-recruit survival could be accounted for by predation mortality at the 
early juvenile stage (age-1).  Predation of juvenile pollock can be attributed largely to cannibalism, which varies with 
the abundance of adult pollock and with the availability of juveniles to adult predators.  A simple index reflecting 
the spatial overlap between juvenile and adult pollock explained 30–50% of the overall variability in recruitment, 
similar to the variability explained by the best environmental predictors.  Although environmental effects are difficult 
to separate from the effects of predation, we conclude that bottom-up and top-down processes are equally important 
in controlling the survival of pollock from spawning to recruitment at age 2.  However, the magnitude of top-down 
control is itself modified by environmental factors that control the availability of juvenile pollock to adults (through 
impacts on spatial distribution) and the abundance of adult predators (through effects on productivity and carrying 
capacity).

Mueter, F.J., R.M. Peterman, et al.  2002.  Opposite effects of ocean temperature on survival rates of 120 stocks of Pa-
cific salmon (Oncorhynchus spp.) in northern and southern areas.  Can. J. Fish. Aquat. Sci. 59(3): 456–463.

To improve the understanding of linkages between ocean conditions and salmon productivity, we estimated effects of 
ocean temperature on survival rates of three species of Pacific salmon (Oncorhynchus spp.) across 120 stocks.  This 
multistock approach permitted more precise estimates of effects than standard single-stock analyses.  The estimated 
effects were opposite in sign between northern and southern stocks and were quite consistent across stocks within 
species and areas.  Warm anomalies in coastal temperatures were associated with increased survival rates for stocks 
in Alaska and decreased survival rates in Washington and British Columbia, suggesting that different mechanisms 
determine survival rates in the two areas. Regional-scale sea surface temperatures (SST, within several hundred 
kilometres of a stock’s ocean entry point) were a much better predictor of survival rates than large-scale climate 
anomalies associated with the Pacific Decadal Oscillation (PDO), suggesting that survival rates are primarily linked 
to environmental conditions at regional spatial scales.  With appropriate cautions, these results may be used to predict 
the potential effects of climatic changes on salmon productivity in different areas of the Northeast Pacific.

Mueter, F.J., B.J. Pyper, et al.  2005.  Relationships between coastal ocean conditions and survival rates of Northeast 
Pacific salmon at multiple lags.  Trans. Am. Fish. Soc. 134(1): 105–119.

We tested the hypothesis that survival rates from spawners to recruits in Pacific salmon Oncorhynchus spp. are 
primarily related to coastal ocean conditions during migration to the sea and soon after.  We correlated measures of 
survival rate in units of log (recruits/spawner) for 110 stocks of pink salmon O. gorbuscha, chum salmon O. keta, 
and sockeye salmon O. nerka with regional-scale indices of coastal sea surface temperature, sea surface salinity, and 
upwelling as well as with a large-scale index of ocean climate.  We examined correlations by month and at multiple 
lags spanning the periods of spawning, freshwater residence, and early ocean residence of salmon.  Survival rates of 
all three salmon species were related to ocean temperatures just prior to, during, and after out-migration, which are 
indicative of the early marine conditions experienced by juvenile salmon.  This is consistent with the hypothesis that 
the early marine period is critical to the survival of juvenile salmon.  However, survival rates of sockeye salmon were 
most strongly correlated with coastal sea surface temperature during freshwater residency (i.e., the winter and spring 
prior to out-migration).  Survival rates of pink salmon were also related to sea surface salinity conditions prior to out-
migration.  There was no evidence for any relationship between the survival rates of salmon and coastal upwelling 
conditions.  As in previous studies, we found that correlations between the survival rates of pink or sockeye salmon 
in Alaska and sea surface temperature have opposite signs from correlations for stocks in British Columbia and 
Washington at most lags and at both regional and large (basinwide) spatial scales.  In general, however, the measures 
of coastal ocean conditions that we examined explain a relatively small proportion of the environmentally induced 
variability in salmon survival rates.

Mueter, F.J., D.M. Ware, et al.  2002.  Spatial correlation patterns in coastal environmental variables and survival rates 
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of Pacific salmon in the northeast Pacific Ocean.  Fish. Oceanogr. 11(4): 205–218.
We examined spatial correlations for three coastal variables [upwelling index, sea surface temperature (SST), and 
sea surface salinity (SSS)] that might affect juvenile salmon (Oncorhynchus spp.) during their early marine life.  
Observed correlation patterns in environmental variables were compared with those in survival rates of pink (O. 
gorbuscha), chum (O. keta), and sockeye (O. nerka) salmon stocks to help identify appropriate variables to include 
in models of salmon productivity.  Both the upwelling index and coastal SST were characterized by strong positive 
correlations at short distances, which declined slowly with distance in the winter months, but much more rapidly 
in the summer.  The SSS had much weaker and more variable correlations at all distances throughout the year.  The 
distance at which stations were no longer correlated (spatial decorrelation scale) was largest for the upwelling index 
(> 1000 km), intermediate for SST (400–800 km in summer), and shortest for SSS (< 400 km).  Survival rate indices 
of salmon showed moderate positive correlations among adjacent stocks that decreased to zero at larger distances. 
Spatial decorrelation scales ranged from approximately 500 km for sockeye salmon to approximately 1000 km for 
chum salmon.  We conclude that variability in the coastal marine environment during summer, as well as variability 
in salmon survival rates, are dominated by regional scale variability of several hundred to 1000 km.  The correla-
tion scale for SST in the summer most closely matched the observed correlation scales for survival rates of salmon, 
suggesting that regional-scale variations in coastal SST can help explain the observed regional-scale covariation in 
survival rates among salmon stocks.

Murphy, J.M., W.D. Templin, et al.  2009.  Stock-structured distribution of western Alaska and Yukon juvenile Chi-
nook salmon (Oncorhynchus tshawytscha) from United States BASIS surveys, 2002–2007.  N. Pac. Anadr. Fish Comm. 
Bull. 5: 51–59.(Available at www.npafc.org).

We describe migratory patterns of western Alaska and Yukon Chinook salmon (Oncorhynchus tshawytscha) us-
ing stock-structured distribution data from United States Bering-Aleutian Salmon International Surveys (BASIS), 
2002–2007.  Juvenile Chinook salmon were distributed within water depths less than 50 m and their highest densities 
were found close to river mouths of primary Chinook salmon-producing rivers in the eastern Bering Sea (Yukon, 
Kuskokwim, and Nushagak rivers) through their first summer at sea.  This reflects a later marine dispersal from fresh-
water entry points than typically found in Gulf of Alaska stream-type Chinook salmon and resulted in the presence 
of juvenile Chinook salmon in shallow, non-trawlable habitats during the surveys.  Juvenile Chinook salmon stock 
proportions in the northern shelf region (north of 60°N) were: 44% Upper Yukon, 24% Middle Yukon, 31% Coastal 
Western Alaska, and 1% other western Alaska stock groups.  Juvenile Chinook salmon stock proportions present 
in the southern shelf region (south of 60°N) were: 95% Coastal Western Alaska, 1% Upper Yukon, and 4% other 
western Alaska stock groups.  It is believed that these stock mixtures do not support significant northward migration 
of stocks from the southern shelf, and reflect limited mixing of salmon from the two production regions during their 
first summer at sea.  Spatial distribution patterns and coded-wire tag recoveries provide evidence that the distribution 
of Yukon River Chinook salmon extends northward into the Chukchi Sea during their first summer at sea.  Although 
the juveniles present in the Chukchi Sea represent a minor portion of the total Yukon River juvenile population, 
continued warming of the Arctic could increase the proportion of Yukon River Chinook salmon migrating north into 
the Chukchi Sea.

Myers, K.W., N.V. Klovach, et al.  2007.  Stock-specific distributions of Asian and North American salmon in the open 
ocean, interannual changes, and oceanographic condtions.  N. Pac. Anadr. Fish Comm. Bull. 4: 159–177.  (Available 
at www.npafc.org).

Knowledge of migration routes, migration timing, and resident areas for populations of Pacific salmon in the open 
ocean is vital to understanding their status and role in North Pacific marine ecosystems.  In this paper we review 
information from the literature, as well as some previously unpublished data, on stock-specific distribution and mi-
gration patterns of salmon in the open ocean, interannual variation in these patterns, and associated ocean conditions, 
and we consider what this information can tell us about ocean conditions on small-to mid-size scales.  We conclude 
that climate-driven changes in open-ocean feeding areas and along the migratory routes of Asian and North American 
salmon can result in predictable interannual changes in stock-specific distribution, migration patterns, and other bio-
logical characteristics.  Global climate change is currently causing more frequent and unpredictable environmental 
changes in the open ocean habitats through which salmon migrate.  Data on changes in the distribution and migration 
of indicator stocks of adult salmon returning from the open ocean might provide an “advance warning” of interannual 
changes in North Pacific marine ecosystems.

Myers, K.W., R.V. Walker, et al.  2000.  Synthesis and review of US research on the physical and biological factors af-
fecting ocean production of salmon.  N. Pac. Anadr. Fish Comm. Bull. 2: 1–9.  (Available at www.npafc.org).
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This paper is a synthesis and review of the results of US research in the 1990s on the physical and biological factors 
affecting ocean production of Pacific Salmon (Oncorhynchus spp.).  The review follows the outline of US research 
under the North Pacific Anadromous Fish Commission Science Plan, which addresses issues concerning the ocean 
production of salmon.  The research includes studies on juvenile salmon in coastal waters, ecology of salmon in the 
Gulf of Alaska, retrospective analyses of long-term data series, development and application of stock identification 
techniques, and international cooperative high seas salmon research.  Our review indicates that climate-induced 
variation in productivity and fishing are the two major factors affecting ocean production of salmon, but the under-
lying mechanisms are not well know.  To understand the processes linking climate, ocean productivity, and salmon 
production, we need stock-specific information on salmon distribution, abundance, and migration patterns with re-
spect to environmental conditions.  We recommend continuation of this research, with a strong emphasis on (1) the 
development of new technologies and international baselines for salmon stock identification, (2) shipboard research 
and monitoring programs to provide a platform for process studies as well as data on interannual variation in ocean 
growth, distribution, and run timing of key stocks, and (3) the development and dissemination of international data-
bases useful for research on ocean production of salmon.

Mysak, L.A.  1986.  El Niño, interannual variability and fisheries in the Northeast Pacific Ocean.  Can. J. Fish. Aquat. 
Sci. 43(2): 464–497.

In this review I describe the oceanic and atmospheric observations, physical mechanisms, and theories associated 
with El Niño-Southern Oscillation (ENSO) warming episodes in the tropical Pacific, and critically examine the 
means by which these anomalous events are believed to produce unusual conditions in the northeast Pacific.  How-
ever, not all tropical ENSO episodes have a noticeable effect at higher latitudes.  Also, because of anomalous local 
atmospheric forcing, significant warmings, strong coastal currents, and high sea levels along the west coast of North 
America can occur in years during which there are no tropical ENSO episodes.  The possible impacts of ENSO-
induced changes and of other interannual fluctuations in the northeast Pacific on various fisheries are described.  
Such impacts include changes in the migration routes of the bluefin tuna (Thunnus thynuus) and Fraser River sockeye 
salmon (Oncorhynchus nerka), increases in the Pacific herring (Clupea pallasi) recruitment, earlier return times for 
the Bristol Bay sockeye salmon, and increases in the weight of mature Fraser River sockeye several years after a 
local warming event.

Nagasawa, K.  2000.  Long-term changes in the climate and ocean environment in the Okhotsk Sea and western North 
Pacific and abundance and body weight of East Sakhalin pink salmon (Oncorhynchus gorbuscha).  N. Pac. Anadr. Fish 
Comm. Bull. 2: 203–211.  (Available at www.npafc.org).

Trends in catch of East Sakhalin pink salmon (Oncorhynchus gorbuscha) were closely related to the climate and 
ocean environment in the Okhotsk Sea and western North Pacific.  During the period when the intensity of the 
Aleutian Low strengthened from 1977 to 1988, the area of sea ice expanded in the Okhotsk Sea, but both sea surface 
temperature (SST) and zooplankton biomass decreased in the western North Pacific, and pink salmon catch declined.  
Conversely, after the Aleutian Low weakened in 1989, the area of sea ice sharply decreased in the Okhotsk Sea, and 
pink salmon catch dramatically increased.  It is thus suggested that during the period of the intensified Aleutian Low, 
juveniles have a higher mortality due to decreased SST in the Okhotsk Sea, and overwintering immature fish have 
a higher mortality due to decreased SST and zooplankton biomass in the western North Pacific.  The reverse occurs 
with a weakened Aleutian Low.  With an increase in catch after 1989, the body weight of adult pink salmon increased, 
suggesting that the carrying capacity of the western North Pacific Ocean for this stock has increased.

Nagasawa, K.  2000.  Possible effects of sea ice in the southern Okhotsk Sea on the survival of pink salmon juveniles 
from Hokkaido and East Sakhalin.  N. Pac. Anadr. Fish Comm. Tech. Rep. 2: 32.  (Available at www.npafc.org).

During spring and early summer, pink salmon (Oncorhynchus gorbuscha) fry and juveniles from Hokkaido and East 
Sakhalin go to the sea and stay in coastal waters of the southern Okhotsk Sea (Takagi et al. 1981), which are covered 
with sea ice during winter and early spring.  This paper examines the effects of sea ice in the southern Okhotsk Sea 
on the stocks of Hokkaido and East Sakhalin pink salmon (see Nagasawa 2000).

Nagasawa, T., and T. Azumaya.  2009.  Distribution and CPUE trends in Pacific salmon, especially sockeye salmon in 
the Bering Sea and adjacent waters from 1972 to the mid 2000s.  N. Pac. Anadr. Fish Comm. Bull. 5: 1–13.  (Available 
at www.npafc.org). 

We present the mean CPUE distributions of five species of Pacific salmon in the Bering Sea and adjacent waters, 
based on long-term data from Japanese research-gillnet operations, 1972–2002.  Many populations of three abundant 
Pacific salmon species (pink, chum, and sockeye salmon), have feeding migrations in the Bering Sea.  There are two 
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distinct patterns in the fluctuations in CPUE of major North Pacific salmon species in the Bering Sea.  The CPUEs of 
pink and Chinook salmon increased after 1988 and remained high to 2005.  The CPUEs of sockeye and chum salmon 
were low prior to 1977, peaked in 1980, declined until 1989, and then increased again until 2005.  The trends in 
CPUE of sockeye and chum salmon seem to coincide with fluctuations in Bering Sea sea surface temperatures (SST) 
with higher densities of sockeye and chum salmon in the Bering Sea during warm periods and lower densities during 
cool periods, especially in sockeye.  These increases and decreases in CPUE seem to coincide with the hypothesized 
regime shifts in 1977 and 1989.  We also discuss the effects of the semi-decadal fluctuations in the Bering Sea SST, 
and related fluctuations in sockeye salmon abundance.

Nagata, M., D. Ando, et al.  2007.  A shift in pink salmon dominance in the Okhotsk Sea of Hokkaido in relation to 
coastal environments during early sea life.  N. Pac. Anadr. Fish Comm. Bull. 4: 237–249.  (Available at www.npafc.
org).

Although dominance by the even-year line of pink salmon in the Okhotsk Sea of Hokkaido was maintained from the 
1990 to 2000 broodyears, a shift back to odd-numbered year returns occurred.  We have monitored the distribution of 
juvenile pink salmon and the ocean environment in the Abashiri coastal waters of the Okhotsk Sea since 2002 when 
juveniles from 2001 brood-year pink salmon went to sea.  SST measurements were much higher when odd-year 
juveniles entered coastal waters in 2002 (8.2–9.7ºC) and 2004 (5.5–12.0°C) than when even-year juveniles entered 
coastal waters in 2003 (5.3–6.8°C).  Pink salmon juveniles were widely distributed along the coast in May 2002 
and 2004, while juveniles in 2003 were densely distributed and restricted to the littoral zone.  Mean fork length in 
2003 was significantly smaller than those in the other two years.  The final number of juveniles captured along the 
coast from May to July 2003 was 4,700, much lower than the numbers caught in the other two years (19,200 and 
21,900, respectively).  More interestingly, the abundance of adults in 2003 from pink juveniles (2001 brood year) 
that experienced the warm temperatures in 2002 was much higher than adults in 2004 that had experienced the cooler 
temperatures in 2003, resulting in the shift in dominance.  These results suggest that shifting between dominance 
lines might be caused by thermal conditions in coastal waters that result in either long estuary residence times with 
larger aggregations of fish or rapid dispersal with wider occupation of nursery grounds by pink salmon juveniles after 
seaward migration.

Nagata, M., Y. Miyakoshi, et al.  2007.  Influence of coastal seawater temperature on the distribution and growth of ju-
venile chum salmon, with recommendations for altered release strategies.  N. Pac. Anadr. Fish Comm. Bull. 4: 223–235.  
(Available at www.npafc.org).

In 2002 we initiated a project to determine the optimal timing for releasing juvenile hatchery chum salmon in rivers 
along the northeast coast of Hokkaido in northern Japan.  Otolith-marked juveniles released in mid May 2002 and 
2004 were captured by a surface trawl net 1 km off the coast in late May.  In contrast, juveniles released in mid May 
2003 were not observed in coastal waters until early June, along with chum released in late April of the same year; 
fish from these releases were captured in littoral areas in mid/late May with beach seines.  In addition, early growth 
rates for juveniles released in late April 2003 and subsequently captured 1 km off the coast were lower than for juve-
niles released in mid-May.  Juvenile chum rapidly disappeared from coastal waters after late June when sea surface 
temperatures (SST) were > 13°C.  While relatively high juvenile abundances were found in coastal waters from May 
to June in 2002 and 2004, when SST ranged from 8 to 13°C, this water temperature range occurred in coastal waters 
only in June 2003.  In contrast, SSTs from 7 to 12°C were found in the littoral zone in May 2003.  Offshore marine 
movement of juvenile chum appears to depend on seawater temperature rather than fish size, especially considering 
that water temperatures < 8°C appeared to restrict movement offshore.  We caution against releasing juvenile chum 
salmon when coastal water temperatures are < 7°C or > 11°C.

Napp, J.M., and G.L. Hunt, Jr.  2001.  Anomalous conditions in the south-eastern Bering Sea, 1997: linkages among 
climate, weather, ocean, and biology.  Fish. Oceanogr. 10: 61–68.

In 1997, the Bering Sea ecosystem, a productive, high-latitude marginal sea, demonstrated that it responds on very 
short time scales to atmospheric anomalies.  That year, a combination of atmospheric mechanisms produced notable 
summer weather anomalies over the eastern Bering Sea. Calm winds, clear skies, and warm air temperatures resulted 
in a larger-than-normal transfer of heat to surface waters and the establishment of a shallow mixed layer.  In spring, 
significant new production occurred below the shallow pycnocline over the Middle Shelf, depleting the subpycno-
cline nutrient reservoir that normally exists during summer.  Following the depletion of nitrate and silicate from 
the system, a sustained (≥ 4 months) bloom of coccolithophores (Emiliania huxleyi) was observed—a phenomenon 
not previously documented in this region.  Summer Middle Shelf Domain copepod concentrations were higher for 
some species in 1997 than in the early 1980s.  Warmer surface water and lack of wind mixing also changed the 
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basic distribution of hydrographic regimes on the south-eastern shelf and altered the strength and position of fronts 
or transition zones where apex predators seek elevated food concentrations.  The Inner Front was well inshore of 
its normal position, and adult euphausiids (the primary prey of short-tailed shearwaters, Puffinus tenuirostris) were 
unavailable at, and shoreward of, the front in autumn.  High shearwater mortality rates followed the period of low 
euphausiid availability.  Some, but not all, of these anomalous conditions re-occurred in 1998.  These observations 
are another demonstration that the structure and function of marine ecosystems are intimately tied to forcing from 
the atmosphere.  Alteration of climatological forcing functions, expressed as weather, can be expected to have large 
impacts on this ecosystem and its natural resources.

Naydenko, S.V.  2009.  The role of Pacific salmon in the trophic structure of the upper epipelagic layer of the western 
Bering Sea during summer–autumn 2002–2006.  N. Pac. Anadr. Fish Comm. Bull. 5: 231–241.  (Available at www.
npafc.org).

Pacific salmon are among the dominant fish in the epipelagic layer of the subarctic Pacific Ocean and are considered 
the principle consumers of forage resources.  In recent years (1990s and 2000s) most Pacific salmon stocks have 
increased two-fold in abundance.  Many researchers consider that such high abundance may increase interspecific 
competition for food and influence density-dependent factors during periods of limited food availability and may 
change salmon characteristics such as length, weight, fecundity, and the average age of populations.  Long-term data 
series on Pacific salmon and their food resources have traditionally been collected during Russian surveys in the 
pelagic zone of the Far Eastern Seas and adjacent waters of the northwestern North Pacific Ocean.  More recently 
(summer–autumn, 2002–2006) surveys have been conducted by TINRO-Center in the epipelagic zone of the western 
Bering Sea as part of the international BASIS program.  The integration of the results of these programs make it pos-
sible to better understand the status of Pacific salmon and their role in North Pacific pelagic communities.

Neilson, J.D., and G.H. Geen.  1982.  Otoliths of Chinook salmon (Oncorhynchus tshawytcha): daily growth increments 
and factors influencing their production.  Can. J. Fish. Aquat. Sci. 39(10): 1340–1347.

The effects of photoperiod, feeding frequency, and water temperature on formation of otolith daily growth incre-
ments in juvenile Chinook salmon (Oncorhynchus tshawytscha) were examined.  Feeding frequency influenced both 
increment number and width, whereas photoperiod and temperature affected only increment width.  Fish fed once/24 
h produced one increment every 24 h on average, while fish fed 4 times/24 h produced more than one increment 
every 24 h.  Wider increments were produced in fish exposed to warmer water (11°C) or 24 h of darkness.  The ratio 
of otolith size to fish size remained constant throughout and between the photoperiod, temperature, and feeding fre-
quency experiments, regardless of the number or width of increments produced.  Although otolith growth is isometric 
with respect to increase in fish length under these experimental regimes, otolith microstructure will differ in fish of 
the same size reared under different environmental conditions.  An understanding of factors affecting otolith incre-
ment production is required before increment number and width can be used to assess growth rates.

Neitzel, D.A., M.J. Scott, et al.  1991.  The effect of climate change on stream environments: the salmonid resource of 
the Columbia River Basin.  Northwest Environmental Journal 7(2): 271–293.

The economically important salmon and steelhead fishery already is depressed, due to a number of environmental 
factors, including overfishing, hydroelectric dams, irrigation, agriculture, industry, and habitat destruction . Now it 
faces human-induced climate change over the next 50–100 years.  The authors discuss past climate change as an 
analog for predicting this future change, as well as the use of computer models for prediction purposes.  Considerable 
uncertainty surrounds predictions and the effects of climate changes on steelhead and salmon.

Nelitz, M., C.A.D. Alexander, et al.  2007.  Helping Pacific salmon survive the impact of climate change on freshwater 
habitats: case Studies: perspectives from the Okanagan, Quesnel, Nicola, Cowichan, Nass, and Englishman River Wa-
tersheds.  Pacific Fisheries Resource Conservation Council, Vancouver, BC.  67 pp.  (Available at http://www.fish.bc.ca/
files/PFRCC-ClimateChange-Adaptation-CaseStudies_Complete.pdf).

For many generations, five species of Pacific salmon on the west coast have provided cultural and economic benefits 
to native and nonnative peoples.  As a reflection of this cultural significance, there has been a longstanding tradi-
tion of communities and governments pursuing actions to help salmon overcome challenges—natural and human-
induced stressors—affecting their survival in freshwater and marine environments.  Prior to European contact, First 
Nations fisheries selectively harvested salmon recognizing the potential consequences of their actions on upstream 
communities and future generations.  Since the late 19th century hatcheries have released billions of salmon to help 
re-build weak stocks or provide fishing opportunities.  For 25 years, thousands of children have gained an apprecia-
tion for the salmon life cycle by incubating salmon in classrooms.  Federal and provincial government restoration 
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initiatives, such as the British Columbia Watershed Restoration Program of the 1990s, have allocated millions of 
dollars to restore salmon habitats resulting from past degradation.  Although their effectiveness has been questioned, 
these actions reflect society’s inherent value of salmon and desire in sustaining abundance for future generations.  
Awareness about climate change has recently heightened in the public consciousness even though it is not a new 
issue in the minds of scientists and resource managers in the Pacific region.  The fourth in a series of assessment 
reports by the Intergovernmental Panel on Climate Change has powerfully communicated that the weight of evidence 
clearly indicates that human actions, through greenhouse gas emissions, are responsible for unnatural changes in the 
world’s climate, and that these changes are leading to significant adverse effects on terrestrial, freshwater, and marine 
environments.  Pacific salmon have always responded to past climate-induced changes in the environment—changes 
in freshwater supplies or sea surface temperatures, for instance—and are equally vulnerable to the humaninduced 
climatic changes discussed today.  Thus emerges another challenge threatening salmon survival which once again re-
quires action by local communities and governments.  Prior to pursuing actions to help salmon survive the effects of 
climate change, managers need to strategically think about and intelligently plan for feasible and effective solutions.  
As a first step, federal and provincial government agencies have recognized the threat of climate change on salmon 
survival.  In 2005 with the release of the Wild Salmon Policy, Fisheries and Oceans Canada explicitly recognized 
the need to integrate climate change considerations into management.  In a report, “Indicators of Climate Change 
for British Columbia 2002”, the Government of British Columbia used Fraser River water temperatures/flows and 
the associated stresses on inriver migration of Pacific salmon as one measure of British Columbia’s vulnerability to 
climate change.  Next steps require focused attention on developing and implementing adaptation strategies to help 
salmon survive into the next century.  However, using history as a guide, the pace of environmental policy changes 
is slow.  Time, though, is an unaffordable luxury given that climatic changes are occurring faster than originally 
predicted.  Smart decisionmaking and smart decisions should not be sacrificed for the sake of expediency.  Public 
and political commitments around the environment and the cultural importance of Pacific salmon emphasize that 
the time to take concerted action is here.  The purpose of this report and companion document, “Helping Pacific 
salmon survive the impact of climate change on freshwater habitats: Pursuing proactive and reactive adaptation 
strategies” is to facilitate thinking and planning around feasible options that could be implemented.  In general, 
this report integrates ideas from the other one into a local context of geography, people, and salmon at six locations 
across British Columbia: three interior basins (Okanagan, Quesnel, and Nicola Rivers) and three coastal areas (Co-
wichan, Nass, and Englishman Rivers).  Individual case studies are structured in a way that consider four questions 
commonly used in State of Environment (SOE) reporting.  The intention is not to summarize available information 
to provide definitive answers in a particular watershed; instead this case study report is intended to communicate a 
single and diverse story about the range of climate change issues facing salmon in a variety of locations across the 
province.  1. What is happening?  A summary of the biophysical features of the watershed, some basic information 
on salmon and water resources, natural and human factors that limit salmon production, and status / trends of salmon 
populations.  2. Why is it happening?  A discussion concerning the state of knowledge about cause-effect linkages, 
including linkages between climate change-salmon habitats, and to a limited extent confounding factors.  3. Why is 
it significant? A consideration of the human dimensions to what is happening in the watershed— the human values 
defining the importance of what is happening to the biophysical environment.  For instance, the economic importance 
(e.g., cost—salmon fishery, water uses), social-regulatory relevance (e.g., Species at Risk Act listings), or ecological 
/ biological significance (e.g., genetically unique) may be underlying drivers defining action in a watershed.  4. What 
can we do about it?  A discussion about the solutions-oriented strategies that have been implemented in the past, are 
currently being pursued, or could be implemented in the future to help Pacific salmon.  These considerations relate 
to the hard and soft infrastructure adaptation strategies described in a companion report, “Helping Pacific salmon 
survive the impact of climate change on freshwater habitats: Pursuing proactive and reactive adaptation strategies”.  
We recognize there are many issues related to the technical, ecological, and social feasibility of these strategies when 
applied in a local context.  The purpose of this report is not to explore feasibility of implementation.  This report is 
intended for a more technical audience as it provides technical information and concepts about Pacific salmon in the 
context of climate change.  Case study perspectives do not provide a comprehensive summary of the “state of the 
science” or policy analysis for a particular basin that would satisfy research scientists or policy analysts.  Like the 
companion report, this one is intended for informed stakeholders, First Nations, fish and fish habitat managers, and 
to a certain extent policy makers.

Nelitz, M., K. Wieckowski, et al.  2007.  Helping Pacific salmon survive the impact of climate change on freshwater 
habitats: pursuing proactive and reactive adaptation strategies.  Pacific Fisheries Resource Conservation Council, 
Vancouver, BC. 122 pp.  (Available at http://www.fish.bc.ca/files/PFRCC-ClimateChange-Adaptation.pdf).

For many generations, five species of Pacific salmon on the west coast have provided cultural and economic benefits 
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to native and nonnative peoples.  As a reflection of this cultural significance, there has been a longstanding tradi-
tion of communities and governments pursuing actions to help salmon overcome challenges—natural and human-
induced stressors—affecting their survival in freshwater and marine environments.  Prior to European contact, First 
Nations fisheries selectively harvested salmon recognizing the potential consequences of their actions on upstream 
communities and future generations.  Since the late 19th century hatcheries have released billions of salmon to help 
re-build weak stocks or provide fishing opportunities.  For 25 years, thousands of children have gained an apprecia-
tion for the salmon life cycle by incubating salmon in classrooms.  Federal and provincial government restoration 
initiatives, such as the British Columbia Watershed Restoration Program of the 1990s, have allocated millions of 
dollars to restore salmon habitats resulting from past degradation.  Although their effectiveness has been questioned, 
these actions reflect society’s inherent value of salmon and desire in sustaining abundance for future generations.  
Awareness about climate change has recently heightened in the public consciousness even though it is not a new 
issue in the minds of scientists and resource managers in the Pacific region.  The fourth in a series of assessment 
reports by the Intergovernmental Panel on Climate Change has powerfully communicated that the weight of evidence 
clearly indicates that human actions, through greenhouse gas emissions, are responsible for unnatural changes in the 
world’s climate, and that these changes are leading to significant adverse effects on terrestrial, freshwater, and marine 
environments.  Pacific salmon have always responded to past climate-induced changes in the environment—changes 
in freshwater supplies or sea surface temperatures, for instance—and are vulnerable to the human-induced climatic 
changes discussed today.  Thus emerges another challenge threatening salmon survival which once again requires 
action by local communities and governments.  Prior to pursuing actions to help salmon survive the effects of cli-
mate change, managers need to strategically think about and intelligently plan for feasible and effective solutions.  
As a first step, federal and provincial government agencies have recognized the threat of climate change on salmon 
survival.  In 2005 with the release of the Wild Salmon Policy, Fisheries and Oceans Canada explicitly recognized 
the need to integrate climate change considerations into management. In a report, “Indictors of Climate Change for 
British Columbia 2002”, the Government of British Columbia used Fraser River water temperatures/flows and the 
associated stresses on inriver migration of Pacific salmon as one measure of British Columbia’s vulnerability to 
climate change.  Next steps require focused attention on developing and implementing adaptation strategies to help 
salmon survive into the next century.  However, using history as a guide, the pace of environmental policy changes 
is slow.  Time is an unaffordable luxury given that climatic changes are occurring faster than originally predicted.  
Smart decisionmaking and smart decisions should not be sacrificed for the sake of expediency.  Public and politi-
cal commitments around the environment and the cultural importance of Pacific salmon emphasize that the time to 
take concerted action is here.  The overall purpose of this report is to facilitate development of feasible actions to 
help salmon by proposing a framework for developing adaptation strategies and summarizing preliminary research 
around its four steps.  Section 2. Framework for pursuing adaptation strategies, briefly summarizes the framework 
and its four steps.  STEP 1: Identify Issues of concern. This report focuses on issues related to climate change im-
pacts on freshwater habitats (e.g., water temperature and flows) even though climate-induced changes in the ocean 
and estuaries will also critically affect salmon.  STEP 2: Assess Vulnerability (e.g., sensitivity, adaptive capacity) of 
salmon to climate change.  Section 3. Issues and vulnerabilities, summarizes the broad range of issues facing salmon, 
biological and physical mechanisms of vulnerability, as well as some regions of concern in British Columbia.  STEP 
3: Summarize Assets (e.g., existing infrastructure) that could be used as a basis upon which to develop strategies to 
help salmon adapt to climate change.  Section 4. Assets, summarizes some management and restoration strategies 
that have already been implemented in British Columbia or will be developed in the near future that could be lever-
aged to help salmon.  STEP 4: Describe Adaptation Strategies that could be implemented in the short or long-term to 
help reduce Pacific salmon’s vulnerability to climate change.  A list of potential hard infrastructure (i.e., engineering 
or technology-focused changes) and soft infrastructure (i.e., regulatory changes, policies, management approaches) 
strategies are summarized in Section 5. Adaptation strategies.  This work and the proposed framework could be sup-
ported by DFO’s Wild Salmon Policy, specifically “Action Step 3.2 Integrate climate and ocean information into 
annual salmon management processes”, which suggests that “A more comprehensive view of salmon production 
and its determinants, from egg to spawning adult, is necessary to direct management actions more accurately and 
effectively conserve Pacific salmon resources in an uncertain future.”  Salmon in the Pacific region face a variety 
of freshwater habitat conditions and management approaches across their distribution.  No single strategy or set of 
management actions will necessarily be appropriate across all situations.  Thus, future stages of work should evalu-
ate the effectiveness and feasibility of implementing adaptation strategies in specific regional or local contexts.  This 
report provides a first step to more detailed evaluations by summarizing the range of potential issues and approaches 
that could be implemented.  This report is intended for a technical audience as it provides a review and synthesis of 
technical concepts to help salmon in the context of climate change.  It does not provide a comprehensive scientific 
or policy review that would satisfy research scientists or policy analysts.  Thus, this report is intended for informed 
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stakeholders, First Nations, fish and fish habitat managers, and to a certain extent policy makers.  A companion docu-
ment, “Helping Pacific salmon survive the impacts of climate change on freshwater habitats: Case study perspectives 
from the Okanagan, Nicola, Quesnel, Cowichan, Nass, and Englishman River watersheds”, integrates the general 
ideas (not the framework) from this one into a local context of geography, people, and salmon at six locations across 
British Columbia: three interior and three coastal basins.

Nickelson, T.E.  1983.  The influence of ocean conditions on abundance of coho salmon (Oncorhynchus kisutch) in the 
Oregon production area.  Information Report 83–6.  Portland, Oregon.  23 pp.

Upwelling explained 60% of the variation in landings of coho salmon, (an index of abundance), for the predomi-
nantly wild, 1944–56 broods, whereas streamflow during freshwater residence was not significantly correlated with 
landings.  The influence of upwelling was similar for the hatchery enhanced, 1958–79 broods, but for any given 
level of upwelling, landings of the hatchery enhanced population were about 2.3 times greater than those for the 
predominantly wild population.  Marine survival models were developed for hatchery coho of the 1958- 79 broods.  
These models suggest that upwelling, or factors associated with upwelling is the major factor influencing survival 
of Oregon hatchery coho and that smolt survival is independent of smolt numbers.  A theoretical discussion of the 
control of coho salmon abundance in the Oregon Production Area is presented.

Nickelson, T.E.  1986.  Influences of upwelling, ocean temperature, and smolt abundance on marine survival of coho 
salmon (Oncorhynchu kisutch) in the Oregon Production Area.  Can. J. Fish. Aquat. Sci. 43(3): 527–535.

The relationships between the marine survival of hatchery and wild coho salmon (Oncorhynchus kisutch) in the Or-
egon Production Area and ocean upwelling, ocean temperature, and smolt abundance were investigated.  Hatchery 
coho appear to be more sensitive than wild coho to changes in upwelling-related factors although this difference may 
be due to errors in the estimates of wild smolts and adults that were used in the analysis.  Two levels of upwelling 
(strong and weak), which are associated with a twofold difference in survival of hatchery coho smolts, were identi-
fied.  Significant relationships were identified between survival of hatchery smolts and survival of wild smolts that 
migrated in strong upwelling years and sea-surface temperature during that year.  Similar relationships were not as 
apparent for smolts migrating in weak upwelling years as they were for smolts migrating in strong upwelling years.  
Each major component of coho production (wild, public hatchery, and private hatchery), when treated separately, 
as well as public and private hatchery coho combined, exhibited linear smolt-to-adult relationships.  Only hatchery 
plus wild coho that migrated in weak upwelling years and hatchery plus wild coho in all years combined exhibited 
nonlinear smolt-to-adult relationships.  I concluded that these nonlinear relationships were caused by a shift in the 
stock composition of the Oregon Production Area coho population from predominantly high-survival, wild fish when 
smolt numbers were low to predominantly low-survival, hatchery fish when smolt numbers were high.

Nickelson, T.E., and J.A. Lichatowich.  1984.  The influence of the marine environment on the interannual variation 
in coho salmon abundance: an overview.  In The influence of ocean conditions on the production of salmonids in the 
North Pacific.  Edited by W.G. Pearcy.  Corvallis, OR, Oregon State University Sea Grant Program.  pp. 24–36.

Coho populations of the major geographical areas bordering the Northeast Pacific have varied independently from 
each other in most years.  Years of large-scale warm water intrusions appear to be the exception.  Oregon coho have 
exhibited the greatest annual variation in abundance compared with other coho populations.  Differences in abun-
dance between regions may be attributed to differences in freshwater and marine ecosystems, particularly differences 
in the marine ecosystem.  The interannual variation in abundance of Oregon coho is correlated with the interannual 
variation in the relative strength of coastal upwelling during the previous spring and summer.

Nielsen, J.L., and G.T. Ruggerone.  2008.  Climate change and a dynamic ocean carrying capacity: growth and survival 
of Pacific salmon at sea.  In Pacific salmon environment and life history models: advancing science for sustainable 
salmon.  Edited by E.E. Knudsen and J.H. Michael, Jr.  Am. Fish. Soc. Symp. 71: 77-96.

Noakes, D.J., R.J. Beamish, et al.  1998.  On the coherence of salmon abundance trends and environmental factors.  N. 
Pac. Anadr. Fish Comm. Bull. 1: 454–463.  (Available at www.npafc.org).

Salmon catches from Pacific Rim countries have shown a high degree of consistency in trend over time.  This pattern 
is exhibited over wide spatial and temporal scales suggesting a significant influence of the marine environment.  The 
relationship among all-nation catches of sockeye, pink and chum salmon and three indices of atmospheric conditions 
are considered in this paper.  Time series models are employed to remove the trend component data as well as any 
autocorrelation.  Cross-correlation analyses of the residuals from each of the models are used to identify plausible 
links between salmon catches and the various climate indices.  Significant relationships were observed between the 
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all-nation salmon catch time series and each of the climate indices.  The Atmospheric Circulation Index (ACI) ex-
hibited a downward change around 1990 and if the relationship holds, this may indicate all-nation salmon production 
could be reduced in the near future.

Noakes, D.J., R.J. Beamish, et al.  2000.  Changing the balance: interactions between hatchery and wild Pacific coho 
salmon in the presence of regime shifts.  N. Pac. Anadr. Fish Comm. Bull. 2: 155–163.  (Available at www.npafc.org).

Nearly 5 billion salmon are released from enhancement projects on an annual basis into the Pacific Ocean of Canada, 
Japan, Russia, and the United States.  Although these large-scale enhancement programs contribute substantially to 
the salmon fisheries in the North Pacific, there is growing evidence to suggest that these hatchery fish may negatively 
affect wild salmon stocks both from a genetic and ecological perspective.  There is also some evidence that hatchery 
fish have replaced wild fish particularly Chinook (Oncorhynchus tshawytscha) and coho (O. kisutch) stocks.  The 
percentage of hatchery fish in the waters off southern British Columbia, marine survival and climate trends and 
hatchery policies and practices are used to examine potential interactions between hatchery and wild stocks.  Shifts 
to lower productivity regimes such as significantly reduced harvest pressure and protecting freshwater habitat may 
reduce these effects, but longer-term solutions are likely only if enhancement activities are viewed in a broader eco-
logical context.

Noakes, D.J., and R.J. Beamish.  2009.  Synchrony of marine fish catches and climate and ocean regime shifts in the 
North Pacific Ocean.  Marine and Coastal Fisheries: Dynamics, Management, and Ecosystem Science 1(1): 155–168.

Catches of 19 marine fish species from the eastern and western portions of the North Pacific Ocean during 1970–
2004 were examined to determine whether there was synchrony in their responses to the generally accepted climate 
regime shifts that occurred during that period.  Catches for these species represented approximately 55% of the total 
fish catch in the North Pacific in the 1990s.  Five distinct groups were apparent in the data, and each group exhibited 
a different response to the climate regime shifts of 1977, 1989, and 1998.  Some species appeared to have responded 
only to the regime shift in 1977, others responded only to the shift in 1989, and a few species responded to both.  The 
trends in the time series of catches for these five groups were not random, and shifts in catch generally coincided 
with regime shifts as identified by the Pacific Decadal Oscillation and other indices of climate change.  Although 
this study examined the relationship of fisheries to trends in climate, there is an obvious linkage to the population 
dynamics of a particular species.  Understanding how climate affects these linkages may help improve our ability to 
reliably forecast population and fishery trends in the future.

Nomura, T., K.W. Myers, et al.  2001.  Variation in lipid content in the muscle of chum and pink salmon in the Gulf 
of Alaska in May 1999.  Bull. National Salmon Resources Center 4: 13-18.  (Available at http://salmon.fra.affrc.go.jp/
kankobutu/bulletin/BNSRC04-3s.pdf).

We report on a study of the total lipid content (TL) of chum and pink salmon in the Gulf of Alaska in May 1999.  
Chum and pink salmon were caught by surface trawl net in the Gulf of Alaska during a spring cruise of the F/V Great 
Pacific.  TL was extracted from the muscle of 99 chum and 50 pink salmon by Folch’s method using chloroform/
methanol and measured gravimetrically.  A significant difference in the total lipid content by ocean age was observed 
in chum salmon.  Younger chum salmon (ocean age-.1 and .2) had lower lipid content than older fish (ocean age-.3 
and .4).  Mean TL in pink salmon was 2.6% in females and 2.7% in males.  Our results suggest that low lipid content, 
previously observed in high-seas salmon during the winter season, is prolonged into the spring in young chum and 
pink salmon.

Nomura, T., S. Urawa, et al.  2000.  Variations in muscle lipid content og high-seas chum and pink salmon in winter.  
N. Pac. Anadr. Fish Comm. Bull. 2: 347–352.  (Available at www.npafc.org).

The potential use of lipids for eastimating trophic condition of high-seas chum and pink salmon was evaluated by 
examining variations in total lipid content and lipid classes in the white muscle during winter.  Total lipids of both 
species were low and the total lipid content of the white muscle of pink salmon varied by capture location.  Signifi-
cant differences were observed in the proportion of 22:6n3 (docosahexaenoic acid) in the neutral lipids, and of 22:6 
and 18:1n9 (elaidic acid) in the polar lipids.  As the total lipid content decreased, the proportion of 22:6n3 and 18:1n9 
increased and decreased, respectively.  The low lipid levels and the change in fatty acids profiles suggest that chum 
and pink salmon are starving in winter.

Nomura, T., S. Urawa, et al.  2006.  Seasonal changes in the total lipid content of immature chum salmon in the Bering 
Sea and North Pacific Ocean during the summer and fall of 2002-2004.  Bull. National Salmon Resources Center 8: 
17-26.  (Available at http://salmon.fra.affrc.go.jp/kankobutu/bulletin/BNSRC08-3.pdf).
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This study reports the total lipid (TL) content in the white muscle of chum salmon by age group from fish caught 
in the Bering Sea and North Pacific Ocean in summer (June-July) and fall (September), 2002-2004.  The TL was 
extracted from the muscle of 1,282 immature chum salmon using chloroform and methanol and then measured gravi-
metrically.  The TL content of young fish (ocean age-.1) caught in the summer was significantly lower than fish of the 
same age caught in the fall.  The mean TL content of ocean age-.1 fish caught during the summer of 2002, 2003, and 
2004 was 1.8 % (n=48), 2.1% (n=89), and 2.4% (n=58), respectively.  The mean TL content of ocean age-.1 chum 
salmon caught during the fall of 2002 and 2003 was 7.3% (n=180) and 5.2% (n=198), respectively.  Low lipid con-
tents of young (ocean age-.1) chum salmon caught during summer suggests this is a period when young fish grow at 
the expense of lipid storage.  High lipid content of fish caught in the fall suggests this is a period when lipid is stored 
at the expense of growth, which likely promotes survival of the fish through the winter.  Total lipid content was sig-
nificantly and inversely correlated with moisture content, which together with lipid content totaled about 80% of the 
white muscle. We recommend continued monitoring seasonal and agespecific lipid content of chum salmon during 
their oceanic migrations as an indicator of their growth potential and body condition

Northcote, T.G.  1992.  Prediction and assessment of potential effects of global environmental change on freshwater 
sport fish habitat in British Columbia.  GeoJournal 28(1): 39-49.

The high topographic relief and physiographic diversity of British Columbia make it a particularly difficult region 
in which to consider the potential of global environmental change to affect lake and stream habitats important for 
freshwater sportfish production.  More importantly these provincial features intensify problems in predicting the 
magnitude and sometimes even the direction of such effects.  Nevertheless a number of useful models are available 
to help predict these changes acting through alterations in stream discharge and periodicity, ice-free period, water 
temperature, epilimnial depth and volume, dissolved oxygen level and hypolomnetic depletion rate, all of which are 
major determinants of sportfish habitat quality and quantity.  Not surprisingly there is great regional difference in 
the direction and severity of probable effects of global environmental change within the province - in some areas 
negative and in others positive.  These are reviewed and suggestions made regarding management policies required 
to meet their challenge.

Ohkuma, K., Y. Ishida, et al.  2000.  Distribution and biological characters of pink (Oncorhynchus gorbuscha) and 
masu salmon (O. masou) in the Sea of Japan.  Bull. National Salmon Resources Center 3: 1-10.  (Available at http://
salmon.fra.affrc.go.jp/kankobutu/bulletin/BNSRC03-01.pdf).

Distribution and biological characters of pink (Oncorhynchus gorbuscha) and masu salmon (O. masou) in the Sea 
of Japan in spring were summarized based on the data obtained from the research cruises carried out from 1993 to 
1999.  Though pink salmon showed higher CPUEs within the 8-13°C SSTrange, they were caught even in lower 
temperature around 5°C.  In contrast, masu salmon were caught only in 8-14°C SST range waters.  The body size of 
pink salmon excluding the result in 1997 were larger in the odd years and smaller in the even years.  Though the sex 
ratio of pink salmon were almost even, about 70% of total catch were female in masu salmon.  From the results of 
age determination, 64% of masu salmon were identified as age 1.1 fish and 36% were age 2.1.

Ohkuma, K., S. Urawa, et al.  2000.  Easternmost record for ocean distribution of masu salmon (Oncorhynchus masou).  
Bull. National Salmon Resources Center 3: 11-14.  (Available at http://salmon.fra.affrc.go.jp/kankobutu/bulletin/BN-
SRC03-02.pdf).

Masu salmon (Oncorhynchus masou) was caught in the central North Pacific Ocean (46°00’ N, 180°00’) on June 
27,1998 during a high-seas salmonid research cruise by the R/V Wukatuke maru.  The species was identified by 
morphological and genetic analyses.  The capture location was far to the east from the previously recorded catches 
of masu salmon in the North Pacific Ocean (45-50°N, 157-162°E).  The masu salmon was a maturing male (age 1. 
1), whose fork length was 540 mm and body weight was 2,460 g.  Considering the location and date of capture, it is 
likely that the fish had strayed from its usual distribution and wandered far eastwards to the mid Pacific Ocean.

O`Neal, K.  2002.  Effects of global warming on trout and salmon in US streams.  Defenders of Wildlife, Washington, 
DC.  46 pp.  (Available at http://www.defenders.org/resources/publications/programs_and_policy/science_and_eco-
nomics/global_warming/effects_of_global_warming_on_trout_and_salmon.pdf).

Trout and salmon thrive in the cold, clear streams found in many mountainous and northern regions of the United 
States. Americans devote more than 100 million persondays per year to angling in streams or lakes for these fish, 
which are highly valued for their contribution to the economy and culture of the United States.  However, dams, 
water diversions, pollution, and development threaten trout and salmon, which have already disappeared from many 
of the streams they once inhabited.  Climatic warming poses an additional, potentially severe threat to their survival.  
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The earth has warmed significantly during the last 50 years, and most of the observed warming is believed to have 
been caused by increased concentrations of carbon dioxide (CO2) and other heat-trapping gases.  This warming is 
expected to accelerate over the decades ahead if emissions of these gases continue to increase.  Because trout and 
salmon are known to be intolerant of warm water, their distribution and/or abundance could be threatened if future 
climate change warms the streams they inhabit.  This report presents results from a new simulation study of how 
climate change might affect the existing habitat for four species of trout (brook, cutthroat, rainbow, and brown) and 
four species of salmon (chum, pink, coho and Chinook) in streams throughout the contiguous United States.  The 
simulation uses a new, more accurate method to estimate how stream temperatures will respond to the changes in 
air temperatures projected by global climate (general circulation) models.  We find that trout and salmon habitat is 
indeed vulnerable to the effects of global warming.  Based on emissions scenarios A1 and A2 from the Intergovern-
mental Panel on Climate Change (IPCC), we estimate that individual species of trout and salmon could lose 5–17% 
of their existing habitat by the year 2030, 14–34% by 2060, and 21–42% by 2090, depending on the species consid-
ered and model used (Figure ES-1).  Projected effects on trout and salmon are lower for IPCC scenarios B1 and B2, 
which assume that global CO2 emissions are reduced for reasons unrelated to global warming.  For these scenarios, 
we estimate habitat losses of 4–20% by 2030, 7–31% by 2060, and 14–36% by 2090, depending on fish species and 
model.  Of particular note is the number of stream locations that become unsuitablefor all modeled species.  By the 
year 2090, for example, 18–38% of those locations currently suitable for cold water fish become too warm to provide 
suitable habitat.  Loss of trout habitat in the South, Southwest, and Northeast could be particularly severe, although 
substantial losses are also expected in other regions.  For salmon, significant losses are projected throughout the cur-
rent geographic range, with greatest losses expected for California.  The number of locations expected to become un-
suitable for both trout and salmon expands steadily over time, if emissions of heat-trapping gases continue to increase 
(e.g., Figure ES-2 for the A2 emissions scenario).  These results are robust with respect to key model specifications 
and assumptions.  For a given emissions scenario, the greatest uncertainty is caused by differences among global 
climate models.  Results also differ according to scenarios for future emissions of heat-trapping gases, even though 
none of the scenarios examined assumes that policies are adopted specifically to address global warming.  Regard-
less of the emissions scenario selected, our results are likely to understate expected losses of habitat, because of the 
dimensions of climate change and potential effects on habitat that were beyond the scope of this modeling effort.  
These include potential changes to stream flows, changes to the temperature of groundwater discharge, and changes 
to ocean conditions.  Moreover, other present and future threats to fish habitat are likely to add to the temperature-
related losses estimated in this report.  To succeed, future strategies to protect trout and salmon will need to address 
the potential effects of global warming.

Orsi, J.A., D.M. Clausen, et al.  2006.  Diel epipelagic distribution of juvenile salmon, rockfish, sablefish and ecological 
interactions with associated species in offshore habitats of the northeast Pacific Ocean.  N. Pac. Anadr. Fish Comm. 
Doc. 956.  26 pp.  (Available at www.npafc.org).

Diel epipelagic sampling for juvenile Pacific salmon (Oncorhynchus spp.), rockfish (Sebastes spp.), sablefish (Ano-
plopoma fimbria), and associated species was conducted to identify factors that may affect year-class success of 
these commercially important species.  Surface trawls were fished from 10 to 20 August 2005, in the upper 20 m 
of the water column along transects up to 78 km offshore in the coastal northeast Pacific Ocean near 58°N.  Along 
two transects, three habitats were sampled over a 24-hr period: the continental shelf (< 200 m depth), the conti-
nental slope (400–750 m depth), and the abyss (> 2,000 m depth).  A total of 38,747 fish and squid representing 24 
species were sampled in 56 trawl hauls.  Of the targeted juvenile fish species, a total of 587 salmon, 11 rockfish, 
and 70 sablefish were captured.  Sampling during day (1500–1900) and night (2200–0200) periods indicated that 
biomass of fish and squid was 3.9 times higher at night pooled across the habitats in the two transects.  No distinct 
patterns between day or night occurrence were noted for juvenile pink salmon (O. gorbuscha), chum salmon (O. 
keta), sockeye salmon (O. nerka), or coho salmon (O. kisutch); however, juvenile Chinook salmon (O. tshawytscha) 
were encountered only at night.  Catches of juvenile rockfish and sablefish were quite low in this study, and larger 
sample sizes of these fish are needed to adequately determine their diel distribution.  Diel differences were apparent 
with forage species such as Pacific herring (Clupea pallasi), capelin (Mallotus villosus), and eulachon (Thaleichthys 
pacificus) that were almost exclusively sampled at night.  The offshore distribution patterns of target species were 
distinctly different, with the most common occurrences of juvenile salmon over continental shelf habitats, juvenile 
sablefish over continental shelf and slope habitats, and juvenile rockfish over slope and abyss habitats.  Pacific her-
ring, capelin, eulachon, and Pacific sardines (Sardinops sagax) were found over continental shelf habitats, whereas 
small squid and myctophids occurred primarily in slope and abyssal habitats.  The greatest overall catch biomass was 
of jellyfish (gelatinous species), which was consistently higher than that of all fish and squid combined, usually by 
an order of magnitude.  Individual fish or squid species with highest average weight per haul were pomfret (Brama 
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japonica), adult coho salmon, Humboldt squid (Dosidicus gigas), and blue sharks (Prionace glauca).  The occur-
rence of the latter two warm-water species and Pacific sardines was of interest because this study occurred during an 
anomalously warm year and the capture of Pacific sardines and Humboldt squid represent northern range extensions 
for these species.  Stomach content analysis of potential predator species of the target species showed that only adult 
coho salmon were predating on juvenile salmon and sablefish, and only pomfret were predating on juvenile rockfish.  
Further sampling of the target species is needed in these habitats during more normal environmental conditions to 
validate these observations.

Orsi, J.A., E. A. Fergusson, et al.  2002.  Survey of juvenile salmon in the marine waters of southeastern Alaska, May–
September 2001.  N. Pac. Anadr. Fish Comm. Doc. 630.  49 pp.  (Available at www.npafc.org).

Biophysical data were collected along a primary marine migration corridor of juvenile Pacific salmon (Oncorhynchus 
spp.) in the northern region of southeastern Alaska at 13 stations in five sampling intervals (27 d total) from May 
to September 2001.  This survey marks the fifth consecutive year of systematic monitoring, and was implemented 
to identify the relationships among biophysical parameters that influence the habitat use, marine growth, predation 
on, stock interactions, year-class strength, and ocean carrying capacity of juvenile salmon.  Habitats were classified 
as inshore (Auke Bay), strait (four stations each in Chatham Strait and Icy Strait), and coastal (four stations off Icy 
Point), and were sampled from the National Oceanic and Atmospheric Administration ship John N. Cobb.  At each 
station, fish, zooplankton, surface water samples, and physical profile data were collected using a surface rope trawl, 
conical and bongo nets, and a conductivity-temperature-depth profiler, respectively, usually during daylight.  Sur-
face (2-m) temperatures and salinities ranged from 7.0 to 14.1°C and 18.0 to 32.2 PSU from May to September.  A 
total of 52,156 fish and squid, representing 24 taxa, were captured in 108 rope trawl hauls from June to September. 
Juvenile Pacific salmon comprised 11% of the total catch and were the most frequently occurring species: chum 
(O. keta; 78%), pink (O. gorbuscha; 73%), sockeye (O. nerka; 71%), coho (O. kisutch; 65%), and Chinook salmon 
(O. tshawtscha; 43%).  Of the 5,979 salmonids caught, > 97% were juveniles.  Non-salmonid species making up > 
1% of total catch included walleye pollock (Theragra chalcogramma), eulachon (Thaleichthys pacificus), and soft 
sculpin (Psychrolutes sigalutes).  Temporal and spatial differences were observed in the catch rates, size, condition, 
and stock of origin of juvenile salmon species, and in predation rates on them.  Catches of juvenile chum, pink, 
sockeye, and coho salmon were generally highest in July, whereas catches of juvenile Chinook salmon were highest 
in September.  By habitat type, juvenile salmon catches were highest in straits.  In the coastal habitat, catches were 
highest within 40 km of shore.  Size of juvenile salmon increased steadily throughout the season; mean fork lengths 
(mm) in June and September were: pink (93 and 203), chum (96 and 201), sockeye (119 and 178), coho (164 and 
259), and Chinook salmon (202 and 255).  Coded-wire tags were recovered from 40 juvenile, immature, and adult 
salmon; all were of Alaska origin.  In addition, otoliths were examined from four species of juvenile salmon: 1,157 
chum, 383 sockeye, 407 coho, and 69 Chinook salmon; Alaska hatchery stocks were identified by thermal marks 
from 30%, 12%, 11%, and 74% of these species, respectively.  Onboard stomach analysis of 235 potential predators, 
representing ten species, indicated juvenile salmon predation by 27% of the adult spiny dogfish (Squalus acanthias), 
14% of the adult coho salmon, and 8% of the adult Pomfret (Brama japonica).  Our results suggest that, in southeast-
ern Alaska, juvenile salmon exhibit seasonal patterns of habitat use synchronous with environmental change, and 
display species- and stock-dependent migration patterns.  Long term monitoring of key stocks of juvenile salmon, 
both on intra- and interannual bases, will enable researchers to understand how growth, abundance, and ecological 
interactions affect year-class strength and ocean carrying capacity for salmon.

Orsi, J.A., E A. Fergusson, et al.  2003.  Survey of juvenile salmon in the marine waters of southeastern Alaska, May–
August 2002.  N. Pac. Anadr. Fish Comm. Doc. 702.  60 pp.  (Available at www.npafc.org).

Biophysical data were collected along a primary marine migration corridor of juvenile Pacific salmon (Oncorhynchus 
spp.) in the northern region of southeastern Alaska.  Data were collected at 13 stations in four sampling intervals 
(25 d total) from May to August 2002.  This survey marks the sixth consecutive year of systematic monitoring, and 
was implemented to identify the relationships among biophysical parameters that influence the habitat use, marine 
growth, predation, stock interactions, year-class strength, and ocean carrying capacity of juvenile salmon.  Habitats 
were classified as inshore (Auke Bay), strait (four stations each in Chatham Strait and Icy Strait), and coastal (four 
stations off Icy Point), and were sampled from the National Oceanic and Atmospheric Administration ship John N. 
Cobb.  At each station, fish, zooplankton, surface water samples, and physical profile data were collected using a 
surface rope trawl (fish), conical and bongo nets(zooplankton), and a conductivity-temperature-depth profiler (physi-
cal profile), usually during daylight.  Surface (2-m) temperatures and salinities ranged from 6.1 to 13.9EC and 17.4 
to 32.2 PSU from May to August.  A total of 8,665 fish and squid, representing 21 taxa, were captured in 75 rope 
trawl hauls from June to August.  Juvenile salmon comprised 61% of the total catch and occurred frequently in the 
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trawl hauls, with coho (O. kisutch) occurring in 65% of the trawls, pink (O. gorbuscha) in 57%, chum (O. keta) in 
55%, sockeye (O. nerka) in 47%, and Chinook salmon (O. tshawytscha) in 21%.  Of the 5,336 salmonids caught, 
more that 98% were juveniles.  Walleye pollock (Theragra chalcogramma) and crested sculpin (Blepsias bilobus) 
were the only non-salmonid species that comprised more than 1% of the total catch.  Temporal and spatial differences 
were observed in the catch rates, size, condition, and stock of origin of juvenile salmon species, and in predation 
rates on them.  Catches of juvenile chum, pink, sockeye, and coho salmon were generally highest in July, whereas 
catches of juvenile Chinook salmon were highest in June.  By habitat type, juvenile salmon catches were highest in 
straits.  In the coastal habitat, catches were highest within 40 km of shore.  Size of juvenile salmon increased steadily 
throughout the season; mean fork lengths in June and August were respectively: 86 and 143 mm for pink, 96 and 145 
mm for chum, 121 and 139 mm for sockeye, 153 and 235 mm for coho, and 201 and 235 mm for Chinook salmon.  
Coded-wire tags were recovered from 20 juvenile and immature salmon; most were from hatchery and wild stocks 
of southeastern Alaska origin; however, juvenile Chinook and coho salmon from the Columbia River Basin were also 
recovered.  In addition, otoliths were examined from four species of juvenile salmon: 1,525 from chum, 248 from 
sockeye, 363 from coho, and 18 from Chinook salmon. Alaska hatchery stocks were identified by thermal marks 
from 44% of the chum, 17% of the sockeye, 5% of the coho, and 61% of the Chinook salmon.  Onboard stomach 
analysis of 135 potential predators, representing nine species, indicated five predation instances on juvenile salmon 
in August, including both of the age 1+ sablefish (Anoplopoma fimbria) and 3 of 12 (25%) adult coho salmon.  Our 
results suggest that, in southeastern Alaska, juvenile salmon exhibit seasonal patterns of habitat use synchronous 
with environmental change, and display species- and stock-dependent migration patterns.  Long-term monitoring 
of key stocks of juvenile salmon, both on an intra- and interannual basis, will enable researchers to understand how 
growth, abundance, and ecological interactions affect year-class strength and ocean carrying capacity for salmon.

Orsi, J.A., E.A. Fergusson, et al.  2004.  Survey of juvenile salmon in the marine waters of southeastern Alaska, May–
August 2003.  N. Pac. Anadr. Fish Comm. Doc. 798.  59 pp.  (Available at www.npafc.org).

Juvenile Pacific salmon (Oncorhynchus spp.) and associated biophysical data were collected along a primary marine 
migration corridor in the northern region of southeastern Alaska.  Thirteen stations were sampled over six time pe-
riods (32 sampling days) from May to August 2003.  This survey marks the seventh consecutive year of systematic 
monitoring, and was implemented to identify the relationships among biophysical parameters that influence the 
habitat use, marine growth, predation, stock interactions, year-class strength, and ocean carrying capacity of juvenile 
salmon.  Habitats sampled included stations in inshore (Auke Bay), strait (four stations each in Chatham Strait and 
Icy Strait), and coastal (four stations off Icy Point) localities.  At each station, fish, zooplankton, surface water sam-
ples, and physical profile data were collected using a surface rope trawl (fish), conical and bongo nets (zooplankton), 
and a conductivity-temperature-depth profiler (physical data), usually during daylight.  Surface (2-m) temperatures 
and salinities ranged from 7.6 to 15.8ΕC and 15.5 to 32.0 PSU from May to August.  A total of 10,724 fish and squid, 
representing 23 taxa, were captured in 64 rope trawl hauls from June to August. Juvenile salmon comprised 29% of 
the total catch and occurred frequently in the trawl hauls, with chum (O. keta) occurring in 66% of the trawls, pink 
(O. gorbuscha) in 56%, coho (O. kisutch) in 55%, sockeye (O. nerka) in 50%, and Chinook salmon (O. tshawytscha) 
in 2%.  Of the 3,254 salmonids caught, 98% were juveniles.  Walleye Pollock (Theragra chalcogramma) and Pacific 
herring (Clupea pallasi) were the only nonsalmonid species that comprised more than 1% of the total catch.  Tem-
poral and spatial differences were observed in the catch rates, size, condition, and stock of origin of juvenile salmon 
species.  Catch rates of juvenile salmon were highest for Chinook and sockeye salmon in June, highest for chum and 
pink salmon in July, and highest for coho salmon in August.  By habitat type, juvenile salmon catch rates for pink, 
chum and sockeye were highest in the coastal habitat, whereas catch rates of coho and Chinook were highest in the 
strait habitat.  Size of juvenile salmon increased steadily throughout the season; mean fork lengths in June and early 
August were, respectively: 105 and 133 mm for pink, 116 and 138 mm for chum, 120 and 145 mm for sockeye, 173 
and 215 mm for coho, and 169 mm (June only) for Chinook salmon.  Coded-wire tags were recovered from two 
juvenile coho and one immature Chinook salmon; all were from hatchery and wild stocks of southeastern Alaska 
origin.  Alaska hatchery stocks were also identified by thermal otolith marks from 32% of the chum, 45% of the 
sockeye, 11% of the coho, and 100% of the Chinook salmon.  Onboard stomach analysis of 248 potential predators, 
representing 10 species, indicated one predation instance on juvenile salmon by a spiny dogfish (Squalus acanthias) 
in the coastal habitat in July. This research suggests that in southeastern Alaska, juvenile salmon exhibit seasonal 
patterns of habitat use synchronous with environmental change, and display species- and stock-dependent migration 
patterns.  Long-term monitoring of key stocks of juvenile salmon, on both intra- and interannual bases, will enable 
researchers to understand how growth, abundance, and ecological interactions affect year-class strength and ocean 
carrying capacity for salmon.
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Orsi, J.A., E.A. Fergusson, et al.  2005.  Survey of juvenile salmon and associated epipelagic ichthyofauna in the marine 
waters of southeastern Alaska, May-August 2004.  N. Pac. Anadr. Fish Comm. Doc. 871.  61 pp.  (Available at www.
npafc.org).

Juvenile Pacific salmon (Oncorhynchus spp.), ecologically-related species, and associated biophysical data were 
collected along a primary marine migration corridor in the northern region of southeastern Alaska.  Thirteen stations 
were sampled over six time periods (31sampling days) from May to August 2004.  This survey marks the eighth con-
secutive year of systematic monitoring on how juvenile salmon interact in marine ecosystems, and was implemented 
to identify the relationships among biophysical parameters that influence the habitat use, marine growth, predation, 
stock interactions, and year-class strength of salmon.  Habitats sampled included stations in inshore (Auke Bay 
and Taku Inlet), strait (four stations each in Chatham Strait and Icy Strait), and coastal (four stations off Icy Point) 
localities.  At each station, fish, zooplankton, surface water samples, and physical profile data were collected using 
a surface rope trawl, conical and bongo nets, water sampler, and a conductivity-temperature-depth profiler, usually 
during daylight.  Surface (3-m) temperatures and salinities ranged from 6.9 to 17.4°C and 9.5 to 31.6 PSU from May 
to August.  A total of 13,460 fish and squid, representing 29 taxa, were captured in 75 rope trawl hauls from June to 
August.  Juvenile salmon comprised 48% of the total catch and occurred frequently in the trawl hauls, with pink (O. 
gorbuscha) occurring in 75% of the trawls, sockeye (O. nerka) in 73%, chum (O. keta) in 72%, coho (O. kisutch) 
in 51%, and Chinook salmon (O. tshawytscha) in 19%.  Of the 6,552 salmonids caught, over 99% were juveniles.  
Walleye pollock (Theragra chalcogramma) and Pacific herring (Clupea pallasi) were the only non-salmonid species 
that comprised more than 1% of the total catch.  Temporal and spatial differences were observed in the catch rates, 
size, condition, and stock of origin of juvenile salmon species.  Catch rates of juvenile salmon were generally highest 
in June for all species except coho that had catch rates highest in August.  Between habitat types, juvenile salmon 
catch rates were almost always highest in the strait habitat for each species and in each time period.  Size of juvenile 
salmon increased steadily throughout the season; mean fork lengths in June, July, and August were, respectively: 98, 
129, and 163 mm for pink; 104, 139, and 166 mm for chum; 111, 137, and 165 mm for sockeye; 170, 203, and 246 
mm for coho; and 199, 228, and 279 for Chinook salmon.  Coded-wire tags were recovered from 14 juvenile coho, 
three juvenile and six immature Chinook salmon; all but one were from hatchery and wild stocks of southeastern 
Alaska origin.  The non-Alaska stock was a juvenile Chinook originating from Oregon.  Alaska hatchery stocks were 
also identified by thermal otolith marks from 74% of the chum, 18% of the sockeye, 9% of the coho, and 45% of 
the Chinook salmon.  Onboard stomach analysis of 199 potential predators, representing 10 species, revealed four 
predation instances on juvenile salmon: three by adult coho salmon and one by an immature Chinook salmon.  This 
research suggests that in southeastern Alaska, juvenile salmon exhibit seasonal patterns of habitat use synchronous 
with environmental change, and display species- and stock-dependent migration patterns.  Longterm monitoring 
of key stocks of juvenile salmon, on both intra- and interannual bases, will enable researchers to understand how 
growth, abundance, and ecological interactions affect year-class strength and to better understand the role salmon 
play in North Pacific marine ecosystems.

Orsi, J.A., E.A. Fergusson, et al.  2007.  Annual survey of juvenile salmon and ecologically related species and environ-
mental factors in the marine waters of southeastern Alaska, May–August 2006.  N. Pac. Anadr. Fish Comm. Doc. 1057.  
72 pp.  (Available at www.npafc.org).

Juvenile Pacific salmon (Oncorhynchus spp.), ecologically-related species, and associated biophysical data were 
collected along primary marine migration corridors in the northern and southern regions of southeastern Alaska in 
2006.  Up to 21 stations were sampled over four time periods (39 sampling days) from May to August.  This survey 
marks 10 consecutive years of systematic monitoring on how juvenile salmon interact in marine ecosystems, and 
was implemented to identify the relationships among biophysical parameters that influence the habitat use, marine 
growth, predation, stock interactions, and year-class strength of salmon.  Typically, at each station, fish, zooplank-
ton, surface water samples, and physical profile data were collected using a surface rope trawl, conical and bongo 
nets, water sampler, and a conductivity-temperature-depth profiler during daylight.  Surface (3-m) temperatures and 
salinities ranged from 7.1 to 15.4°C and 15.1 to 32.0 PSU from May to August.  A total of 10,641 fish and squid, 
representing 20 taxa, were captured in 94 rope trawl hauls from June to August.  Juvenile salmon comprised about 
98% of the total fish and squid catch in each region.  Juvenile salmon occurred frequently in the trawl hauls, with 
pink (O. gorbuscha), chum (O. keta), sockeye (O. nerka), and coho salmon (O. kisutch) occurring in 52–100% of the 
trawls in both regions, whereas, juvenile Chinook salmon (O. tshawytscha) occurred in 25% and 28% of the hauls in 
the southern and northern regions.  Of the 10,451 salmonids caught, over 99% were juveniles.  In both regions, only 
two non-salmonid species represented catches of > 27 individuals: walleye pollock (Theragra chalcogramma) in the 
southern region and Pacific herring (Clupea pallasi) in the northern region.  Temporal and spatial differences were 
observed in the catch rates, size, condition, and stock of origin of juvenile salmon species.  Catch rates of juvenile 
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salmon in both regions were generally highest in June for all species except Chinook, which had the highest catch 
rates in July.  Size of juvenile salmon increased from June and July; mean fork lengths were: 102 and 121 mm for 
pink; 112 and 138 mm for chum; 110 and 131 mm for sockeye; 168 and 200 mm for coho; and 202 and 223 mm for 
Chinook salmon.  Coded-wire tags were recovered from 13 juvenile coho salmon, two juvenile and one immature 
Chinook salmon; all but two were from hatchery and wild stocks of southeastern Alaska origin.  The non-Alaska 
stocks were juvenile Chinook salmon originating from the Similkameen River and the Wells Hatchery within the 
Columbia River Basin.  Alaska enhanced stocks were also identified by thermal otolith marks from 77% of the 
chum and 7% of the sockeye salmon.  Onboard stomach analysis of 95 potential predators, representing 12 species, 
revealed one predation incident on juvenile salmon by an adult coho salmon.  This research suggests that in south-
eastern Alaska, juvenile salmon exhibit seasonal patterns of habitat use and display species- and stock-dependent 
migration patterns.  Long-term monitoring of key stocks of juvenile salmon, on both intraand interannual bases, will 
enable researchers to understand how growth, abundance, and ecological interactions affect year-class strength and 
to better understand the role salmon play in North Pacific marine ecosystems.

Orsi, J.A., J.A. Harding, et al.  2007.  Epipelagic fish assemblages associated with juvenile Pacific salmon in neritic 
waters of the California Current and the Alaska Current.  Am. Fish. Soc. Symp. 57: 105–155.

We compared epipelagic fish assemblages associated with juvenile (ocean-age 0) Pacific salmon Oncorhynchus spp. 
from neritic waters of the California Current and Alaska Current regions in the spring–summer and summer–fall 
periods of 2000–2004.  Catches originated from rope trawl surveys conducted between latitudes 37°N and 60°N 
and spanned more than 1,100 km in the coastal and inshore habitats of each region.  Catch data were used from the 
epipelagic sampling of waters from near surface to depths of about 18 m, primarily over the continental shelf.  Catch 
composition, frequency of occurrence, and density were evaluated between regions and habitats for day sampling.  
Diel (night and day) catch comparisons were also made at a few localities in each region.  In day catches from both 
regions, a total of 1.69 million fish and squid representing 52 fish families and 118 fish species were sampled from 
2,390 trawl hauls.  Ninety-seven percent of the daytime catch was composed of 11 fish families and squid in coastal 
and inshore habitats of each region: clupeids dominated catches in the California Current (72% and 76% of catch, 
respectively), and salmonids dominated catches in the Alaska Current (46% and 62% of catch, respectively).  Ju-
veniles comprised 81–99% of salmon sampled in both coastal and inshore habitats of each region.  Frequencies of 
occurrence were highest for juvenile salmon in both regions, but average densities were highest for Pacific herring 
Clupea pallasii and Pacific sardine Sardinops sagax in the California Current region.  Cluster analyses revealed 
distinct geographic breakpoints in coastal species assemblages off central Vancouver Island and in inshore species 
assemblages in southeastern Alaska.  Species were found to cluster into six groups from coastal localities and four 
groups from inshore localities.  Indicator species analysis and nonmetric multidimensional scaling revealed that most 
species of juvenile salmonids were located in northern localities.  Although juvenile salmon had the most uniform 
distribution of any species group, their densities relative to associated species were dramatically lower in the Califor-
nia Current, suggesting a higher degree of interactions between juvenile salmon and other species in this region.  Diel 
comparisons in both regions indicated substantially higher catches at night, particularly of clupeids, osmerids, and 
gadids.  Salmonids were a relatively minor component of the night catch in both regions due to dramatic diel shifts 
in community structure.  Additional study of diel interactions of juvenile salmon and associated species is needed to 
quantify habitat utilization dynamics in marine ecosystems.

Orsi, J.A., and H.W. Jaenicke.  1996.  Marine distribution and origin of prerecruit Chinook salmon, Oncorhynchus 
tshawytcha, in southeastern Alaska.  Fish. Bull. 94(3): 482–497.

Chinook salmon, Oncorhynchus tshawytscha, < 71 cm total length, are typically not retained in directed marine fish-
eries of southeastern Alaska because of size restrictions; consequently, little is known of the origin or temporal and 
spatial distribution of these prerecruits.  To obtain such data, commercial power trollers were chartered to fish for 
small Chinook salmon with small hooks and lures within the Alexander Archipelago (inside waters) and the adjacent 
coastal region (outside waters).  During the 135-d study in February, May, and September 1986–87, a total of 5,838 
prerecruit Chinook salmon were caught, of which 539 contained coded-wire tags with information on stock origin. 
Age -.0 Chinook salmon were caught in September during their first year at sea; they originated predominately from 
streamtype stocks of southeastern Alaska.  Age -.l Chinook salmon in February and May were primarily from stream-
type shcks of southeastern Alaska; however, by September most were from ocean-type stocks from British Colum-
bia, Washington, and Oregon streams.  Most age-.2 Chinook salmon were from ocean-type stocks of southern origin.  
Average net marine migration rates of different Chinook salmon age groups ranged from 0.1 to 6.9 km/d; the highest 
rates were for age 1.0 fish from Washington and Oregon.  For coded-wire-tagged Chinook salmon of the same ocean 
age group, growth rates of ocean-type fish were significantly (P < 0.05) higher than growth rates of stream-type fish 
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during most periods.  Spatial distribution also differed by race: stream-type fish predominated in inside waters and 
ocean-type fish in outside waters.  This study identifies the importance of marine waters of southeastern Alaska as 
a nursery area for an amalgam of prerecruit Chinook salmon stocks originating between Oregon and southeastern 
Alaska, a range of 1,800 km.

Orsi, J.A., J.M. Murphy, et al.  1997.  Survey of juvenile salmon in marine waters of southeastern Alaska, May–August 
1997.  N. Pac. Anadr. Fish Comm. Doc. 277.  27 pp.  (Available at www.npafc.org).

Twenty stations were sampled monthly along a primary marine migration corridor in the northern region of south-
eastern Alaska to assess the distribution, growth, mortality, and diet of wild and hatchery stocks of juvenile (age -.0) 
Pacific salmon (Oncorhynchus spp.).  Stations were stratified into three different habitats - inshore (Taku Inlet and 
near Auke Bay), strait (Chatham Strait and Icy Strait), and coastal (Cross Sound and Icy Point) - and sampled aboard 
the NOAA ship John N. Cobb ffrom May to August 1997.  At each station, fish, zooplankton, temperature, and salin-
ity data were collected during daylight with a surface rope trawl, conical nets, bongo nets, and a CTD (conductivity, 
temperature, and depth profiler). A total of 6,252 fish and squid were captured with the rope trawl, representing 31 
taxa.  All five species of juvenile Pacific salmon and steelhead (O. mykiss) were captured and made up 80% of the 
total catch.  Of the 5,000 salmonids caught, over 99% were juveniles, and less than 1% were immatures or adults.  
Non-salmonid species making up >1% of the catch included Pacific herring (Clupea harengus), squid (Gonatidae), 
capelin (Mallotus villosus), walleye pollock (Theragra chalcogramma), and sablefish (Anoplopoma fimbria).  Chum 
(O.keta), coho (O.kisutch), pink (O.gorbuscha), sockeye (O.nerka), and Chinook (O.tshawytcha) salmon and crested 
sculpin (Blepsias bilobus) occurred most frequently (> 30%) in the trawl catches.  Overall catches of juvenile salmon 
were highest in July and zero in May. Catch rates of coho and sockeye were highest in June, whereas catch rates of 
chum, pink, and Chinook salmon were highest in July.  Catch rates of juvenile salmon except Chinook salmon were 
highest in the strait habitat and lowest in inshore habitat; Chinook salmon catch rates were highest in inshore habitat.  
Overall catch rates for juvenile salmon along the offshore transect declined with distance offshore: most juveniles 
were within 25 km of shore, and no juvenile salmon was found beyond 40 km.  Mean fork lengths of juvenile salmon 
in June-July-August were: chum (97-137-162 mm), pink (96-136-156 mm), sockeye (110-146-154 mm), coho (148-
207-247 mm), and Chinook salmon (143-172-222 mm).  Twenty-three juvenile and immature salmon containing 
internally planted coded-wire tags (CWTs) were recovered; 21 originated in Alaska and two in Oregon (one Chinook 
and one coho salmon).  The Oregon Chinook salmon is the earliest recorded recovery of a stream-type Chinook 
salmon of the Columbia River stock in Alaska during its first summer at sea.  Onboard stomach analysis of potential 
predators of juvenile salmon did not indicate a high level of salmon predation; however, few predators were present 
during high levels of juvenile salmon abundance, and fish remains in stomachs were often too far digested to iden-
tify.  Results from this study and further laboratory analysis of otolith-marked fish will be used to assess competative 
interactions between wild and hatchery stocks and stock-specific life history characteristics.

Orsi, J.A., J.M. Murphy, et al.  1998.  Survey of juvenile salmon in marine waters of southeastern Alaska, May–August 
1998.  N. Pac. Anadr. Fish Comm. Doc. 346.  26 pp.  (Available at www.npafc.org).

Twenty four stations were sampled monthly along a primary marine migration corridor in the northern region of 
southeastern Alaska to assess the distribution, growth, mortality, and diet of wild and hatchery stocks of juvenile (age 
-.0) Pacific salmon (Oncorhynchus spp.).  Stations were stratified into three different habitats—inshore (Taku Inlet 
and near Auke Bay), strait (Chatham Strait and Icy Strait), and coastal (Cross Sound, Icy Point, and Cape Edward)—
and sampled aboard the NOAA ship John N. Cobb ffrom May to August 1998.  At each station, fish, zooplankton, 
temperature, and salinity data were collected during daylight with a surface rope trawl, conical nets, bongo nets, and 
a conductivity, temperature, and depth profiler.  Surface (2-m) temperatures and salinities during the survey ranged 
from 7.6 to 14.2°C and 16.4 to 32.0 ppt.  A total of 12,814 fish and squid were captured with the rope trawl, repre-
senting 30 taxa.  All five species of juvenile Pacific salmon and steelhead (O. mykiss) were captured and made up 
85% of the total catch.  Of the 10,895 salmonids caught, over 99% were juveniles, and less than 1% were immatures 
or adults.  Non-salmonid species making up > 1% of the catch included Pacific herring (Clupea harengus), capelin 
(Mallotus villosus), squid (Gonatidae), and sablefish (Anoplopoma fimbria).  The highest frequency of occurrence (> 
25%) in the trawl catches was observed for chum (O.keta), coho (O.kisutch), sockeye (O.nerka), pink (O.gorbuscha), 
and Chinook (O.tshawytcha) salmon, and wolf eels (Anarrhichthys ocellatus).  Overall catch rates of juvenile salmon 
were highest in June and July, intermediate in August, and zero in May. Catch rates of pink and chum salmon were 
highest in June, whereas catch rates of sockeye, coho, and Chinook salmon were highest in July.  Catch rates of juve-
nile salmon except Chinook salmon were highest in strait habitat and lowest in inshore habitat; Chinook salmon catch 
rates were highest in inshore habitat.  Overall catch rates for juvenile salmon along the offshore transect declined 
with distance offshore: most juveniles were within 25 km of shore, and only one juvenile salmon was found beyond 
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40km.  Mean fork lengths of juvenile salmon in June-July-August were: pink (94-127-162 mm), chum (102-134-164 
mm), sockeye (112-139-153 mm), coho (166-213-253mm), and Chinook salmon (160-166-190mm).  Twenty-four 
juvenile and immature salmon (13 Chinook and 11 coho) containing internally planted coded-wire tags (CWTs) 
were recovered; 20 originated from Alaska, 3 from the Columbia River Basin, and 1 from Washington.  Recoveries 
of juvenile Chinook salmon from the Columbia River Basin are some of the earliest documented recoveries of these 
stream-type stocks in Alaska during their first summer at sea.  Onboard stomach analysis of potential predators of 
juvenile salmon indicated a low level of salmon predation by sablefish, spiny dogfish (Squalus acanthias), and adult 
coho salmon.  Results from this study and further laboratory analysis of otolith-marked fish will be used to assess 
competative interactions between wild and hatchery stocks and stock-specific life history characteristics.

Orsi, J.A., M.V. Sturdevant, et al.  2000.  Seasonal habitat use and early marine ecology of juvenile Pacific salmon in 
southeastern Alaska.  N. Pac. Anadr. Fish Comm. Bull. 2: 111–122.  (Available at www.npafc.org).

Habitat use and early marine ecology of juvenile (age-.0) Pacific salmon (Oncorhynchus spp.) were studied monthly 
at inshore, strait, and coastal habitats along a seward migration corridor in southeastern Alaska from May through 
October 1997–99.  A total of 31,853 fish from 40 taxa were captured with 283 surface trawl hauls; juvenile salmon 
made up 61% of the total catch.  Predation on juvenile salmon was observed in 4 of 19 fish species examined, and 
ccurred in 33 (5%) of the 661 predators examined.  Juvenile salmon catches typically peaked in June and July and 
in strait habitats, where two Alaska hatchery chum salmon (O.keta) stocks made up > 50% of the chum salmon 
sampled.  Of the juvenile Chinook salmon (O.tshawytcha) and coho salmon (O.kisutch) stocks of known origin, ma-
rine migration rates averaged 1 and 3 km/d for Alaska stocks and 19 and 29 km/d for Columbia River Basin stocks.  
Our results imply that seasonal habitat use patterns of juvenile salmon are related to favorable temperatures and 
zooplankton abundance and are also linked to species and stock of salmon.  Long-term ecological monitoring of key 
juvenile salmon stocks is needed over varying environmental conditions to understand relationships among habitat 
use, marine growth, year-class strength, and ocean carrying capacity.

Orsi, J.A., M.V. Sturdevant, et al.  2000.  Survey of juvenile salmon in marine waters of southeastern Alaska, May–
October 1999.  N. Pac. Anadr. Fish Comm. Doc. 497.  51 pp.  (Available at www.npafc.org).

In 1999, biophysical data were collected along a primary marine migration corridor of juvenile (age-.0) Pacific 
salmon (Oncorhynchus spp.) in the northern region of southeastern Alaska at 24 stations during five sampling inter-
vals.  This survey marks the third consecutive year of systematic sampling and monitoring within the region, and was 
implemented to identify the relationships among the habitat use, marine growth, predation, stock interactions, year-
class strength, and ocean carrying capacity of salmon.  Stations were stratified into three different habitats—inshore 
(Taku Inlet and three stations near Auke Bay), strait (four stations each at Chatham Strait and Icy Strait), and coastal 
(four stations each at Cross Sound, Icy Point, and Cape Edward)—and were sampled from the National Oceanic 
and Atmospheric Administration ship John N. Cobb, May to October.  At each station, fish, zooplankton and surface 
water samples, and temperature and salinity profile data were collected during daylight using a surface rope trawl, 
conical and bongo nets, and a conductivity, temperature, and depth profiler. Surface (2-m) temperatures and salinities 
during the survey ranged from 6.5 to 13.6°C and 13.9 to 32.0 PSU.  A total of 7,204 fish and squid, representing 29 
taxa, were captured with the rope trawl.  Five species of juvenile Pacific salmon comprised 47% of the total catch.  
Of the 3,535 salmonids caught, > 95% were juveniles, and < 5% were immatures or adults.  Non-salmonid species 
making up > 2% of the catch included capelin (Mallotus villosus), Pacific herring (Clupea harengus), and sablefish 
(Anoplopoma fimbria).  Temporal and spatial differences were observed among juvenile salmon species in their 
catch rates, size, condition, stock of origin, and in predation rates.  The most frequently occurring species in the trawl 
catches (> 25%) were coho salmon (O. kisutch), chum salmon (O. keta), pink salmon (O. gorbuscha), sockeye salm-
on (O. nerka), and walleye pollock (Theragra chalcogramma).  Catches of juvenile salmon were highest in June for 
coho and in July for other species.  By habitat type, juvenile salmon were most abundant in strait and inshore habitats, 
with the exception of sockeye salmon in coastal habitats.  In the coastal habitat, catch rates along the 65 km transect 
at Icy Point were the highest within 25 km of shore.  Lengths of juvenile salmon increased seasonally; in the five time 
periods mean FL (mm) were: pink (97–115–134–168), chum (103–130–139–165), sockeye (123–145–122–163), 
coho (154–207–225–279), and Chinook salmon (139–160–190–214).  Coded-wire tags were recovered from 7 juve-
nile and immature Chinook and 15 juvenile coho salmon; all fish were of Alaska origin.  In addition, Alaskan stocks 
were identified from thermal-marked otoliths of 447 juvenile chum and 47 juvenile sockeye salmon; marked stocks 
comprised 71% of the chum salmon and 19% of the sockeye salmon examined.  Onboard stomach analysis of 307 
fish of thirteen species of potential predators of juvenile salmon indicated that 36% of sablefish, 18% of adult coho 
salmon, and 10% of spiny dogfish (Squalus acanthias) preyed on juvenile salmon.  Results from this study suggest 
that, in southeastern Alaska, juvenile salmon exhibit seasonal patterns of habitat use synchronous with environmental 
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change, and display species and stock-dependent migration patterns.  Long term monitoring of key stocks of juvenile 
salmon, both on intra- and inter-annual bases, will enable researchers to understand how growth, abundance, and 
ecological interactions affect year-class strength and ocean carrying capacity for salmon.

Orsi, J.A., M.V. Sturdevant, et al.  2001.  Southeast Alaska coastal monitoring for habitat use and early marine ecology 
of juvenile Pacific salmon.  N. Pac. Anadr. Fish Comm. Tech. Rep. 2: 38–39.  (Available at www.npafc.org).

The Southeast Coastal Monitoring (SECM) Project in Alaska was initiated in 1997 to study the habitat use and early 
marine ecology of juvenile (age-.0) Pacific salmon (Oncorhynchus spp.).  From May through October 1997–2000, 
biophysical parameters were sampled in inshore, strait, and coastal habitats along a primary seaward migration cor-
ridor used by juvenile salmon.  Up to 24 stations spanning 250 km were sampled five times annually.  These habitats 
extend geographically from inshore localities near large glacial rivers to 65 km offshore in the Gulf of Alaska.  Sam-
pling was accomplished with a NORDIC 264 surface rope trawl fished from the NOAA ship John. N. Cobb.

Orsi, J.A., M.V. Sturdevant, et al.  2001.  Survey of juvenile salmon in the marine waters of southeastern Alaska, May–
September 2000.  N. Pac. Anadr. Fish Comm. Doc. 536.  49 pp.  (Available at www.npafc.org).

Biophysical data were collected along a primary marine migration corridor of juvenile Pacific salmon (Oncorhynchus 
spp.) in the northern region of southeastern Alaska at 20 stationsin five, six-day sampling intervals from May to 
September 2000.  This survey marks the fourth consecutive year of systematic monitoring, and was implemented 
to identify the relationships among biophysical parameters that influence the habitat use, marine growth, predation, 
stock interactions, year-class strength, and ocean carrying capacity of salmon.  Habitats were classified as inshore 
(Taku Inlet and Auke Bay), strait (Chatham Strait and Icy Strait), and coastal (Cross Sound and Icy Point), and were 
sampled from the National Oceanic and Atmospheric Administration ship John N. Cobb.  At each station, fish, zoo-
plankton, surface water samples, and physical profile data were collected during daylight using a surface rope trawl, 
conical and bongo nets, and a conductivitytemperature-depth profiler.  Surface (2-m) temperatures and salinities 
during the survey ranged from 6.6 to 14.1°C and 11.5 to 32.0 PSU.  A total of 7,920 fish and squid, representing 30 
taxa, were captured in 89 rope trawl hauls from June to September.  Juvenile Pacific salmon comprised 86% of the 
total catch and were the most frequently occurring species: pink (O. gorbuscha; 60%), chum (O. keta; 55%), coho 
(O. kisutch; 49%), sockeye (O. nerka; 47%), and Chinook salmon (O. tshawtscha; 46%).  Of the 6,846 salmonids 
caught, > 99% were juveniles.  Non-salmonid species making up > 2% of total catch included walleye pollock 
(Theragra chalcogramma), Pacific herring (Clupea pallasi), and soft sculpin (Psychrolutes sigalutes).  Temporal and 
spatial differences were observed in the catch rates, size, condition, stock of origin, and predation rates of juvenile 
salmon species.  Catches of juvenile chum, pink, and coho salmon were highest in July, whereas catches of juvenile 
sockeye and Chinook salmon were highest in June and September, respectively.  By habitat type, juvenile salmon 
except Chinook were most abundant in straits; juvenile Chinook salmon were most abundant in inshore habitat.  In 
the coastal habitat, catches along the Icy Point transect were highest within 40 km of shore.  Size of juvenile salmon 
increased steadily throughout the season; mean fork lengths (mm) in June and September were: pink (95 and 198), 
chum (106 and 218), sockeye (114 and 196), coho (166 and 285), and Chinook salmon (157 and 264).  Coded-wire 
tags (CWTs) were recovered from seven juvenile and one immature Chinook; only one was of non-Alaska origin, 
a juvenile Chinook from the Columbia River Basin recovered in September.  CWTs were recovered from seven ju-
venile and two adult coho; all were of Alaska origin.  In addition, otoliths of 1,260 juvenile chum and 401 juvenile 
sockeye salmon revealed that 59% and 27% of these fish were Alaska hatchery stocks represented by thermal marks.  
Onboard stomach analysis of 214 potential predators, representing eleven species, indicated that 11% of adult coho 
salmon, 4.5% of spiny dogfish (Squalus acanthias), and 1% of adult walleye Pollock preyed on juvenile salmon.  
Our results suggest that, in southeastern Alaska, juvenile salmon exhibit seasonal patterns of habitat use synchronous 
with environmental change, and display species- and stock-dependent migration patterns.  Long term monitoring 
of key stocks of juvenile salmon, both on intra- and interannual bases, will enable researchers to understand how 
growth, abundance, and ecological interactions affect year-class strength and ocean carrying capacity for salmon.

Orsi, J.A., A. Wertheimer, et al.  2004.  Juvenile chum salmon consumption of zooplankton in marine waters of south-
eastern Alaska: a bioenergetics approach to implications of hatchery stock interactions.  Rev. Fish Biol. Fish. 14(3): 
335–359.

Bioenergetics modeling was used to estimate zooplankton prey consumption of hatchery and unmarked stocks of ju-
venile chum salmon (Oncorhynchus keta) migrating seaward in littoral (nearshore) and neritic (epipelagic offshore) 
marine habitats of southeastern Alaska.  A series of model runs were completed using biophysical data collected in 
Icy Strait, a regional salmon migration corridor, in May, June, July, August, and September of 2001.  These data 
included: temperature (1-m surface versus surface to 20-m average), zooplankton standing crop (surface to 20-m 
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depth versus entire water column), chum salmon diet (percent weight of prey type consumed), energy densities, and 
weight.  Known numbers of hatchery releases were used in a cohort reconstruction model to estimate total abundance 
of hatchery and wild chum salmon in the northernregion of southeastern Alaska, given average survival to adults 
and for two different (low and high) early marine littoral mortality rate assumptions.  Total prey consumption was 
relatively insensitive to temperature differences associated with the depths potentially utilized by juvenile chum 
salmon.  However, the magnitudes and temporal patterns of total prey consumed differed dramatically between 
the low and high mortality rate assumptions.  Daily consumption rates from the bioenergetics model and CPUE 
abundance from sampling in Icy Strait were used to estimate amount and percentage of zooplankton standing crop 
consumed by mixed stocks of chum salmon.  We estimated that only a small percentage of the available zooplankton 
was consumed by juvenile chum salmon, even during peak abundances of marked hatchery and unmarked mixed 
stocks in July.  Total daily consumption of zooplankton by all stock groups of juvenile chumsalmon was estimated to 
be between 330 and 1764 g/km2 d)1 from June to September in the neritic habitat of Icy Strait.  As with any modeling 
exercise, model outputs can be misleading if input parameters and underlying assumptions are not valid; therefore, 
additional studies are warranted, especially to determine physiological input parameters, and to improve abundance 
and mortality estimates specific to juvenile chum salmon.  Future bioenergetics modeling is also needed to evaluate 
consumption by the highly abundant, vertically migrating planktivorous that co-occurred in our study; we suggest 
that these fishes have a greater impact on the zooplankton standing crop in Icy Strait than do hatchery stock groups 
of juvenile chum salmon.

Overland, J., S. Rodionov, et al.  2008.  North Pacific regime shifts: definitions, issues and recent transitions.  Prog. 
Oceanogr. 77(2–3): 92–102.

The many recent publications on regimes and shifts highlight the importance of decadal variability in understanding 
climate and ecosystems and their connectivity.  This paper explores several issues in the application of regime con-
cepts.  Even the definition of regimes is unclear, as usage by different authors highlight: (1) displacement or shifts in 
timeseries, (2) underlying mechanisms, and (3) the distinction between external forcing and internal reorganization 
of ecosystems.  Such differences arise, and cannot be easily resolved, because of the relatively short duration of avail-
able physical and biological timeseries, and the complexity of multivariate process in marine systems with unknown 
variables and relationships.  Climate indices often show a rather Gaussian distribution of values with a single mean, 
rather than clearly separated discrete multiple states.  These physical indices can be represented by a red noise long 
memory process, where the index can, in fact, deviate substantially from the long term mean for multiple years.  If we 
consider changes in timeseries themselves, then climate variables for the North Pacific display shifts near 1977, 1989 
and 1998.  Recent variability suggests considerable uncertainty in the current state of the North Pacific.  Biological 
variables often show a broader distribution of shifts over time, which is consistent with different types of responses 
to climate for different ecosystem elements and the importance of time lags in response to changes in physical forc-
ing.  Our current understanding of regime shifts is not a deterministic one, and while one can discuss amplitudes and 
mean duration of regimes, we cannot predict their precise timing other than to say that they will be a main feature 
of future climate and ecosystem states.  While the authors believe that a single definition for regimes is currently not 
possible, the concept continues to be useful in moving the discussion of ecosystems away from the assumptions of 
single species and stationary processes.

Pearcy, W.G. (Editor).  1984.  The influence of ocean conditions on the production of salmonids in the North Pacific.  
Oregon State University Sea Grant Program, Corvallis, Oregon.  327 pp.

The timing of this workshop on the influence of ocean conditions on salmonid production could not have been more 
appropriate.  Because of the devastating effects of the 1982-83 El Niño, ocean catches of coho and Chinook salmon 
off Oregon and Washington were the worst in recent history.  Runs of several salmon stocks in Alaska, on the other 
hand, were at or near record highs.  Salmon biologists have never been more aware of the importance of the ocean 
environment on salmon production than today.  This workshop, held at Newport, Oregon, on November 8–10, 1983, 
had two major objectives: first, to review our knowledge of the effects of the ocean environment on the production of 
salmonid stocks of the North Pacific Ocean, emphasizing mechanisms linking interannual trends in survival, growth, 
and migrations with ocean variability; second, to identify important research needs in order to develop strategies for 
future investigations of salmonids in the ocean.  The first portion of the workshop, at the Mark O. Hatfield Marine 
Science Center of Oregon State University, was dedicated to review papers on salmonid biology and oceanography.  
Each review paper was followed by a commentary intended to provide a different viewpoint or approach.  Following 
the reviews and commentaries, workshop participants were divided into working groups on hatcheries, inlets and 
estuaries, the coastal ocean, and the open ocean.  Each working group was asked to identify problems and hypoth-
eses that needed research in order to improve our understanding of the relationships between the ocean environment 
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and salmonid stocks.  The four working groups developed their reports independently.  Therefore, the approaches 
of the groups are sometimes different, and important recommendations were sometimes repeated by several groups.  
This publication on salmonid oceanography and biology is a companion to the one on nonsalmonid species, From 
Year to Year: Interannual Variability of the Environment and Fisheries of the Gulf of Alaska and Bering Sea (Warren 
S. Wooster, ed.), published by the University of Washington in 1983.  Readers are referred to this publication for 
supplementary papers on oceanography of the subarctic Pacific.

Pearcy, W.G.  1992.  Ocean ecology of North Pacific salmonids.  University of Washington Press, Seattle.  179 pp.
Pacific salmon and trout (genus Oncorhynchus) are well known for their anadromous life cycles.  Born in fresh 
water, they pass much or most of their lives in the ocean, then return to their natal streams to spawn and die.  Their 
evolution has adapted them extraordinarily to both freshwater and marine ecosystems.  Freshwater habitats provide a 
relatively protected environment for early development, but the numbers of fish that emere from the eggs far surpass 
the production capacity of fresh water to support subsequent growth (Thorpe 1982, 1984; Gross 1987).  They must 
migrate to the ocean to feed in the nutrient-rich marine waters.  There, they grow to a large size and mature rapidly.  
Eventually they return to their freshwater streams to spawn, often in spectacular runs so enormous that their migra-
tion results in a net transport of nutrients from the ocean to fresh water (Mathisen et al. 1988; Kline et al. 1989).  
Salmonids have been an important food in native cultures of the Pacific Northwest for thousands of years.  For the 
past century they have supported valuable commercial and sport fisheries throughout the northern Pacific Ocean.  
Because of their importance, Pacific salmon have probably been studied more than any other fishes.  Thirty years 
ago there was already a vast literature on salmonids (e.g., Vladykov 1963).  There is even more today.  Most studies, 
however, concern the freshwater phase of salmonid life histories and biology.  Much less is known about the ecology 
of salmonids in the ocean, where they spend much of their lives and gain most of their adult weight.  In a sense, the 
marine ecosystem has been neglected as an unfathomable “black box”, into which young salmonids disappear and 
from which, if all goes right, adults emerge.  The situation is changing.  Human activities in recent years—overfish-
ing and habitat alteration, to cite two examples—have had a telling detrimental impact on salmonid species, to the 
extent that some populations have decreased and even disappeared.  Both the public and scientific community have 
begun to pay more attention to the potential ramifications of massive salmon enhancement programs and to global 
climate change.  Will such changes affect the production processes of salmonid stocks in the North Pacific region—
and how will they?  Biologists are now recognizing the need to study both marine and freshwater habitats in order 
to discover the vulnerable stages in both ecosystems and to understand the factors that affect survival throughout the 
entire life history of salmonids.  The study of salmonids poses intriguing questions.  When did salmonids evolve?  
Why do they go to estuaries and to the ocean when they do?  Why do some species have diverse life history patterns 
and others do not?  How do they find their way to the ocean and then home to their natal stream to spawn?  How are 
their distribution and survival related to ocean conditions?  Where, when, and how do most of them die in the ocean?  
What is the carrying capacity of the North Pacific Ocean for salmonids?  Answers to such questions about the marine 
life of salmonids, though difficult to obtain, will help us improve our management of these valuable resources.  In 
this book, I address questions concerning the ecology of Pacific salmonids at sea, relevant to all seven anadromous 
species of Oncorhynchus (five salmon and two trout) found in the northeastern Pacific.  My focus will be on pro-
cesses that affect growth and survival in the ocean as I attempt to establish a connection between salmonid ecology 
and the physical and biological oceanography of the Pacific region.  The first chapter, on phylogeny and anadromy 
of salmonids, covers freshwater and marine life histories.  Then the organization of the book follows the sequence of 
salmonid migrations into the ocean: the timing of outmigration, the importance of estuaries, and survival in fresh and 
marine waters.  Because of my professional interest, I devote the longest chapter to coho salmon in the Transistional 
Domain of the California Current off the coast of California, Oregon and Washington.  Next, I discuss the migration 
corridor of pink, chum, and sockeye in the Alaska Coastal Current, and then their carrying capacity in the ocean 
Central Subarctic Waters of the North Pacific.  The final chapter describes salmonid migrations in both coastal and 
oceanic waters, and possible guidance mechanisms.

Pearcy, W.G.  1997.  Salmon production in changing ocean regimes.  In Pacific salmon in their ecosystems, status and 
future options.  Edited by D. J. Stouder, P. A. Bisson and R. J. Naiman.  Chapman and Hall, New Yoprk.  pp. 331–352.

Pearcy, W.G., K. Aydin, et al.  1999.  What is the carrying capacity of the North Pacific Ocean for salmonids.  PICES 
Press 7(2): 17–23.

To understand the interannual and interdecadal variations in marine fish production, researchers must identify fac-
tors related to growth and survival.  These factors can include nutrient dynamics, food-web processes, and physi-
ological processes, all of which may be affected by both local and large-scale physical processes.  In this paper, we 
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review evidence for changing ocean conditions in the oceanic domain of salmon.  We give examples of estimates 
of forage demand of salmonids and their relation to available food resources, as well as the impact predators have 
on limiting salmon production.  Dramatic changes have occurred in the North Pacific Ocean in recent years.  After 
the now widely accepted regime shift of the late 1970s, salmon catches from subarctic waters of the northern North 
Pacific increased markedly.  Some of the changes in the North Pacific that have recently been documented include: 
1) Significant warming of the ocean during the 1990s, with record setting temperatures during 1994, 1997 and 1998.  
Warming and freshening of surface waters resulted in a shallower winter mixed-layer depth, and reduction of nu-
trients entrained into the euphotic zone (Freeland et al. 1997); 2) Changes in the seasonal maxima of Neocalanus 
plumuchus, a dominant subarctic copepod, with peak biomass occurring two months earlier in the upper water col-
umn between 1956 and 1997 (Mackas et al. 1998); 3) In the Bering Sea, unusual coccolithophore blooms have been 
reported in 1997 and 1998, which may have been related to the severe declines in the Bristol Bay sockeye runs dur-
ing both summers and a drastic reduction in the runs of Yukon Chinook and chum salmon in 1998 (Kruse 1998); 4) 
Decreased nitrate during the winter and regions of depleted nitrate off British Columbia during the 1990s (Whitney 
et al. 1998).  All of these changes may affect the carrying capacity of the North Pacific Ocean for salmon and other 
higher trophic levels.

Peterman, R.M.  1984.  Density-dependent growth in early ocean life of sockeye salmon (Oncorhynchus nerka).  Can. 
J. Fish. Aquat. Sci. 41(12): 1825–1829.

Significant decreases in adult body size and marine growth rate occur in seven British Columbia and Bristol Bay, 
Alaska, sockeye salmon (Oncorhynchus nerka) stocks when large numbers of sockeye are present in the Gulf of 
Alaska.  These density-dependent effects arise mainly during early ocean life and are probably due to competition 
for food.  The total sockeye abundance in the Gulf of Alaska is at least as important as within-stock abundance in 
determining final adult body size.  British Columbia sockeye show a 10–22% decrease in adult body weight at high 
abundance of conspecifics.  Thus, future evaluations of management strategies cannot simply focus on individual 
stocks, but must take a broader perspective which includes other sockeye populations.

Peterman, R.M., B.J. Pyper, et al.  2000.  Comparison of parameter estimation methods for detecting climate-induced 
changes in productivity of Pacific salmon (Oncorhynchus spp.).  Can. J. Fish. Aquat. Sci. 57(1): 181–191.

Pacific salmon (Oncorhynchus spp.) populations can experience persistent changes in productivity, possibly due to 
climatic shifts.  Management agencies need to rapidly and reliably detect such changes to avoid costly suboptimal 
harvests or depletion of stocks.  However, given the inherent variability of salmon populations, it is difficult to detect 
changes quickly, let alone forecast them.  We therefore compared three methods of annually updating estimates of 
stock-recruitment parameters: standard linear regression, Walters’ biascorrected regression, and a Kalman filter.  We 
used Monte Carlo simulations that hypothesized a wide range of future climate-induced changes in the Ricker a pa-
rameter of a salmon stock. We then used each parameter estimation method on the simulated stock and recruitment 
data and set escapement targets and harvest goals accordingly.  In these situations with a time-varying true Ricker 
a parameter, Kalman filter estimation resulted in greater mean cumulative catch than was produced by the standard 
linear regression approach, Walters’ bias correction method, or a fixed harvest rate policy.  This benefit of the Kal-
man filter resulted from its better ability to track changing parameter values, thereby producing escapements closer 
to the optimal escapement each year.  However, errors in implementing desired management actions can significantly 
reduce benefits from all parameter estimation techniques.

Peterman, R.M., B.J. Pyper, et al.  1998.  How related are environmental sources of variation for British Columbia and 
Alaska sockeye salmon?  N. Pac. Anadr. Fish Comm. Tech. Rep. 1: 25–26.  (Available at www.npafc.org).

Pacific salmon populations (Oncorhynchus spp.) show considerable variation over time in survival rates, growth 
rates, and age at maturity.  To better manage these stocks, it is necessary to understand the spatial extent and temporal 
patterns of environmentally-driven variability in these components of recruitment.  We used a multi-stock compari-
son to identify these spatial and temporal characteristics of variability.  The data we used span four decades (late 
1940s to mid-1990s) for 29 sockeye salmon (O.nerka) stocks from a wide geographical area across British Columbia 
and Alaska: 16 Fraser River stocks (southern B.C.), the Skeena and Nass River stocks (central B.C.), the Copper 
River and Cook Inlet stocks (central Alaska), and 9 Bristol Bay stocks (western Alaska).  The distributions of stocks 
from these various regions overlap for much of their marine life.

Peterman, R.M., B.J. Pyper, et al.  1998.  Patterns of covariation in survival rates of British Columbian and Alaskan 
sockeye salmon (Oncorhynchus nerka) stocks.  Can. J. Fish. Aquat. Sci. 55(11): 2503–2517.

We used a multi-stock comparison to identify spatial and temporal characteristics of environmentally driven sources 
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of variability across four decades in the productivity of 29 sockeye salmon (Oncorhynchus nerka) stocks from British 
Columbia (B.C.) and Alaska.  We examined patterns of covariation among indices of survival rate (residuals from the 
best-fit stock-recruitment curve) and found positive covariation among Fraser River sockeye stocks (southern B.C.) 
and, to a greater extent, among Bristol Bay stocks (western Alaska) but no evidence of covariation between these two 
regions or with stocks of other regions in B.C. and Alaska.  This indicates that important environmental processes 
affecting variation in sockeye survival rate from spawners to recruits operate at regional spatial scales, rather than at 
the larger, ocean-basin scale.  The observed covariation in survival rates of Bristol Bay stocks appears to be due to 
a combination of both freshwater and, to a greater degree, marine processes.  Bristol Bay sockeye stocks showed a 
dramatic and persistent increase in survival rates coinciding with the abrupt changes in the North Pacific environment 
in the mid-1970s; however, there was little evidence of a similar response for Fraser River stocks.

Petersen, J.H., and J.F. Kitchell.  2001.  Climate regimes and water temperature changes in the Columbia River: bio-
energetic implications for predators of juvenile salmon.  Can. J. Fish. Aquat. Sci. 58(9): 1831–1841.

We examined how climatic regime shifts may have affected predation rates on juvenile Pacific salmonids (Onco-
rhynchus spp.) by northern squawfish (Ptychocheilus oregonensis, also called northern pikeminnow), smallmouth 
bass (Micropterus dolomieu), and walleye (Stizostedion vitreum) in the Columbia River.  During 1933–1996, oce-
anic, coastal, and freshwater indices of climate were highly correlated, and an index for the Columbia River Basin 
suggested that climate shifts may have occurred about 1946, 1958, 1969, and 1977.  Summer water temperature 
varied as much as 2°C between climate periods.  We used a bioenergetics model for northern squawfish, the most 
important piscivore, to predict that predation on salmonids would have been 26–31% higher during two periods with 
relatively warm spring–summer water temperatures (1933–1946, 1978–1996) than during an extremely cold period 
(1947–1958).  Predicted predation rates of northern squawfish were 68–96% higher in the warmest year compared 
with the coldest year.  Predation rates of smallmouth bass and walleye on juvenile salmonids varied among climate 
periods similar to rates predicted for northern squawfish.  Climatic effects need to be understood in both freshwater 
and nearshore marine habitats, since growth rates of salmon populations are especially sensitive to mortality during 
early life stages.

Peterson, W.T., and F.B. Schwing.  2003.  A new climate regime in northeast Pacific ecosystems.  Geophys. Res. Lett. 
30(17): 1896.

Following a strong El Niño, the climate of the North Pacific underwent a rapid and striking transition in late 1998.  
Upwelling-favorable winds strengthened over the California Current (CC), and winds weakened in the Gulf of Alas-
ka (GOA).  Coastal waters of the CC and GOA cooled by several degrees, and the Pacific Decadal Oscillation (PDO) 
reversed sign and remained negative through summer 2002.  Zooplankton biomass in the northern CC doubled and 
switched from warm to cold water species dominance, coho and Chinook salmon stocks rebounded, and anchovy 
and osmeriids increased.  Persistent changes in atmosphere and upper ocean fields and ecosystem structure suggest a 
climate regime shift has occurred, similar (opposite) to shifts observed in 1947 (1925 and 1976).  If the 1998 regime 
shift in the northern CC is completely analogous to earlier shifts, then ecosystem structure should have changed in 
the GOA.  Recent surveys indicate this ecosystem has transformed as well.

Polovina, J., G.T. Mitchum, et al.  1994.  Physical and biological consequences of a climate event in the central North 
Pacific.  Fish. Oceanogr. 3(1): 15–21.

Climatic changes over the North Pacific which began in the mid 1970s, peaked in the early 1980s, and ended by the 
late 1980s, appear to have altered productivity at various trophic levels in the marine ecosystem in the central North 
Pacific.  The climatic change resulted in increased mixed layer depth and the frequency of deep mixing events, par-
ticularly during January-March.  A number of biological time series for species ranging from primary to apex levels 
in the North-western Hawaiian Islands, show corresponding declines in productivity of 30–50% from the early 1980s 
to the present.  We hypothesize that during the early 1980s, increased mixing due to the climate event resulted in 
greater nutrient input into the euphotic zone and ultimately increased ecosystem productivity.  Productivity over a 
range of trophic levels declined when the climate event ended.

Pool, S.S., R.D. Brodeur, et al.  2008.  Abundance, distribution, and feeding patterns of juvenile coho salmon (Onco-
rhynchus kisutch) in the Juan de Fuca Eddy.  Estuarine, Coastal and Shelf Science 80(1): 85–94.

The Juan de Fuca Eddy is a seasonal, counter-clockwise gyre off the mouth of the Strait of Juan de Fuca between 
Washington, USA and British Columbia, Canada that may provide favorable feeding habitat for juvenile coho salm-
on (Oncorhynchus kisutch) during their early marine existence.  In late September 2002, physical and biological 
sampling was conducted along two transects of the eddy region.  Surface rope trawling was conducted to capture 
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juvenile salmon and other nekton, along with bongo and neuston net tows to examine potential mesozooplanktonic 
salmon prey.  Presence of the Juan de Fuca Eddy was confirmed with vertical water profiles.  In addition, nutrient 
and chlorophyll a concentrations collected from 3-m depth were within the range observed in previous studies within 
the eddy region.  In the mesozooplankton community, euphausiids, chaetognaths, and decapod megalopae were com-
mon.  In the diet of juvenile coho salmon, euphausiids and decapod megalopae were dominant by percent number, 
and larval and juvenile fish were dominant by percent weight.  Feeding intensity (percent body weight) based on 
stomach contents was variable, but not significantly different among stations.  To compare the Juan de Fuca Eddy 
region with an upwelling area, we sampled along a transect off La Push (LP), Washington, USA which is south of 
the eddy.  The eddy region was found to be less productive than the LP transect.  Nutrients were lower, chlorophyll a 
concentrations were higher, and zooplankton abundance was generally higher along the LP transect than in the eddy 
region.  In addition, more juvenile coho salmon were captured from the LP transect than the eddy region.  Prey items 
in stomachs of salmon from the LP transect were heterogeneous compared to those from the eddy region.  Feeding 
intensity along the LP transect was slightly lower and more variable than in the eddy region, and differences in feed-
ing intensity among LP stations were significant. In addition, feeding intensities among stations nested within regions 
were significantly different.

Preikshot, D.B.  2007.  The influence of geographic scale, climate and trophic dynamics upon North Pacific oceanic 
ecosystem models.  Ph.D. thesis, University of British Columbia, Resource Management and Environmental Studies 
and the Fisheries Centre, Vancouver.  208 pp.

Dynamic simulation models of three nested North Pacific ecosystems (the Strait of Georgia, the British Columbia 
Shelf and the Northeast Pacific) were constructed to examine how area scale affects modelled historic changes of 
trophic interactions, fisheries and climate.  Species groups were the same for all ecosystem models, with a focus 
upon commercially important fish species.  The models were dynamic and spanned the period from 1950 to the start 
of the 21st Century.  Time series data for biological indicators were compared to predicted model time series, under 
different scenarios of ecosystem control: top-down, bottom-up, or combinations thereof.  Results of these scenarios 
suggest that while fisheries, and predation/competition effects explain most population changes for commercially 
important fish species, all species modelled also appear to experience bottom-up effects driven by climate change, 
and regime shifts.  The ecosystem models suggest such bottom-up dynamics through predicted primary production 
anomalies similar to decadal cycling seen in climate indices like the Pacific Decadal Oscillation (Northeast Pacific), 
upwelling at 54°N (BC shelf ) and Salinity/Fraser River discharge (Strait of Georgia).  The results of this work sug-
gest that both the area and scale over which indices of regime shifts and climate change are measured are linked, via 
bottom-up forcing, to changes in biomasses of all trophic levels in these ecosystems.  The ability to link bottom-up 
and top-down dynamics provides an exciting way for ecosystem models to contribute to the formulation of policy 
and cross validation of single species stock assessment research.

Preikshot, D.B.  2008.  Climate effects on Pacific salmon in the ocean — creating a Canadian focus.  Pacific Fisheries 
Resource Conservation Council, Vancouver, BC.  61 pp.  (Available at http://www.fish.bc.ca/files/ClimateEffectsPacif-
icSalmonOcean_2008_0_Complete_0.pdf).

The North Pacific Ocean is a vast ecosystem that changes not only with seasonal cycles, but also over decades and 
centuries.  Ecosystem changes at this oceanic scale affect Canadian salmon populations, which spend most of their 
lives in the marine environment.  Given that the effects of global warming, successful stewardship of Canadian 
Pacific Salmon will depend on better understanding how changes in climate affect the North Pacific environment.  
Creating a Canadian research group to deepen our understanding of how climate affects salmon in the North Pacific 
would best foster this kind of successful stewardship.  This report will show that the scientific foundation for such 
a research group solidly exists in Canada.  The results would not only be a better understanding and management 
of our own salmon populations but the establishment of Canada as a beacon guiding others in the stewardship of 
salmon around the Pacific.  The decadal- and centuries-long cycles and changes of the ocean have profound effects 
on species in the North Pacific ecosystem.  Population cycles of many fish species have been shown to wax and wane 
with long-term climate variation.  Such long-term and large-scale changes have also been noted for Canadian Pacific 
salmon stocks.  However, research upon, and management of, Pacific salmon in Canada has tended to focus on short-
term changes (annual or high/low stock cycles) as manifested over relatively small geographic areas (watersheds and 
rivers).  With a change in our understanding, recent research has made it possible to identify quantitative indicators 
of ocean ecosystem status for fisheries management.  Given that the earth will become significantly warmer in the 
coming decades and centuries, it will be crucial to understand how global changes in climate may influence changes 
in North Pacific ecosystems and thus salmon populations.  The first part of this report reviews literature on Pacific 
salmon.  The following themes have emerged; carrying capacity: bottom-up control; fisheries and predation: top-
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down control; the influence of salmon hatcheries; the effects of competition and density-dependence; the existence of 
a critical phase in the ocean; different salmon production regimes in space and time; and changes in salmon growth 
and energetics.  The second part of this report examines the lead Research institutions and universities with signifi-
cant salmon climate projects.  This report shows that research conducted over the last 15 years has opened up a new 
understanding of how nature regulates the production of salmon in the oceans.  The implication of this knowledge 
is that salmon populations can now be understood in the context of an ecosystem framework.  This ecosystem-level 
understanding requires that research and management be conducted with more integrative and long-term approaches.  
Given the type of research that has been done regarding the effects of climate variation and change on oceanic 
salmon populations, and the nature of the organisations conducting such work, guidelines are provided for the con-
struction of a Canadian-based research institute designed to provide timely and useful advice to relevant federal and 
provincial ministries, user groups, and the public at large.  By hosting such an institute, Canadian research would 
provide the context within which other nations frame the debate over and conclusions upon managing salmon stocks 
in the North Pacific.  This institute would attract world-class researchers on climate change and marine fish issues to 
work in Canada.  More importantly, it would encourage such researchers trained in Canada, to stay here.  By building 
the capacity to understand how climate changes the populations of our salmon stocks Canada could easily become 
the world leader in this new research field.  By leading, rather than following, Canadians could establish the talking 
points around which other researchers, organisations, and countries frame the future debates and decisions on how to 
manage salmon in the changing Pacific Ocean environment.

Preikshot, D.B., and A. Beattie.  2001.  Fishing for answers: analysis of ecosystem dynamics, tropic shifts and salmo-
nid population changes in Puget Sound, WA, 1970–1999.  University of British Columbia, Fisheries Center Research 
Reports 9.  36 pp.

The impetus for this study arose from the shocking declines in early marine survival rates of South Puget Sound 
(SPS) coho salmon (Oncorhynchus kisutch) after 1990.  This phenomenon coincided with declines in other species 
and prompted an inter-agency working group1 to seek ways of investigating the ecological relationships between 
salmon and other marine organisms in SPS.  Ecosystem modelling, and the Ecopath with Ecosim (EwE) software in 
particular were determined as the most efficient method to summarize marine organism relationships in response to 
changing anthropogenic and environmental stressors.  In general, it was hoped that EwE could address the follow-
ing areas of concern: 1) assimilate the available data on the SPS area, 2) organize that data in terms of biomass, 3) 
determine the reliability of the available data, and 4) determine relative marine productivity in SPS.  More specifi-
cally, it was hoped that the EwE approach could elucidate the factors influencing coho early marine survival rates and 
determine crucial trophic relationships among the organisms of SPS.  The EwE modelling of SPS is envisioned as the 
first phase of a threephase process to evaluate ecosystem-level processes in Puget Sound.  It is hoped that additional 
funding might be obtained to complete phases two and three.  The second phase consists of building ecosystem mod-
els for two other sub-regions of Puget Sound: Hood Canal and the ‘Central Basin’.  The third phase of this process 
involves the synthesis, evaluation, and potential application of the information derived in phases one and two for use 
in an ecosystem level assessment of Puget Sound.  In pursuance of the goal of constructing an EwE model of SPS, a 
research team was recruited from the UBC Fisheries Centre (UBCFC), led by Dave Preikshot, and includes Alasdair 
Beattie 1 Agencies represented on the working group were the Northwest Indian Fisheries Commission, the Puget 
Sound Water Quality Action Team, Washington State Department of Ecology, Washington State Department of Fish 
and Wildlife, Washington State Department of Natural Resources, Nisqually Tribe, Squaxin Island Tribe, University 
of Washington (data analysis), Carl Walters (consultant), Villy Christensen (computer modeller), and Teresa Ryan 
(research assistant).  Others involved with the project were Robert Pacht (independent consultant) and Kerim Aydin 
(consultant, University of Washington[UW]).  Dave Preikshot and the UBCFC team were tasked with the develop-
ment of a preliminary EwE SPS model for the North West Indian Fisheries Commission (NWIFC).  The dynamic 
ecosystem model (the Ecosim component of EwE) was to represent potential changes in SPS from 1970 to 2000.  
Also included in the UBCFC tasking was the creation of two ‘snapshot’ models (the Ecopath component of EwE) 
representing potential states of SPS in the early 1970s and the late 1990s.  Robert Pacht served as an interlocutor 
in the SPS area to help gather data and identify partners for the project.  Kerim Aydin acted as a consultant on the 
bioenergetics of salmon growth and on the conflicts inherent in combining EwE with migratory species.  In order to 
facilitate communication between the UBCFC modelling team, local biologists and other scientists familiar with eco-
system level issues in SPS, the NWIFC hosted two workshops at their office in Olympia, WA.  The data assimilation 
process culminated with the October 30th workshop at the Washington State Department of Ecology (WDE) office 
in Olympia, WA.  The UBCFC team presented a preliminary SPS model at the October 30th workshop.  The follow-
ing report is a detailed description of the process outlined above and the preliminary implications of the SPS EwE 
models.  The organisation of the sections within follow a temporal sequence of the research, tempered by the logical 
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necessities of building up the model and evaluating it.  The next section is a general description of the SPS region 
and some of the biologically significant changes that have occurred over the last thirty years of the twentieth century.  
Each of the following sections describes how data were collected and applied to the SPS EwE model for different 
groups of species boxes within the model such as: birds, marine mammals, salmonids, demersal fishes, forage fishes, 
invertebrates, and primary producers.  The last two chapters present the results of the EwE analysis by describing the 
Ecopath and Ecosim components and an over-all evaluation of the strengths and weaknesses of the SPS model.  In 
order to allow the report to have its emphasis on discussion rather than to serve as a series of Fishing for answers 5 
tables a CD-ROM was included with each copy of the report.  On this CD-ROM you will find: spreadsheet files of 
original data used in the preparation of the Eopath 1990s and 1970s models, the software needed to install and run 
Ecopath with Ecosim (and the Ecospace software), and a user guide, in PDF format, to answer questions regarding 
all aspects of setting up and running EwE models.  To install the EwE software run the setup. exe application.  All 
of these tools should allow any interested parties to adapt the model to new data.  Reading the user guide is highly 
recommended in order to get full benefit from all the options and subroutines in the package.  Lastly, have fun with 
the models.  The EwE models allow gaming out numerous scenarios, try setting up policies and see if the results 
‘make sense’ or are surprising.  Please use this opportunity to improve the model too.  No model is ever finished and 
we welcome comments and suggestions to improve the models we have built.

Pulwarty, R.S., and K.T. Redmond.  1997.  Climate and salmon restoration in the Columbia River Basin: the role and 
usability of seasonal forecasts.  Bull. Am. Meteorol. Soc. 78(3): 381–397.

The Pacific Northwest is dependent on the vast and complex Columbia River system for power production, irriga-
tion, navigation, flood control, recreation, municipal and industrial water supplies, and fish and wildlife habitat.  In 
recent years Pacific salmon populations in this region, a highly valued cultural and economic resource, have declined 
precipitously.  Since 1980, regional entities have embarked on the largest effort at ecosystem management under-
taken to date in the United States, primarily aimed at balancing hydropower demands with salmon restoration activi-
ties.  It has become increasingly clear that climatically driven fluctuations in the freshwater and marine environments 
occupied by these fish are an important influence on population variability.  It is also clear that there are significant 
prospects of climate predictability that may prove advantageous in managing the water resources shared by the long 
cast of regional interests.  The main thrusts of this study are 1) to describe the climate and management environments 
of the Columbia River basin, 2) to assess the present degree of use and benefits of available climate information, 3) 
to identify new roles and applications made possible by recent advances in climate forecasting, and 4) to understand, 
from the point of view of present and potential users in specific contexts of salmon management, what information 
might be needed, for what uses, and when, where, and how it should be provided.  Interviews were carried out with 
32 individuals in 19 organizations involved in salmon management decisions.  Primary needs were in forecasting 
runoff volume and timing, river transit times, and stream temperatures, as much as a year or more in advance.  Most 
respondents desired an accuracy of 75% for a seasonal forecast.  Despite the significant influence of precipitation 
and its subsequent hydrologic impacts on the regional economy, no specific use of the present climate forecasts was 
uncovered.  Understanding the limitations to information use forms a major component of this study.  The complex-
ity of the management environment, the lack of well-defined linkages among potential users and forecasters, and 
the lack of supplementary background information relating to the forecasts pose substantial barriers to future use of 
forecasts.  Recommendations to address these problems are offered.  The use of climate information and forecasts to 
reduce the uncertainty inherent in managing large systems for diverse needs bears significant promise.

Purcell, J.E., and M.V. Sturdevant.  2001.  Prey selection and dietary overlap among zooplanktivorous jellyfish and 
juvenile fishes in Prince William Sound, Alaska.  Mar. Ecol. Prog. Ser. 210: 67–83.

The potential for competition for food among zooplanktivorous species of gelatinous zooplankton and fishes has 
been the subject of much speculation.  We evaluate the dietary overlaps among 2 scyphomedusan species, Aurelia 
labiata and Cyanea capillata, 1 ctenophore species, Pleurobrachia bachei, 1 hydromedusan species, Aequorea ae-
quorea var. albida, and juveniles (Age-0) of 4 forage fish species, walleye pollock  Theragra chalcogramma, Pacific 
sandlance Ammodytes hexapterus, Pacific herring Clupea pallasi, and pink salmon Oncorhynchus gorbuscha.  Zoo-
plankton samples collected in July–August 1995 to 1998 showed great similarity among years (86 to 96%), which 
allowed valid dietary comparisons between pelagic coelenterates and fishes collected in different years during that 
period.  The predators fell into 2 groups, one that ate primarily crustacean prey (A. labiata, P. bachei, juvenile wall-
eye pollock, sandlance, and herring), and another that ate mostly larvaceans (C. capillata, A. aequorea, and juvenile 
pink salmon).  Species within the first group showed significant positive selection for crustacean prey and significant 
negative selection for larvaceans.  The opposite trends were observed in the second group.  Dietary overlaps were 
higher among crustacean-eating species (63 ± 13%) and larvacean-eating species (66 ± 10%) than when comparing 
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crustacean- with larvacean-eating species (24 ± 14%).  Dietary overlaps among pelagic coelenterate species (41 ± 
21%) and among fish species (42 ± 25%) were similar, while overlaps between pelagic coelenterate and fish species 
averaged 50 ± 21%.  These pelagic coelenterate and fish species were collected together in 45 purse seine sets taken 
in Prince William Sound in July 1999.  We conclude that the diets of pelagic coelenterate and forage fish species 
overlap substantially, and that the species co-occur spatially and temporally.  Therefore, the potential for competition 
for prey exists for these zooplanktivores in Prince William Sound.

Pyper, B.J., F.J. Meuter, et al.  2001.  Spatial covariation in survival rates of northeast Pacific pink salmon (Onco-
rhynchus gorbuscha).  Can. J. Fish. Aquat. Sci. 58(8): 1501–1515.

We examined spatial patterns of covariation in indices of survival rate (residuals from the best-fit stock- recruitment 
curve) across four decades among 43 wild pink salmon (Oncorhynchus gorbuscha) stocks from 14 geographical 
regions in Washington, British Columbia, and Alaska.  We found strong evidence of positive covariation among 
stocks within each region and between certain adjacent regions (e.g., correlations from 0.3 to 0.7) but no evidence of 
covariation between stocks of distant regions (e.g., separated by 1000 km or more).  This suggests that important en-
vironmental processes affecting temporal variation in survival rates of pink salmon from spawners to recruits operate 
at regional spatial scales rather than at the larger ocean basin scale.  Based on limited fry abundance data, we found 
that this covariation in spawner-to-recruit survival rates may be strongly influenced by marine processes.

Pyper, B.J., F.J. Meuter, et al.  2002.  Spatial covariation in survival rates of northeast Pacific chum salmon.  Trans. 
Am. Fish. Soc. 131(3): 343–363.

Using indices of survival rate (residuals from stock–recruitment relationships) across four decades, we examined the 
spatial patterns of covariation among 40 wild and 27 hatchery stocks of chum salmon Oncorhynchus keta from 15 
geographical regions in Washington, British Columbia, and Alaska.  We found strong evidence of positive covaria-
tion among spawner-to-recruit survival rates of wild stocks within regions and between certain adjacent regions (e.g., 
correlations from 0.3 to 0.7) but little evidence of covariation between stocks of distant regions (e.g., separated by 
1,000 km or more). Similarly, for hatchery stocks from Washington, British Columbia, and southeast Alaska, positive 
covariation in the indices of fry-to-recruit survival rate occurred only within regions and between certain adjacent re-
gions.  These patterns suggest that important environmental processes affecting interannual variation in spawner-to-
recruit survival rates of chum salmon operate at local or regional spatial scales rather than at the larger, ocean-basin 
scale.  These results are similar to our previous findings for sockeye salmon O. nerka and pink salmon O. gorbuscha 
and help identify the spatial characteristics of environmental variables required to improve forecasting models and 
better understand the effects of climatic changes on salmon productivity.  Our finding that local or regional-scale 
processes primarily affect productivity differs from that of other studies, which suggest that large, ocean-basin-scale 
processes predominate.  However, the latter studies were mostly based on time series of aggregate catch data, which 
provide limited spatial resolution and are potentially confounded by several factors.

Pyper, B.J., F.J. Mueter, et al.  2005.  Across-species comparisons of spatial scales of environmental effects on survival 
rates of Northeast Pacific salmon.  Trans. Am. Fish. Soc. 134(1): 86–104.

We estimated the spatial scales of covariation in indices of spawner-to-recruit survival rates among 116 wild stocks 
of pink salmon Oncorhynchus gorbuscha, chum salmon O. keta, and sockeye salmon O. nerka.  These data spanned 
roughly four decades and represented stocks from 15 geographical regions in Washington, British Columbia, and 
Alaska.  For comparisons between pink and chum salmon, we found positive covariation in survival rates within 
regions and between certain adjacent regions (e.g., correlations between 0.3 and 0.7) but little covariation between 
stocks of distant regions (separated by 1,000 km or more).  Our results indicate that, on average, shared environmen-
tal effects accounted for at least 36% of the variation in survival rates of nearby pink and chum salmon stocks but 
only 18% for stocks separated by about 500 km.  By comparing these between-species patterns with within-species 
patterns, we conclude that differences in the geographical overlap of fish during the freshwater and early marine 
life stages are much more important in determining the magnitude of shared environmental effects on the survival 
rates of these two species than are differences in their life history strategies.  In contrast, patterns of covariation 
were weaker for between-species comparisons involving sockeye salmon, especially for sockeye salmon stocks 
from Washington and British Columbia, which were mainly Fraser River stocks.  By comparing between-species 
correlations for northern sockeye salmon at two different time lags corresponding to processes operating during the 
early freshwater life stage and the early marine life stage, we found evidence that covariation in spawner-to-recruit 
survival rates was due largely to processes operating in the early marine life stage.  Collectively, our results and those 
of previous studies show that the dominant effects of environmental processes on the survival rates of these three 
salmon species occur at local and regional scales rather than at larger, ocean basin scales.
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Pyper, B.J., and R.M. Peterman.  1999.  Relationships among adult body length, abundance, and ocean temperatures 
for British Columbia and Alaska sockeye salmon (Oncorhynchus nerka), 1967–1997.  Can. J. Fish. Aquat. Sci. 56(10): 
1716–1720.

Body length of adult Pacific sockeye salmon (Oncorhynchus nerka) has decreased significantly in recent years.  We 
used 69 time series of agespecific body-length data (1967–1997) for 30 sockeye salmon stocks from southern Brit-
ish Columbia to western Alaska to test hypotheses about the effects of oceanographic conditions and competition 
on growth rate of sockeye salmon.  Using principal components analysis (PCA), we constructed a single time series 
(PC1) that represented the dominant pattern of variability in length-at-age shared among these stocks.  Taking into 
account time trends and autocorrelation in residuals, we found that increases in total Gulf of Alaska sockeye abun-
dance and increases in sea-surface temperature (SST) across the Gulf of Alaska were significantly associated with 
reduced adult body length.  Abundance and SST together accounted for 71% of the variability in PC1.  Although 
researchers have documented increases in both abundance of sockeye salmon and their food in the northeastern Pa-
cific Ocean over the last few decades, it is possible that increased food was more than offset by increased sockeye 
abundance, leading to greater competition and reduced body size.

Quinn, T.J., and R.P. Marshall.  1989.  Time series analysis quantifying variability and correlation in SE Alaska salmon 
catches and environmental data.  Can. Spec. Publ. Fish. Aquat. Sci. 108: 67–80.

We applied univariate and multivariate time series time series analysis to SE Alaska salmon catches.  Model identi-
fication, estimation, and forecasting are illustrated with pink and chum salmon series.  Univariate models generally 
contained an autoregressive parameter at lag one and parameters at lags corresponding to the generation length of 
the species.  Models using salmon catch in weight contained the same time series structure as catch in numbers.  Ac-
curacy of one-step-ahead forecasts varied dramatically, and mean and median absolute percent forecast errors were 
generally high.  Multivariate transfer function models using air temperature, sea surface temperature and freshwater 
discharge information improved the fit and prediction of salmon catch to a limited degree.  We compared our fore-
casts with those made by the Alaska Department of Fish and Game, which use shorter time series, multiple regres-
sion analysis, and additional variables.  Neither approach had a consistently lower relative forecast error.  Graphical 
techniques suggested that despite high variability, large-scale factors affect salmon catches similarly over time.

Quinn, T.P., and D.J. Adams.  1996.  Environmental changes affecting the migratory timing of American shad and 
sockeye salmon.  Ecology 77(4): 1151–1162.

The rate of evolution and the scope of phenotypic plasticity can be assessed by studying the adaptation of an intro-
duced population to a new habitat and the response of established populations to progressive environmental change.  
Adult American shad (Alosa sapidissima), an introduced species, and sockeye salmon (Oncorhynchus nerka), a na-
tive species, migrate up the Columbia River (northwestern United States) in late spring and early summer to spawn.  
Based on records from Bonneville Dam, the river’s spring warming has occurred progressively earlier since 1950, 
coinciding with a reduction in spring discharge.  The date when 50% of the shad migrated past the dam is correlated 
with this shift in thermal and flow regimes; they now ascend the river 38 d earlier than they did in 1938.  However, 
the mean temperature that they experience has actually decreased by 1.8°C in 45 yr, indicating that the change in 
their migratory timing has outstripped the rate of environmental change.  The upriver migration of sockeye salmon is 
also earlier than in past years, but their change in time (6 d since 1949) lags behind the rate of environmental change, 
and they are now experiencing 2.5°C warmer temperatures than in past years.  We hypothesize that the differences 
in response to changing environmental conditions between these species arise from differences in their migration 
patterns and early life histories.  Shad spawn soon after they enter the river in its main stem where environmental 
conditions of the larvae will closely mirror those experienced by upstream—migrating adults.  They may therefore 
have evolved a migratory pattern that allows greater behavioural response to environmental fluctuations than sock-
eye salmon, which spawn in distant locations many months after their upriver migration.  Sockeye salmon migration 
may be more strongly controlled by innate responses to photoperiod, migrating at the time of year which is best on 
average because conditions in the lower river will not be indicative of those to be experienced by incubating embryos 
and juveniles.

Quinn, T.P., J.A. Peterson, et al.  2002.  Artificial selection and environmental change: countervailing factors affecting 
the timing of spawning by coho and Chinook salmon.  Trans. Am. Fish. Soc. 131(4): 591–598.

Spawning date is a crucial life history trait in fishes, linking parents to their offspring, and it is highly heritable in 
salmonid fishes.  We examined the spawning dates of coho salmon Oncorhynchus kisutch and Chinook salmon O. 
tshawytscha at the University of Washington (UW) Hatchery for trends over time.  We then compared the spawning 
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date patterns with the changing thermal regime of the Lake Washington basin and the spawning patterns of conspecif-
ics at two nearby hatcheries.  The mean spawning dates of both species have become earlier over the period of record 
at the UW Hatchery (since the 1950s for Chinook salmon and the 1960s for coho salmon), apparently because of se-
lection in the hatchery.  Countering hatchery selection for earlier spawning are the increasingly warmer temperatures 
experienced by salmon migrating in freshwater to, and holding at, the hatchery.  Spawning takes place even earlier at 
the Soos Creek Hatchery, the primary ancestral source of the UW populations, and at the Issaquah Creek Hatchery.  
Both species of salmon have experienced marked shifts towards earlier spawning at Soos Creek and Issaquah Creek 
hatcheries despite the expectation that warmer water would lead to later spawning.  Thus, inadvertent selection at all 
three hatcheries appears to have resulted in progressively earlier spawning, overcoming selection from countervail-
ing temperature trends.

Radchenko, V.I.  1998.  Historical trends of fisheries and stock condition of Pacific salmon in Russia.  N. Pac. Anadr. 
Fish Comm. Bull. 1: 28–37.  (Available at www.npafc.org).

At the present time, the main pink salmon and sockeye salmon stocks are in good condition on the Russian far east.  
However, pink stocks have tended to decrease in recent years.  Wild stocks of chum salmon are currently in poor 
condition in many far-eastern regions, except for those of the north Okhotsk Sea coast and Okhotsk region.  We do 
not expect a noticeable increase in the near future.  There are abundant Pacific salmon stocks that are under intensive 
exploitation on the whole coast of Russian far east.  In the long-term, the dynamics of these stocks are mainly de-
termined by variability of global environmental conditions.  Climate and related oceanographical effects determine 
general trends in Pacific salmon catches, although the trend can be strengthened or slowed by management of harvest 
and the release of hatchery fry.  At present, only the dynamics of the catch of salmon can be used as a quantitative 
indicator of long-term salmon stock conditions.  Sometimes the coincidence of catch and salmon stock condition 
may not be exact.

Radchenko, V. I.  2004.  Trend coincidence of pink salmon catch dynamics among the odd-years and even-years popu-
lations as an evidence of large-scale pysical factors effect.  In Abstract of ACIA International Scientific Symposium 
on Climate Change in the Arctic.  (Available at http://www.pices.int/publications/book_of_abstracts/PICES_13/PIC-
ES_13_Abs_W4.pdf).

A biannual spawning cycle is inherent for most pink salmon (Oncorhynchus gorbuscha) stocks due to the separation 
of odd-years and even-years populations.  In our study, catch dynamics trends of pink salmon were calculated as the 
arithmetical difference of “expected” catch (mean value of four previous years in the odd-years or even-years cycle) 
and actual catch.  Singular coincidence of catch dynamics among the almost independent odd-years and even-years 
populations was found for three coastal fishery regions of the Sea of Okhotsk.  In the Sakhalin – Kurile Islands re-
gion, increasing and decreasing trends of abundance coincided with 22-years (double solar) cycle. Coincidence of 
peaks of the odd-years trend curve occurred with the generally recognized years of climate-ocean “regime shifts” in 
1950, 1976, and 1989.  Coincidence of trend curves for the odd-years and even-years population has become more 
apparent in the second half of 20th century (R2 = 0.70) than for all data series since 1907.  Among smaller regions, 
the Aniva Bay catch series demonstrated the highest coincidence of the trend curves (R2 = 0.84) while dependence 
was not reliable for the Iturup Island.  Observed relation between the pink salmon catch trends of even and odd years 
supposes an existence of the strictly determined internal response of populations to the periodic dynamics of global 
factor or the complex of factors, that affect the determining conditions for salmon reproduction and survival.  How-
ever, this response has regional features that are determined by anthropogenic local factors as well as natural ones.

Radchenko, V.I.  2007.  Pink salmon abundance dynamics in the Okhotsk Sea basin during early 2000s.  Bulletin of re-
sults Far Eastern basin-scale Pacific salmon research program implementation.  Vladivostok, Russia, TINRO-Center 
Press 2: 27–36.

Pink salmon abundance dynamics in the Okhotsk Sea basin during early 2000-s in comparison to 1990-s were stud-
ied.  In 2000-2006, pink salmon abundance did not undergo great changes.  Abundance and commercial catch of pink 
salmon tended to increase both for even and odd generations.  Significant positive relationship between pink salmon 
abundance and heat content of upper layer (0–700 m) of world ocean was found.

Radchenko, V.I., I.V. Melnikov, et al.  1997.  Environmental conditions, composition of plankton and nekton in epipe-
lagial of the northern Sea of Okhotsk and adjacent oceanic waters in summer, 1994 and their interannual variability.  
Biologiya Morya 23: 15–25.

A comparative analysis was performed of the data obtained during complex large scale surveys of the epipelagic 
layer in the southern Sea of Okhotsk and Pacific waters around the Kurile Islands in August–September 1994.  The 
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results are compared with the results of surveys carried out in 1991–1993.  Long-term trends are found of the dynam-
ics of climatic and oceanological parameters and of the composition and structure of planktonic and nektonic com-
munities.  The distribution and abundance dynamics of hydrobionts are discussed in connection with the observed 
changes in environmental conditions.

Radchenko, V.I., and O.A. Rassadnikov.  1991.  Long-term dynamics trends of Asian stocks of Pacific salmon and fac-
tors determining it.  Izv. TINRO 122: 72–95.

Physical and biotic factors’ effect on the survival and successful run of feeding route are analyzed for Pacific salmon 
by of literature and own data.  Significance of sea life period is emphasized in process of formation of salmon genera-
tion production.  Possible pattern is suggested for the functioning of relation between large-scale variability of global 
climatic and oceanological factors and salmon abundance dynamics.

Radchenko, V.I., O.S. Temnykh, et al.  2007.  Trends in abundance and biological characteristics of pink salmon (Onco-
rhynchus gorbuscha) in the North Pacific Ocean.  N. Pac. Anadr. Fish Comm. Bull. 4: 7–21.  (Available at www.npafc.
org).

Pink salmon are the most widely distributed species of the genus Oncorhynchus.  Biennial cycles in the timing of 
the spawning migration and catch values are characteristic of pink salmon stock dynamics.  Over the long term, two 
periods of high levels of abundance have been observed on both the Asian and North American coasts of the Pacific 
Ocean.  Large-scale trends in abundance vary less than regional abundances.  Coincidences in trends in catch dynam-
ics among odd-year and even-year broodlines were found for several fishery regions.  The observed relationships 
suggest a response of both broodlines to global factors that influence pink salmon reproduction and survival.  Trends 
in abundance are influenced by global factors that are not necessarily cyclical.  The dynamics of solar activity and an 
increase in ocean heat content play a significant role in their cumulative effect.  Current pink salmon stock abundance 
may be close to a historic maximum.  There is reason to expect that this level will continue in the near future under 
the influence of increasing ocean heat content.  Pink salmon biological characteristics are related to levels of stock 
abundance.  Average size in specific regions can also be related to the structure of regional salmon stocks which 
consist of a variety of seasonal races and ecological groupings.

Radchenko, V.I., A.F. Volkov, et al.  1991.  Winter feeding of pink salmon in the Sea of Okhotsk.  Biologiya Morya 6: 
88–90.

Data on the finding of foraging pink salmon in the south-western part of the Sea of Okhotsk during the winter period 
are presented.  The hydrologicai conditions of the formation of pink salmon concentrations are discussed.

Rand, P.S., S.G. Hinch, et al.  2006.  Effects of river discharge, temperature, and future climates on energetics and 
mortality of adult migrating Fraser River sockeye salmon.  Trans. Am. Fish. Soc. 135(3): 655–667.

We evaluated the effects of past and future trends in temperature and discharge in the Fraser River on the migratory 
performance of the early Stuart population of sockeye salmon Oncorhynchus nerka.  Fish of lower condition exhibited 
disproportionately higher mortality during the spawning run, elucidating a critical link between energetic condition 
and a fish’s ability to reach the spawning grounds.  We simulated spawning migrations by accounting for energetic 
demands for an average individual in the population from the time of entry into the Fraser River estuary to arrival on 
the spawning grounds (about 1,200 km upstream) and estimated energy expenditures for the average migrant during 
1950–2001.  The model output indicates relatively high interannual variability in migration energy use and a marked 
increase in energy demands in recent years related to unusually high discharges (e.g., 1997) and warmer than average 
water temperature (e.g., 1998).  We examined how global climate change might effect discharge, water temperature, 
and the energy used by sockeye salmon during their spawning migration.  Expected future reductions in peak flows 
during freshets markedly reduced transit time to the spawning ground, representing a substantial energy savings that 
compensated for the effect of the increased metabolic rate resulting from exposure to warmer river temperatures.  
We suggest that such watershed-scale compensatory mechanisms may be critical to the long-term sustainability of 
Pacific salmon, given expected changes in climate.  However, such compensation will probably only be applicable to 
some stocks and may be limited under extremely high temperatures where nonenergetic factors such as disease and 
stress may play a more dominant role in defining mortality.  Our results further indicate that a long-term decline in 
the mean mass of adult sockeye salmon completing their marine residency could erode their migratory fitness during 
the river migration and hence jeopardize the sustainability of sockeye salmon and the fishery that targets them.

Reese, C., N. Hillgruber, et al.  2009.  Spatial and temporal distribution and the potential for estuarine interactions 
between wild and hatchery chum salmon (Oncorhynchus keta) in Taku Inlet, Alaska.  Fish. Bull. 107:433–450.
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Understanding potential interactions between wild and hatchery fish requires knowledge of their spatial and temporal 
overlap and the extent to which hatchery reared fishes increase overall abundance of the species.  We investigated 
estuarine spatial and temporal overlap of wild and marked hatchery chum salmon (Oncorhynchus keta) fry; the latter 
included two distinct size groups released near the Taku River estuary (Taku Inlet) in Southeast Alaska (early May 
releases of ~ 1.9 g and late May releases of ~ 3.9 g wet weight).  Our objectives were to compare abundance, body 
size, and condition of wild chum salmon fry and hatchery chum salmon fry from early and late rearing strategies in 
different habitats of Taku Inlet and to document environmental factors that could potentially explain the distribution, 
size, and abundance of these chum salmon fry.  Our study was conducted from late April to mid-June, 2004–2005, 
and used a sampling design stratified into inner and outer inlet and neritic and littoral habitats.  Hatchery fry were 
rare in the inner estuary in both years, but outnumbered wild fry 20:1 in the outer estuary.  Hatchery fry were signifi-
cantly larger than wild fry in both littoral and neritic samples.  Abundances of wild and hatchery fry were positively 
correlated in the outer inlet, suggesting the formation of mixed schools of hatchery and wild fry.  Spatial and tempo-
ral overlap was greatest between wild and early hatchery fry in the outer inlet in both habitats.  The early hatchery 
release coincided with peak abundances of wild fry in the outer inlet and the distribution of wild and early hatchery 
fry overlapped for about three weeks.  Our results demonstrate that the timing of release of hatchery fry may dramati-
cally affect the potential for interactions with wild fry.

Richter, A., and S.A. Kolmes.  2005.  Maximum temperature limits for Chinook, coho and chum salmon, and steelhead 
trout in the Pacific Northwest.  Rev. Fish. Sci. 13: 23–49.

Wild salmon stocks in the Pacific Northwest are imperiled by a variety of anthropogenic environmental modifica-
tions, not the least of which is increasing maximum water temperatures.  While many reports have been written 
on physiological or population-level influences of temperature in terms of the decline of wild salmon, synthesis of 
these diverse sources is needed for evaluation of numeric temperature criteria and their potential in salmon recovery 
planning.  Various sensitive life stages and biological processes are impacted differently for different salmon spe-
cies.  This article reviews the literature for Chinook, coho, chum, and steelhead, which are currently listed in the 
Columbia River Basin under the Endangered Species Act.  Spawning, incubation and early fry development, juvenile 
rearing and growth, smoltification, and migration are considered.  Swimming speed, disease susceptibility, chemical 
considerations, and lethality are also reviewed.  Regional population growth and climate change will exacerbate the 
difficulties of recovering Northwestern salmon beyond remnant runs.  Ethical analysis of the assumptions underly-
ing recovery policy decisions, proposals for regime-based water quality standards, and a systems level vulnerability 
analysis are components of the recovery planning discussions.  Specific numeric maximum temperature criteria that 
can be integrated into a broader recovery planning process are described for sensitive life stages of three species of 
Pacific Northwest salmon and steelhead.

Ricker, W.E.  1972.  Hereditary and environmental factors affecting certain salmonid populations.  In The stock con-
cept in Pacific salmon.  Edited by R.C. Simon and P.A. Larkin.  H. R. MacMillan Lectures in Fisheries, University of 
British Columbia, Vancouver, B.C.  pp. 19-160.

In June of 1938 a Conference on Salmon Problems was held in Ottawa, Canada, sponsored by the American Associa-
tion for the Advancement of Science.  The published report includes the transcript of a post-conference discussion 
among some of the experts who attended (Anon, 1939).  This begins with Mr. W.J.M. Menzies’ excellent account of 
local stocks among Atlantic salmon, or as he preferred to call them, “biological races”.  Dr. A. G. Huntsman demurred 
that the name used should not carry any necessary implication of hereditary differences.  The group agreed that 
“stock” was the desireable non-commital term.  Then followed this remarkable exchange: Dr. Belding: Can anyone 
present furnish any evidence of hereditary factors in different river stocks?  Mr. Menzies: No.  

Ricker, W.E.  1995.  Trends in the average size of Pacific salmon in Canadian catches.  In Climate change and northern 
fish populations.  Edited by R.J. Beamish.  Can. Spec. Publ. Fish. Aquat. Sci. 121: 593-602.

From 1951 through 1975 the pink (Oncorhynchus gorbuscha) and coho (O. kisutch), and Chinook salmon (O. tshaw-
ytcha) caught in British Columbia waters decreased in average weight in almost all sections of the province by 
5–25%.  During 1976–91 this trend slowed down, was arrested, or was reversed in most areas of the northern and 
central regions, and in the case of Chinook salmon a loss of 3 kg or 25% has been fully restored int he far north, 
and less completely elsewhere.  In the southern region, however, decrease in size has continued for coho and pink 
salmon, these species being now 20–40% lighter than in the 1950s.  Sockeye (O.nerka) and chum salmon (O.keta) 
have had no sustained trends in size since 1951.  As yet none of the observed changes in size have been shown to be 
correlated with changes in environmental and other factors over the long term, but much additional study is needed.  
A poor growth rate can be related to unusual abundance of pink salmon in local regions.  Effects of selective fishing 
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on heritable aspects of growth rate and age of maturity may play a role in some cases, although the evidence for this 
is circumstantial.  However, it provides a possible explanation for the absence of sustained trends among sockeye 
and chum salmon, because the 2 or 3 ages present in their stocks make the effect of selection by size ambiguous and 
unpredictable: maturing fish that have spent any given number of years in the ocean are smaller, but have grown 
faster, than those that have spent any greater number of years there.

Rogers, D.E.  1980.  Density-dependent growth of Bristol Bay sockeye salmon.  In Salmonid ecosystems of the North 
Pacific.  Edited by W.J. McNeil and D.C. Himsworth.  Oregon State University Press.  pp. 267–283.

The growth of sockeye salmon (Oncorhynchus nerka) can significantly affect their subsequent survival and produc-
tion.  A primary objective of research on sockeye salmon has been to determine what factors affect growth and sur-
vival and how these factors operate (Foerster 1968).  Heredity differences in growth probably contribute to observed 
variations in size of fish from different populations.  Environmental differences also contribute to annual variation 
in size within populations as well as differences among populations (Ricker 1972).  Growth is particularly affected 
by water temperature, abundance of food, and fish density.  Relationships between abundance and size of adult 
Pacific salmon have been examined by previous workers.  Kamchatkan pink salmon are smaller in odd-numbered 
years when abundance is high than in even-numbered years when abundance is low.  Sockeye salmon returning to 
Lake Kurile in Kamchatka also tend to be larger in even-numbered years when pinks are scarce, than odd-numbered 
years when pinks are abundant.  Nevertheless, there has not been a significant correlation demonstrated between 
annual abundance and mean weight of adult salmon returning to Kamchatka.  Differences in size between odd and 
even years may be caused largely by hereditary factors (Krogius 1960, Foerster 1968, Ricker 1972).  This conclu-
sion is supported by observations in the Fraser River where annual variation in the weight of sockeye salmon was 
not related to abundance, but there was evidence for hereditary effects on growth (Killick and Clemens 1963).  The 
annual migrations of sockeye salmon to Bristol Bay are the largest for this species in the world.  Density-dependent 
growth of juveniles in two Bristol Bay lakes has been described by Mathisen (1969) and Rogers (1973).  Immature 
Bristol Bay sockeye salmon have been sampled annually on the high seas since 1956 in an area south of Adak Island.  
However, density dependent growth of immature fish has not been observed in saltwater (Rogers 1976).  I will use 
data on the age and length of Bristol Bay sockeye gathered since 1957 by the Bureau of Commercial Fisheries, Fish-
eries Research Institute and Alaska Department of Fish and Game for the following purposes: 1) Review evidence 
on density-dependent growth of juveniles in Bristol Bay lakes; 2) Analyze statistics on immature sockeye at sea with 
respect to annual variations in size and abundance, 3) Calculate annual mean lengths and weights of adult sockeye in 
Bristol Bay; and 4) Evaluate density-dependent growth at sea.

Rogers, D.E.  1984.  Trends in abundance of northeastern Pacific stocks of salmon.  In The influence of ocean condi-
tions on the production of salmonids in the North Pacific.  Edited by W. G. Pearcy.  Oregon State University Press.  pp. 
100–127.

Most of the large stocks of Pacific salmon had well developed fisheries by the early 1900s.  Catches increased to a 
peak in the late 1930s.  Then there was a general decline in catches and probably abundances during the 1940s to 
early 1950s, and a low point was reached in the early 1970s.  Since 1978 there have been historical record catches and 
abundances for most stocks in western and central Alaska and modest increases in southeastern Alaska.  The main 
changes in salmon abundance were associated with major changes in temperatures, particularly during the winter 
months.  The low point in the relative production of Bristol Bay sockeye salmon coincided with cold temperatures 
while the fish were at sea and the recent increase with warm temperatures while the fish were at sea.  It is suggested 
that marine survival, especially during the final winter at sea, was affected by the large changes in temperature that 
altered the distribution of salmon and thus their vulnerability to predators.

Rogers, D.E., and G.T. Ruggerone.  1993.  Factors affecting marine growth of Bristol Bay sockeye salmon.  Fish. Res. 
18(1–2): 89–103.

The growth of Bristol Bay sockeye salmon in freshwater and in the last few months at sea is dependent on their 
abundance (a negative correlate) and the prevailing water temperature (a positive correlate).  In 1990 and 1991, the 
returning sockeye salmon to Bristol Bay were unusually small relative to their abundances and temperatures and 
this raised a concern for limited ocean carrying capacity because other stocks of salmon were also very numerous in 
those years.  However, the inclusion of other stocks of sockeye salmon and the abundant runs of Asian chum salmon 
in a multiple regression analysis did not provide a better predictor of the body size of Bristol Bay sockeye salmon.  
Growth increments of Nushagak Bay sockeye salmon in their first and second years at sea (from scale measurements) 
were correlated with temperatures but not with the abundances since 1975.  The growth increment in the third year of 
sea life was uncorrelated with temperature and abundance but was correlated with final adult length.  This suggests 
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that concerns for carrying capacity limitations should be placed on the migratory routes of returning adults when the 
fish are probably most concentrated and their growth most limited by their food supply.

Ruggerone, G.T., E.V. Farley Jr, et al.  2005.  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.  Fish. Bull. 103(2): 
355–370.

Recent research demonstrated significantly lower growth and survival of Bristol Bay sockeye salmon (Oncorhynchus 
nerka) during oddnumbered years of their second or third years at sea (1975, 1977, etc.), a trend that was opposite 
that of Asian pink salmon (O. gorbuscha) abundance.  Here we evaluated seasonal growth trends of Kvichak and 
Egegik river sockeye salmon (Bristol Bay stocks) during even- and odd-numbered years at sea by measuring scale 
circuli increments within each growth zone of each major salmon age group between 1955 and 2000.  First year scale 
growth was not significantly different between odd- and even-numbered years, but peak growth of age-2. smolts was 
significantly higher than age-1. smolts.  Total second and third year scale growth of salmon was significantly lower 
during odd- than during eve-numbered years.  However, reduced scale growth in odd-numbered years began after 
peak growth in spring and continued through summer and fall even though most pink salmon had left the high seas 
by late July (10−18% growth reduction in odd vs. even years).  The alternating odd and even year growth pattern was 
consistent before and after the 1977 ocean regime shift. During 1977−2000, when salmon abundance was relatively 
great, sockeye salmon growth was high during specific seasons compared with that during 1955−1976, that is to say, 
immediately after entry to Bristol Bay, after peak growth in the first year, during the middle of the second growing 
season, and during spring of the third season.  Growth after the spring peak in the third year at sea was relatively 
low during 1977−2000.  We hypothesize that high consumption rates of prey by pink salmon during spring through 
mid- July of odd-numbered years, coupled with declining zooplankton biomass during summer and potentially cyclic 
abundances of squid and other prey, contributed to reduced prey availability and therefore reduced growth of Bristol 
Bay sockeye salmon during late spring through fall of odd-numbered years.

Ruggerone, G.T., and F.A. Goetz.  2004.  Survival of Puget Sound Chinook salmon (Oncorhynchus tshawytcha) in re-
sponse to climateinduced competition with pink salmon (O. gorbuscha).  Can. J. Fish. Aquat. Sci. 61(9): 1756–1770.

We tested for competition between pink salmon (Oncorhynchus gorbuscha) and Chinook salmon (O. tshawytscha) 
originating from rivers in the Puget Sound area using coded-wire-tagged subyearling hatchery Chinook salmon.  
Following a 2-year life cycle, many juvenile pink salmon enter Puget Sound in even-numbered years, whereas few 
migrate during odd-numbered years.  During 1984–1997, juvenile Chinook salmon released during even-numbered 
years experienced 59% lower survival than those released during odd-numbered years, a trend consistent among 13 
Chinook salmon stocks.  Lower even-numbered-year survival of Chinook salmon was associated with reduced first-
year growth and survival and delayed maturation.  In contrast, Chinook salmon released into coastal streams, where 
few pink salmon occur, did not exhibit an alternating-year pattern of survival, suggesting that the interaction occurred 
within Puget Sound and the lower Strait of Georgia.  Unexpectedly, the survival pattern of Puget Sound Chinook 
salmon was reversed prior to the 1982–1983 El Niño: Chinook salmon survival was higher when they migrated with 
juvenile pink salmon during 1972–1983.  We hypothesize that Chinook salmon survival changed as a result of a shift 
from predation- to competition-based mortality in response to recent declines in predator and prey abundances and 
increases in pink salmon abundance.  Alternating-year mortality accounted for most of the 50% decline in marine 
survival of Chinook salmon between 1972–1983 and 1984–1997.

Ruggerone, G.T., and J.L. Nielsen.  2004.  Evidence for competitive dominance of pink salmon (Oncorhynchus gorbus-
cha) over other salmonids in the North Pacific Ocean.  Rev. Fish Biol. Fish. 14(3): 371–390.

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 gorbus-
cha) 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 con-
sumption 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 spe-
cies, 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 
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observed in nearshore and offshore waters of the North Pacific Ocean and Bering Sea, and one study documented 
competition between species originating from different continents.  Climate change had variable effects on compe-
tition.  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 Niño.  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.

Ruggerone, G.T., J.L. Nielsen, et al.  2002.  Long-term trends in annual Bristol Bay sockeye salmon scale growth at 
sea in relation to sockeye abundance and environmental trends, 1955-2000.  N. Pac. Anadr. Fish Comm. Tech. Rep. 4: 
56–58.  (Available at www.npafc.org).

Pacific salmon populations rearing in the North Pacific Ocean and Bering Sea increased substantially after the marine 
climate shift during the mid-1970s.  Density-dependent growth has been observed among many stocks of Pacific 
salmon and it raises questions about the relationship between salmon growth at sea and salmon survival and produc-
tion.  For example, after the mid-1970s, did salmon growth decline during each stage of ocean life in response to 
greater salmon abundance, or did growth increase during certain periods of ocean life most critical to survival, fol-
lowed by reduced growth during other periods when growth may be less important to survival?

Ruggerone, G.T., J.L. Nielsen, et al.  2007.  Linkages between Alaskan sockeye salmon abundance, growth at sea, and 
climate, 1955–2002.  Deep-Sea Res. II 54(23–26): 2776–2793.

We tested the hypothesis that increased growth of salmon during early marine life contributed to greater survival and 
abundance of salmon following the 1976/1977 climate regime shift and that this, in turn, led to density-dependent 
reductions in growth during late marine stages.  Annual measurements of Bristol Bay (Bering Sea) and Chignik (Gulf 
of Alaska) sockeye salmon scale growth from 1955 to 2002 were used as indices of body growth.  During the first 
and second years at sea, growth of both stocks tended to be higher after the 1976–1977 climate shift, whereas growth 
during the third year and homeward migration was often below average.  Multiple regression models indicated that 
return per spawner of Bristol Bay sockeye salmon and adult abundance of western and central Alaska sockeye salm-
on were positively correlated with growth during the first 2 years at sea and negatively correlated with growth during 
later life stages.  After accounting for competition between Bristol Bay sockeye and Asian pink salmon, age-specific 
adult length of Bristol Bay salmon increased after the 1976-1977 regime shift, then decreased after the 1989 climate 
shift.  Late marine growth and age-specific adult length of Bristol Bay salmon was exceptionally low after 1989, pos-
sibly reducing their reproductive potential.  These findings support the hypothesis that greater marine growth during 
the first 2 years at sea contributed to greater salmon survival and abundance, which in turn led to density-dependent 
growth during later life stages when size-related mortality was likely lower.  Our findings provide new evidence sup-
porting the importance of bottom-up control in marine ecosystems and highlight the complex dynamics of species 
interactions that continually change as salmon grow and mature in the ocean.

Ruggerone, G.T., J.L. Nielsen, et al.  2009.  Climate, growth and population dynamics of Yukon River Chinook salmon.  
N. Pac. Anadr. Fish Comm. Bull. 5: 279–285.  (Available at www.npafc.org).

Harvests of Yukon Chinook salmon increased in the mid-1970s, then declined during 1998 to 2007 in response 
to fewer returning salmon.  We examined annual growth of age-1.3 and age-1.4 Yukon Chinook salmon scales, 
1965–2004, and tested the hypothesis that shifts in Chinook salmon abundance were related to annual growth at sea.  
Annual scale growth trends were not significantly correlated with salmon abundance indices, sea surface tempera-
ture, or climate indices, although growth during the first year at sea appeared to have been affected by the 1977 and 
1989 ocean regime shifts.  Chinook salmon scale growth was dependent on growth during the previous year, a fac-
tor that may have confounded detection of relationships among growth, environmental conditions, and abundance.  
Scale growth during the second year at sea was greater in odd-numbered years compared with even-numbered years, 
leading to greater adult length of age-1.3 salmon in odd-numbered years.  The alternating-year pattern in Chinook 
salmon growth was opposite that observed in Bristol Bay sockeye salmon, and it may be related to the higher trophic 
level of Chinook salmon and indirect competition with pink salmon.  This finding highlights the need to investigate 
alternating-year patterns in salmon growth, prey abundance, and factors that influence these patterns, such as pink 
salmon.



NPAFC Special Publication No. 2 (2010)136

Ruggerone, G.T., M. Zimmerman, et al.  2003.  Competition between Asian pink salmon (Oncorhynchus gorbuscha) 
and Alaskan sockeye salmon (O. nerka) in the North Pacific Ocean.  Fish. Oceanogr. 12(3): 209–219.

The importance of interspecific competition as a mechanism regulating population abundance in offshore marine 
communities is largely unknown.  We evaluated offshore competition between Asian pink salmon and Bristol Bay 
(Alaska) sockeye salmon, which intermingle in the North Pacific Ocean and Bering Sea, using the unique biennial 
abundance cycle of Asian pink salmon from 1955 to 2000.  Sockeye salmon growth during the second and third 
growing seasons at sea, as determined by scale measurements, declined significantly in oddnumbered years, cor-
responding to years when Asian pink salmon are most abundant.  Bristol Bay sockeye salmon do not interact with 
Asian pink salmon during their first summer and fall seasons and no difference in first year scale growth was detect-
ed.  The interaction with oddyear pink salmon led to significantly smaller size at age of adult sockeye salmon, espe-
cially among younger female salmon.  Examination of sockeye salmon smolt to adult survival rates during 1977–97 
indicated that smolts entering the ocean during even-numbered years and interacting with abundant odd-year pink 
salmon during the following year experienced 26% (age-2 smolt) to 45% (age-1 smolt) lower survival compared 
with smolts migrating during odd-numbered years.  Adult sockeye salmon returning to Bristol Bay from even-year 
smolt migrations were 22% less abundant (reduced by 5.9 million fish per year) compared with returns from odd-year 
migrations.  The greatest reduction in adult returns occurred among adults spending 2 compared with 3 years at sea.  
Our new evidence for interspecific competition highlights the need for multispecies, international management of 
salmon production, including salmon released from hatcheries into the ocean.

Ryding, K.E., and J.R. Skalski.  1999.  Multivariate regression relationships between ocean conditions and early ma-
rine survival of coho salmon (Oncorhynchus kisutch).  Can. J. Fish. Aquat. Sci. 56(12): 2374–2384.

Washington State hatcheries have released coded wire tagged coho salmon (Oncorhynchus kisutch) since the early 
1970s and have recorded data on the number and ages of adult returns.  From these data, we isolated marine survival 
from release to age 2 using a multinomial model incorporating the multivariate structure of the age-at-return data.  
Only hatcheries on or near the coast were used in the analysis in order to isolate marine effects.  Using models to 
explore linear and curvilinear relationships, early marine survival was regressed against environmental covariates 
of sea surface temperature (SST), coastal upwelling, and the date of spring transitions.  With hatcheries serving as 
replicates, curvilinear relationships were found between survival and both June SST and the date of spring transition.  
Maximum survival occurred for a June SST of 13.45°C and for a spring transition date around April 2.  The regres-
sion results support the idea of optimal environmental conditions for coho salmon survival and may help fisheries 
managers better understand the dynamics of early marine survival of salmonids.

Sano, O.  1963.  Notes on environmental factors affecting salmon populations in their oceanic life.  Bull. Japan. Soc. 
Sci. Fish. 29(8): 749–763.

It is well known that environmental factors affect the biotic productivity of the populations.  In the Scientists Meet-
ing of Japan-Soviet Fisheries Commission in the Northwest Pacific held in 1961, scientists of both countries jointly 
agreed to develop investigations on the following environmental factors and their effects upon the salmon: a) Physi-
cal and chemical factors in the freshwater and marine life, b) Food organisms and feeding habit of salmon, c) Effects 
of predators, d) Effects of other factors.  Factors of these kinds in the oceanic life of salmon have been investigated 
by various scientists organizations in Japan as part of the projects adopted by the International North Pacific Fisheries 
Commission and the Japan-Soviet Fisheries Commission in the Northwest Pacific.  The present author examined sev-
eral aspects of the environmental factors based on the surveys conducted by the aforementioned organizations since 
1955.  The result of his investigation was presented at the Scientists Meeting of the seventh session of the Japan-
Soviet Fisheries Commission in the Northwest Pacific in 1963.  This paper comprises the major points of interests 
reported on that occasion.  The Hokkaido Regional Fisheries Research Laboratory has carried out investigations on 
the Pacific salmon, in cooperation with the Hokkaido Fisheries Experimental Station, Japan Sea Regional Fisheries 
Research Laboratory, Tokai Regional Fisheries Research Laboratory, Hokkaido Salmon hatchery, Hokkaido Univer-
sity and Tohoku University.  The author appreciates the efforts of staff members of these organizations on which this 
study was based.

Sato, S., S. Moriya, et al.  2009.  Stock distribution patterns of chum salmon in the Bering Sea and North Pacific Ocean 
during the summer and fall of 2002–2004.  N. Pac. Anadr. Fish Comm. Bull. 5: 29–37.  (Available at www.npafc.org).

Stock origin and ocean distribution of chum salmon in the Bering Sea and its adjacent North Pacific waters during the 
summer and fall of 2002–2004 were estimated using a mitochondrial DNA control region.  The percentage of imma-
ture chum salmon samples was more than 97% in the fall of 2002 and 2003, and 80–88% in summer 2003 and 2004.  
The genetic stock identification (GSI) and GSI-estimated CPUE (catch per unit effort) suggested that immature chum 
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salmon were mostly from Japanese and Russian stocks, and they were widely distributed in the Bering Sea.  The 
abundance of North American stocks was much lower than that of Asian stocks in the Bering Sea, while it increased 
in the North Pacific Ocean in the fall of 2003.  In the central Bering Sea, Japanese chum salmon stocks were most 
predominant among regional stocks.  All regional stocks were distributed in proportion to sea surface temperatures 
(6.6–11.9°C) available during each survey period.  The distribution pattern and abundance of chum salmon CPUE 
in the Bering Sea was different among years and seasons, while those changes were not significantly related to the 
favorable sea surface temperature range in the Bering Sea.

Sato, S., M. Takahashi, et al.  2009.  Preliminary records of otolith-marked chum salmon found in the Bering Sea and 
North Pacific Ocean in 2006 and 2007.  N. Pac. Anadr. Fish Comm. Bull. 5: 99–104.  (Available at www.npafc.org).

We examined otolith marks on chum salmon caught in the North Pacific Ocean and Bering Sea during the spring 
and summer of 2006 and 2007.  Otolith marks were detected in 190 of 8,295 immature and maturing fish.  Of these 
marked salmon, 13 fish were found in the North Pacific Ocean and 177 fish were found in the Bering Sea.  Approxi-
mately 90% of the marked salmon were released from Japanese hatcheries.  Other marked fish originated from hatch-
eries in Alaska, Russia, and the Republic of Korea.  Our results suggest that otolith-marked chum salmon released 
from NPAFC countries are detectable in the Bering Sea and North Pacific Ocean.  Our study demonstrated that otolith 
marking is a useful tool for identifying hatchery of origin of individual chum salmon in the ocean.  We believe this 
technique will be useful for the international management of anadromous salmon stocks.

Sawada, M., H. Shimada, et al.  2007.  Seasonal and annual changes of oceanographic conditions during early ocean 
life of chum salmon in the coastal waters of Okhotsk Sea, eastern Hokkaido.  N. Pac. Anadr. Fish Comm. Tech. Rep. 7: 
75–77.  (Available at www.npafc.org).

Two diffrent currents affect oceanographic conditions in southern part of the Okhotsk Sea along the Hokkaido coast.  
In winter the East Sakhalin Current characterized by low temperature and salinity flows along the Hokkaido coast 
with sea ice.  In summer the Soya Warm Current (SWC) characterized by high temperature and salinity flows south-
eastward from Soya Strait along the coast.  In spring, these current systems are replaced, so that the temperature, 
salinity and nutrients change extremely.  These extreme changes in the oceanographic conditions may affect the early 
marine survival of juvenile chum salmon.  We investigated to clarify the relationship between seasonal and annual 
fluctuations of oceanographic condition and early ocean life of chum salmon.  Physicochemical and biological condi-
tions were examined every 10 days from April to July in 2002–2005 at 12 stations in the coast of Abashiri Bay, east-
ern Hokkaido.  Water temperature and salinity profiles were measured by using memory STD at all stations.  Water 
samples in each depth (0, 10, 20, 30 and 40 m) were collected with Van Dorn bottles for nutrients and chlorophyll-a 
analyses at two stations off the mouth of the Abashiri River.

Scarnecchia, D.L.  1981.  Effects of streamflow and upwelling on yield of wild coho salmon (Oncorhynchus kisutch) in 
Oregon.  Can. J. Fish. Aquat. Sci. 38(4): 471–475.

To investigate the dependence of coho salmon (Oncorhynchus kisutch) yield on streamflow and oceanic upwelling, 
I regressed catch by the Oregon commercial troll fishery from 1942 to 1962 against indices of offshore upwelling 
the previous spring and measurements of streamflow from five Oregon coastal rivers during the freshwater rearing 
phase.  A highly significant positive relation was found between total streamflows during the freshwater residency 
of the fish for the five rivers combined and the weight of the annual catch of coho salmon from 1942 to 1962.  There 
was also a significant positive relation between total combined annual (January–December) flows for these rivers 
and the catch 2 yr later.  Conversely, I found no significant relation between the 60 consecutive days of lowest flow 
during summer and catch 2 yr later.  High flows during freshwater rearing probably provide more habitat and better 
conditions for growth and survival.  I also found a significant positive relation between April through June upwelling 
at two stations and catch of coho salmon the following year from 1947 to 1962.  Fifty-six percent of the variation in 
catch from 1947 to 1962 was explained by the total flows during freshwater residency, 60 consecutive days of lowest 
flow, plus combined April through June upwelling at both stations.  It is suggested that some stocks of coho salmon 
smolts may move southward or remain in local offshore waters after they enter the ocean to take advantage of the 
production of invertebrates resulting from upwelling.

Scavia, D., J. Field, et al.  2002.  Climate change impacts on U.S. coastal and marine ecosystems.  Estuaries and Coasts 
25(2): 149–164.

Increases in concentrations of greenhouse gases projected for the 21st century are expected to lead to increased mean 
global air and ocean temperatures.  The National Assessment of Potential Consequences of Climate Variability and 
Change (NAST 2001) was based on a series of regional and sector assessments.  This paper is a summary of the 
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coastal and marine resources sector review of potential impacts on shorelines, estuaries, coastal wetlands, coral reefs, 
and ocean margin ecosystems.  The assessment considered the impacts of several key drivers of climate change: sea 
level change; alterations in precipitation patterns and subsequent delivery of freshwater, nutrients, and sediment; 
increased ocean temperature; alterations in circulation patterns; changes in frequency and intensity of coastal storms; 
and increased levels of atmospheric CO2.  Increasing rates of sea-level rise and intensity and frequency of coastal 
storms and hurricanes over the next decades will increase threats to shorelines, wetlands, and coastal development.  
Estuarine productivity will change in response to alteration in the timing and amount of freshwater, nutrients, and 
sediment delivery.  Higher water temperatures and changes in freshwater delivery will alter estuarine stratification, 
residence time, and eutrophication.  Increased ocean temperatures are expected to increase coral bleaching and high-
er CO2 levels may reduce coral calcification, making it more difficult for corals to recover from other disturbances, 
and inhibiting poleward shifts.  Ocean warming is expected to cause poleward shifts in the ranges of many other 
organisms, including commercial species, and these shifts may have secondary effects on their predators and prey.  
Although these potential impacts of climate change and variability will vary from system to system, it is important 
to recognize that they will be superimposed upon, and in many cases intensify, other ecosystem stresses (pollution, 
harvesting, habitat destruction, invasive species, land and resource use, extreme natural events), which may lead to 
more significant consequences.

Scheuerell, M.D., and J.G. Williams.  2005.  Forecasting climate-induced changes in the survival of Snake River spring/
summer Chinook salmon (Oncorhynchus tshawytcha).  Fish. Oceanogr. 14(5): 448–457.

Effective conservation and management of natural resources requires accurate predictions of ecosystem responses to 
future climate change, but environmental science has largely failed to produce these reliable forecasts.  The future re-
sponse of Pacific salmon (Oncorhynchus spp.) to a changing environment and continued anthropogenic disturbance 
is of particular interest to the public because of their high economic, social, and cultural value.  While numerous 
retrospective analyses show a strong correlation between past changes in the ocean environment and salmon produc-
tion within the north Pacific, these correlations rarely make good predictions.  Using a Bayesian time-series model 
to make successive 1-yr-ahead forecasts, we predicted changes in the ocean survival of Snake River spring/summer 
Chinook salmon (O. tshawytscha) from indices of coastal ocean upwelling with a high degree of certainty (R2 = 
0.71).  Furthermore, another form of the dynamic times-series model that used all of the available data indicated an 
even stronger coupling between smolt-to-adult survival and ocean upwelling in the spring and fall (R2 = 0.96).  This 
suggests that management policies directed at conserving this threatened stock of salmon need to explicitly address 
the important role of the ocean in driving future salmon survival.

Schindler, D.E., X. Augerot, et al.  2008.  Climate change, ecosystem impacts, and management for Pacific Salmon.  
Fisheries 33(10): 502–506.

As climate change intensifies, there is increasing interest in developing models that reduce uncertainties in projec-
tions of global climate and refine these projections to finer spatial scales.  Forecasts of climate impacts on ecosystems 
are far more challenging and their uncertainties even larger because of a limited understanding of physical controls 
on biological systems.  Management and conservation plans that explicitly account for changing climate are rare and 
even those generally rely on retrospective analyses rather than future scenarios of climatic conditions and associated 
responses of specific ecosystems.  Using past biophysical relationships as a guide to predicting the impacts of future 
climate change assumes that the observed relationships will remain constant.  However, this assumption involves a 
long chain of uncertainty about future greenhouse gas emissions, climate sensitivity to changes in greenhouse gases, 
and the ecological consequences of climate change.  These uncertainties in forecasting biological responses to chang-
ing climate highlight the need for resource management and conservation policies that are robust to unknowns and 
responsive to change.  We suggest how policy might develop despite substantial uncertainties about the future state 
of salmon ecosystems.

Schindler, D.E., D.E. Rogers, et al.  2005.  Effects of changing climate on zooplankton and juvenile sockeye salmon 
growth in Southwestern Alaska.  Ecology 86(1): 198–209.

Detecting and forecasting the effects of changing climate on natural and exploited populations represent a major 
challenge to ecologists and resource managers.  These efforts are complicated by underlying density-dependent 
processes and the differential responses of predators and their prey to changing climate.  We explored the effects of 
density-dependence and changing climate on growth of juvenile sockeye salmon and the densities of their zooplank-
ton prey in the Wood River system of southwestern Alaska.  We fit dynamic time-series models to data collected be-
tween 1962 and 2002 describing growth of juvenile sockeye, timing of spring ice breakup, and summer zooplankton 
densities.  The timing of spring breakup has moved about seven days earlier now than it was in the early 1960s.  Our 
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analyses suggest that most of this shift has been a response to the warm phase of the Pacific Decadal Oscillation that 
persisted from the mid-1970s to the late 1990s.  This progression toward earlier spring breakup dates was associated 
with warmer summer water temperatures and increased zooplankton (especially Daphnia) densities, which translated 
into increased sockeye growth during their first year of life.  The number of spawning adults that produced each year 
class of sockeye had a strong negative effect on juvenile sockeye growth rates, so that the size of the density-depen-
dent effect was, on average, twice as large as the effect of spring breakup date.  These results highlight the complexity 
of ecological responses to changing climate and suggest that climate warming may enhance growing conditions for 
juvenile salmonids in large lakes of Alaska.

Seki, J.  2005.  Study of characteristic of feeding habitat of juvenile chum salmon and their food environment in the 
Pacific coastal waters, central Part of Hokkaido.  Bull. National Salmon Resources Center 7: 1-104.  (In Japanese with 
English abstract).

This study is to investigate the ecological characteristics of juvenile chum salmon and the behavior of zooplankton 
during spring and early summer in the Pacific coastal waters off the coast of Hokkaido.  The coastal waters were 
covered with the Coastal-Oyashio in early spring, and surface temperatures increased to 10°C in early-mid June and 
above 13°C in July.  Juvenile chum salmon scattered extensively at surface temperature 8°C , and the fish abundances 
decreased when over 13°C.  Instantaneous growth rates of fish were -0.0025 to 0.0138 in the coastal waters. Zoo-
plankton biomass peaked from late May to early June.  Cold-water zooplankton species dominated at all times.  Four 
types of diel vertical migrations of zooplankton were recognized.  The mean distances between peaks of zooplankton 
number were almost 80 to 140 m.  Zooplankton body lengths decreased in later periods.  Due to the increased water 
temperature, zooplankton biomass and growth rate of fish in this area, it is desirable for fish to be released at fork 
length 56 mm at a surface temperature of 5°C.

Seo, H., S. Kim, et al.  2006.  Variability in scale growth rates of chum salmon (Oncorhynchus keta) in relation to cli-
mate changes in the late 1980s.  Prog. Oceanogr. 68(2–4): 205–216.

Fish scales were used to investigate the interannual variability in chum salmon growth rates at specific ages in rela-
tion to climatic/environmental changes during the 1980s–1990s.  Scales were obtained from adult salmon returning 
to the east coast of Korea between 1984 and 1998.  Assuming proportionality between scale size increments and fish 
length, distances between scale annuli were regarded as the growth conditions in different habitat areas with respect 
to the life stages of chum salmon.  In estuarine and coastal areas, growth rates of fingerling salmon were higher in 
the 1990s than in the 1980s.  Zooplankton abundance off the east coast of Korea increased after the late 1980s, which 
may have provided favorable growth conditions for young salmon in the 1990s.  Growth of juvenile chum salmon 
during the first summer (Okhotsk Sea) was relatively stable, and neither SST nor zooplankton biomass fluctuated 
significantly during the study period.  However, in the Bering Sea, salmon growth rates between age-2 and age-4 
(i.e. ocean-phase immature salmon) were higher in the 1980s than in the 1990s.  Variability in salmon growth in the 
Bering Sea was correlated to zooplankton biomass.  These results suggest that the climate regime shift of 1988/1989 
in the subarctic North Pacific affected salmon growth mediated by changes of zooplankton biomass, revealing a 
bottom-up process.

Shaul, L., L.A. Weitkamp, et al.  2007.  Trends in abundance and size of coho salmon in the Pacific Rim.  N. Pac. Anadr. 
Fish Comm. Bull. 4: 93–104.  (Available at www.npafc.org).

In the early 1960s, average Pacific-wide landings of coho salmon reached a stable level of over 12 million fish that 
persisted for 3 decades, followed by a sharp decrease to under 6 million fish in 1997–2003 as a result of reduced 
marine survival and fishery restrictions in the Pacific Northwest and British Columbia.  Spawning escapement in-
creased in most streams after 1999 in response to restricted fishing and improved marine survival for some stocks.  
Marine survival has been spatially and temporally variable, accounting for an average of 54% (range 41–68%) of 
variation in wild adult returns to twelve systems from Washington to southeast Alaska. Average survival rates have 
been highest (> 12%) in southeast Alaska and Puget Sound, and lowest (4–6%) for the Washington coast, with British 
Columbia being intermediate (6–10%). Marine survival was highly variable over a limited spatial scale, indicating 
that localized marine environments are critically important to overall ocean survival.  The average weight of coho 
salmon harvested in Alaskan fisheries has changed little since the 1960s, but indicators of average weight in southern 
British Columbia to the Columbia River declined from the 1950s to early 1990s, followed by a rapid rebound from 
1993 through 2004.

Shepherd, J.G., J.G. Pope, et al.  1984.  Variations in the fish stocks and hypotheses concerning their links with climate.  
Rapp. P. V. Reun. Cons. Int. Explor. Mer. 185: 255–267.
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Shimizu, I., T. Saito, et al.  2007.  Influence of sea ice on spring phytoplankton production and foraging period of juve-
nile salmon in Nemuro Strait.  N. Pac. Anadr. Fish Comm. Tech. Rep. 7: 101–104.  (Available at www.npafc.org).

The Okhotsk Sea is an important summer nursery for Japanese juvenile salmon (Mayama and Ishida 2003).  Juvenile 
salmon migrate through coastal waters around Hokkaido to the Okhotsk Sea in the spring.  They rear in the Okhotsk 
Sea through the summer and autumn, migrating to the Pacific Ocean for overwinter (Urawa et al. 2001).  Sea ice 
dynamics influence the biological production of the Okhotsk Sea, thus are important to the growth and survival of 
juvenile salmon (Asami et al. 2005).

Shuntov, V. P.  1994.  New data on changes in pelagic ecosystems of the Gar Eastern Seas.  Vestnik DVO RAN 2: 
59–66.

The results of the complex TINRO expedition on study of the Far Eastern seas biological resources in summer 1993 
show significant changes in water circulation in the Bering and Okhotsk Seas and adjacent areas of the north-west 
Pacific.  These changes are considered through oceanological and biotopic reformations in relation with the com-
ing cold period like that in 1940–60s.  Some facts about the decrease of abundance and distribution areas of many 
warm water fishes (including pacific sardine, pacific pomfret, salmons and pollack) are presented.  The cold period 
is supposed will spread all 90s years and the beginning of the next century.  Even in case of increase of some species 
abundance (for example, herring, capelin, squid) total fish productivity will decrease in comparison with more warm 
period of 1970–80s.

Shuntov, V.P., L.N. Bocharov, et al.  2003.  The monitoring results and ecosystem investigation of the biological re-
sources of the Russian Far East Seas (1998–2002).  Izv. TINRO 132: 3–26.  (In Russian).

The results of long-term (1984–2002) monitoring of the Far East seas ecosystems are briefly considered.  Interan-
nual and long-term dynamics of the marine ecosystems is on priority influence of climate-oceanological processes in 
despite of growth of anthropogenous loadings.  The last years of XX century were cold in the Far East seas.  It was a 
reason of decrease of fishproductivity in the Far East seas, in particular decrease of abundance of sardine and pollack.  
The excessive fishery (especially poaching) and water pollution are the most considerable negative consequents con-
cerning bioresources.  However large and negative influence of fishery on stocks doesn’t deny natural dynamics of 
abundance although excessive fishery could withdraw out of stock even rather fruitful generations.  In particular, it 
concerns the decrease of pollack abundance.  At the same time, for the examined period decrease of abundance were 
marked for some species with catch below total admissible catch.  The given examples testify the scale of natural 
processes, which influence on fluctuating species is priority.  At the whole, functional condition of the Far East seas 
ecosystems is estimated as normal one.  The results of macrozoobenthos, mezo- and macrozooplankton large-scale 
surveys in the Bering and Okhotsk seas testify this conclusion.  Despite of the presented negative examples, the mod-
ern lowered level of fishproductivity is a temporary phenomenon, and it is quite carried on as a known framework 
of natural cyclicity. Far East seas can and should become an arena for a large-scale fish industry combining more 
significant than now but rational fishery, and also aquaculture.

Shuntov, V.P., and E.P. Dulepova.  1997.  Current status, biology and fish productivity of the Sea of Okhotsk.  In Inte-
grated survey of the ecosystem in the Sea of Okhotsk.  Moscow, Russia.  pp. 248–261.

The biological resources of the Sea of Okhotsk are crucial for the Russian fisheries.  Compared with other regions of 
the Far East economic zone of the resource base of the fishing industry, bio-components of the sea, is generally the 
most stable for many years.  The magnitude of the biological resources of the Okhotsk Sea is connected with a high 
bio- and fish production of the sea.  These circumstances is always predisposed to increased attention Okhotsk Sea 
not only by commercial fisheries, but marine researchers also.  Unfortunately, for various reasons in recent decades, 
particularly after the introduction of 200-mile economic zone, regular study of the biological resources of the Sea of 
Okhotsk is basically held just by TINRO, which scientific capacity is insufficient to fully address the many issues 
associated with the formation of bio-and fish production and also the functioning of the sea ecosystem.  The results of 
the study of biological resources of the Sea of Okhotsk were summarized earlier in a series of works (Shuntov, 1985; 
Shuntov, Dulepova, 1993; Shuntov et. al., 1993).  However, these generalizations were mostly on biota of the sea up 
to 80 years inclusive, and only slightly - the information stored in the 90’s.  Expeditions of TINRO with integrated 
studies of the Sea of Okhotsk are continuing now, though due to logistical difficulties their volume is highly reduced.  
These last years are interesting not only in the aspect of the continuation of series of observations, but also in relation 
to the community restructuring of the major ecosystem in the Far Eastern seas in the early 90-ies.  Therefore, this 
paper focuses on the state of the biota, which is typical for the 90-ies.  However, to assess trends in its multi-year 
variability we need to compare new information with data obtained previously.  Therefore, at first quantitative as-
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sessment of the major groups of aquatic, component trophic structure of benthic and pelagic communities of the Sea 
of Okhotsk is considered.

Shuntov, V.P., E.P. Dulepova, et al.  1996.  New data about communities of plankton and nekton of the Far Eastern seas 
in connection with climate-oceanological reorganization.  Fish. Oceanogr. 5(1): 38–44.

The present condition of the pelagic communities of the far-eastern seas is considered.  From the beginning of the 
1990s, significant changes, caused by a replacement of the climate-oceanological period, have occurred in the struc-
ture of plankton and nekton communities.  The current situation is assumed to be the beginning of a period similar 
to one in the 1940s–1960s.

Shuntov, V.P., E.P. Dulepova, et al.  2007.  State of biological resources in relation to macroecosystems dynamics in the 
economic zone Russian Far Eastern seas.  Dynamics of ecosystems and contemporary issues of preservation of Russian 
seas biological resources potential.  Vladivostok, Dalnauka.  pp. 75–176.

Shuntov, V.P., E.P. Dulepova, et al.  2007.  Contemporary status, structure and biological productivity of pelagic and 
benthic communities of macroecosystems of Far Eastern Seas.  Science Press, Moscow.

Shuntov, V.P., V.I. Radchenko, et al.  1997.  Biological resources of the Far Eastern Russian economic zone: structure 
of pelagic and bottom communities, up-to-date status, tendencies of long-term dynamics.  Izv. TINRO 122: 3–15.  (In 
Russian).

Since 200-mile economic zone has been implemented it became possible to regulate fisheries on the basis of catch 
quoting.  The wide scale ecosystem study of the Far Eastern economic zone living resources was organized.  These 
investigations are being carried on, therefore it succeeded in tracing not only process of stock renewal of many com-
mercial hydrobionts but last years even to consider their status and relationships with great changes in ecosystems 
that began in early 90th due to global changes in climate-oceanological conditions.

Shuntov, V.P., and V.V. Sviridov.  2005.  Bering Sea ecosystems at the brink of 20 and 21 centuries: contemporary status 
and long-term dynamics based on Russian biological research data.  Izv. TINRO 142: 3–29.  (In Russian).

Starting from previous decade, the changes in the Bering Sea ecosystems and individual species abundance are 
often interpreted as results of global warming induced by greenhouse effect.  We do not support the viewpoint that 
greenhouse effect plays dominant role in contemporary climate state.  On the other hand, in the centennial scale 
a new period of warming is obvious since the middle of the 19th Century.  This warming is natural and similar to 
warm Viking Age.  The process of warming is gradual, but relatively short-term cycles may emphasize or weaken 
the warming.  Some examples of relatively short-term cyclicity are presented for Bering Sea.  Interpretations of the 
changes of biota in specific regions caused by global climate changes often appear to be unsuccessful due not only to 
poor understanding of mechanisms that link the biota with climate-oceanological and biocenological conditions.  The 
main reason is a stronger influence of regional factors, in other words, a spatially determined variability.  It seems 
that the northeastern part of Asia and adjacent waters always somewhat “falled out” from the overall picture of global 
changes.  This is true for the Bering Sea where the processes in its eastern part (under influ-ence of oceanic waters) 
and western part (under influence of terrestrial waters) are directed differently.  The results of Russian research on 
the Bering Sea biological resources testify the changes of biota in the latter decades as a result of well-known natural 
mechanisms of long-term dynamics, with some exclusion of overfishing.  The examples of interannual and long-term 
dynamics of the Bering Sea plankton, benthos, nekton, and nektobenthos are provided.

Shuntov, V.P., and O.S. Temnykh.  2004.  If the ecological capacity of North Pacific is exceeded in relation with high 
populations of salmons: Myths and reality.  Izv. TINRO 138: 13–36.  (In Russian).

The wide distributed opinion about salmons (Oncorhynchus spp.) surfeit in the North Pacific is criticized.  The data 
of complex surveys conducted by TINRO-Center show that the contemporary high level of salmons abundance 
doesn’t change the trophic structure of epipelagic communities in the subtropical Pacific and doesn’t break the 
functioning of salmon stocks.  A density factor based on interspecific and intraspecific competition for food does not 
limit the abundance and biological indices of salmons population, as a rule.  Cyclic dynamics of salmon stocks is 
determined by global and regional natural factors.

Shuntov, V.P., and O.S. Temnykh.  2004.  North Pacific ocean carrying capacity—Is it really too low for highly abundant 
salmon stocks?  Myths and reality.  N. Pac. Anadr. Fish Comm. Tech. Rep. 6: 3–7.  (Available at www.npafc.org).

Salmon species consume a large amount of food, especially during periods of high abundance, their role in trophic 
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chains is far from being highly important.  Even two- or three-fold variations in Pacific salmon abundance will hardly 
lead to significant changes in the trophic structure of nektonic communities.  It is worth mentioning here that many 
highly important nektonic fluctuating species (pollock, sardine, herring, anchovy, mackerel, squids, etc.) regularly 
experience sharp variations in abundance, sometimes of one or two orders of magnitude, and their distributional 
ranges are smaller than those of salmon.  At the same time, in spite of high variability of the species abundance 
and community structure (including trophic structure) there is no real base for considering these as critical or crisis 
events.  The idea that salmon stocks are below the North Pacific carrying capacity, and that salmon do not overpopu-
late epipelagic ecosystems is supported by a great number of observations.

Shuntov, V.P., and O.S. Temnykh.  2005.  Major results of Pacific salmon marine life period studies by TINRO-Center.  
Izv. TINRO 141: 30–55.  (In Russian).

The main results are reviewed of TINRO-Center investigation on Pacific salmons biology in marine period of their 
life.  The investigation started in the middle 1980s.  Unlike previous studies of “gillnet period”, it based on complex 
trawl surveys.  As a result of the study of marine period, traditional views on the salmons distribution, migrations, 
spatial differentiation, feeding and trophic coupling, limiting factors, etc, were corrected significantly.  According to 
the authors’ opinion, a new concept of marine ecology of the Pacific salmons has been developed.

Shuntov, V.P., and O.S. Temnykh.  2007.  Pacific salmon within marine and oceanic ecosystems.  Bulletin of results of 
Far Eastern basinscale Pacific salmon research program implementation.  TINRO-Center Press 2: 116–124.

This book contains integrated conceptions resulted from the long-term researches of the hydrobionts composing low 
trophic levels in the ecosystems of the Russian far eastern seas.  Phytoplankton, phytobenthos, bacterias, protozoas, 
mezo-, macrozooplankton and zoobenthos have been described also as physico-geographics conditions of their habi-
tats.  Whole information on all groups of hydrobionts is offered here arranged according to such large regions as 
Bering, Okhotsk, Japan Seas and pacific waters off Kamchatka and Kuril Islands.  Both original and cited data are 
presented for analyzing of the composition and quantitative proportions of the common species and groups in the 
pelagic and, demersal communities.  Also numerical data on the hydrobionts biomasses and production arе discussed 
taking into account their regional and interannual variability.  This book is supposed to be followed by an analogous 
one with the integration of the current knowledge on the hydrobionts assembling high trophic levels, which compose 
fishery resources in the far-eastern seas of Russia.

Shuntov, V.P., and O.S. Temnykh.  2009.  Current status and tendencies in the dynamics of biota of the Bering Sea 
macroecosystem.  N. Pac. Anadr. Fish Comm. Bull. 5: 332–331.  (Available at www.npafc.org).

In the analysis of the long-term changes in the biota of the macroecosystems of the Bering Sea, many researchers 
focus on а) global greenhouse warming, b) decadal changes in climate and oceanological regimes, and c) cascading 
changes at different trophic levels.  We think that the association of the majority of significant biological events in 
the Bering Sea with irreversible greenhouse warming is not justified.  The relation between the dynamic processes in 
the populations, communities and ecosystems of the sea with the decadal changes in the climate regime is obvious.  
However, due to the sheer complexity of natural events, no identical recurrence of such changes has been observed, 
even during time periods with similar climatic conditions.  Up until now, the cause-and-effect mechanisms of the 
transformations in populations and communities remain insufficiently studied.  Here we present a critical assessment 
of the hypotheses of cascade transformations, including the chain of events following the overharvest of whales.  In 
the 1990s–2000s, a significant amount of information has been collected on the biota in the Bering Sea, representing 
middle and higher trophic levels (zooplankton, zoobenthos, nekton, nektobenthos, sea birds and mammals).  The 
abundance and biomass assessments of the majority of these animals, with few exceptions, suggest that they are at 
medium or high multi-annual levels.  We conclude that normal functioning of the biota in the Bering Sea macroeco-
system ensures its ability to support both biological and fish productivity at a high level.

Shuntov, V.P., O.S. Temnykh, et al.  2007.  Some aspects of international program BASIS implementation by Russia 
(2002-2006).  Izv. TINRO 151: 1–34.  (In Russian).

Main results of Russian studies in the framework of international research program BASIS are discussed.  The pro-
gram was conducted in 2002–2006 and directed on the pacific salmon research in the Bering-Aleutian region.  De-
spite of significant enlargement of information on marine ecology acquired in the period of BASIS, not all its aspects 
were succeeded, primarily because of drawbacks in surveys planning and implementation (as asynchronous surveys 
of Russian, American and Japanese research vessels, discrepancies in vessel and gear types in use, lack of nighttime 
trawl stations in the US and Japanese surveys, discrepancy in species abundance estimations, and other problems).  
The following results are considered as the major implementation of Russia to the BASIS program: Sampling gear 
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calibration.  Different plankton nets were intercalibrated.  The Juday BSD net used in Russian surveys has better 
sampling capability (particularly for small-size fraction) as compared to the Norpac net used in the US and Japan.  
Taking into account predominantly daytime sampling during the US and Japan surveys, the difference between nets 
may cause an underestimation of plankton abundance in the upper pelagic layer (050 m) where pacific salmons 
dwell by as much as tenfold.  Besides, all BASIS participants, except for TINRO-center, do not take into account 
different catch efficiency of plankton nets (in other words, use the coefficient of catch efficiency = 1 for any plankton 
net) that aggravates the underestimation.  The otter-trawls used by different Russian and foreign vessels were also 
intercalibrated.  Meteorological and oceanographic observations.  After the “cold” late 1990s, warming tendency 
was evident in the Bering Sea with weakening winter monsoon and strengthening summer monsoon after 2002.  
However, opposite changes in atmospheric circulation patterns started in 2004, so strengthening of winter monsoon 
and weakening of summer monsoons are expected for the nearest future (2007–2010).  The Bering Sea ice cover 
was below normal in 2002–2004 but increased significantly in the winter of 2005–2006.  Similar tendencies were 
observed in SST dynamics: it grew from 1999 to 2003-2005 and began to lower in 2006.  Inflow of Pacific waters 
to the Bering Sea with the Central Bering Sea Current had increased in 2000s that was possible cause of significant 
number of pacific salmons redistribution into the western part of the Sea.  Moreover, trajectories of the pacific salmon 
migration into the Bering Sea became longer northward.  Studies on plankton communities, food base and feeding 
behavior of pacific salmons.  Average biomass of zooplankton in the deep basin of the western Bering Sea was esti-
mated as 600–800 mg m-3 (except for 2004), in the Anadyr Bay - as 800–1800 mg m-3.  The major its part was pre-
sented by macroplankton: 50–92% that was higher than usual (75–85%).  The biomass of zooplankton in the central 
deep-water part of the Bering Sea was estimated as 600-800 mg m-3, and in the eastern Bering Sea - as 350-1600 mg 
m-3.  In opposite to the western and central Bering Sea, the eastern Bering Sea was characterized by predominance 
of small and medium-size plankton whereas large-size fraction didn’t exceed 10–45 % of total zooplankton biomass.  
In 2006 only the share of large-size fraction here 60–65%.  Pacific salmons prefer the feeding of euphausiids and 
hyperiids, sometimes pteropods.  The highest concentrations of these species were observed in the Russian EEZ 
of the Bering Sea.  Probably this is one of reasons for the salmons migration into this area during summer-autumn 
forage period.  Some geographic differences in feeding behavior of salmons were revealed, which were obviously 
conditioned by features of plankton communities structure in the western and eastern parts of Bering Sea.  All pacific 
salmons species displayed both plasticity and selectivity of feeding behavior.  This is an argument for the viewpoint 
that food availability is not important limiting factor for pacific salmons in high seas.  The pacific salmons consumed 
12–69% of overall food consumption of forage species by nekton in the upper pelagic layer of the western Bering 
Sea.  This volume is significant but not very high to consider the food base of Bering Sea as the factor that limits the 
salmons abundance.  New data of complex trawl surveys in the western Bering Sea obtained in 2002–2006 added 
to the results of long-term (two decades) ecosystem observations conducted in this region by TINRO-center, allow 
to trace dynamics of pelagic communities composition and to determine the changeable status of pacific salmon in 
these communities.  Despite of significant decrease of walleye pollock abundance, this species still dominated in the 
Bering Sea.  Total biomass of pacific salmons was tenfold lower than that of walleye pollock.  However, significant 
increase of pacific salmons abundance was observed in the upper 20 m layer in early 2000s.  The share of pacific 
salmons biomass was 1.5–2.0% of total fish species biomass in late 1980s, 43.0–59.0% —in 1990s, and 77.5–84.5% 
—in early 2000s (in summer).  In the fall season of 2000s it was 25.9–77.9%.  High pacific salmon abundance in the 
western Bering Sea is presumably attributed to their lowered marine mortality.

Shuter, B.J., and J. D. Meisner.  1992.  Tools for assessing the impact of climate change on freshwater fish populations.  
GeoJournal 28(1): 7–20.

We identify and discuss ways to use existing information on the thermal ecology of freshwater fishes to assess the 
potential impact of climate change on wild populations of these organisms.  Two primary questions are identified: 
(i) how do aquatic habitats change in response to atmospheric climate change? (ii) how do fish respond to habitat 
change at both the individual and population levels?  In lakes, climate warming will lead to higher surface water tem-
peratures, longer ice-free periods, and longer periods of thermal stratification.  In rivers, climate warming will lead 
to higher groundwater temperatures with corresponding increases in both summer and winter temperatures, from 
headwaters to mouth.  We describe several methods for predicting the biological effects of these changes in habitat.  
We examine the use of bioenergetic models to predict the impact of climate change on the growth of individual fish.  
We examine the use of thermal habitat models to assess the impact of climate change on population abundance.  We 
examine the use of life cycle models to assess the impact of climate change on the zoogeographic distribution of 
species.  Finally, we identify new research required to further develop these methods.

Simenstad, C.A., and O. Salo.  1982.  Foraging success: a determinant of estuarine and nearshore carrying capacity of 
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juvenile chum salmon (Oncorhynchus keta) in Hood Canal, Washington.  In Proceedings of North Pacific Aquaculture 
Symposium, Anchorage, Alaska and Newport, Oregon.   Edited by B.R. Melteff and R.A. Neve.  pp.  21–37.

Migration rate and habitat selection by outmigrating chum salmon (Oncorhynchus keta) juveniles in Hood Canal 
relate directly to availability of preferred prey organisms.  Juveniles entering the Canal early in the outmigration 
period (February and March), especially naturally spawned chums less than 40 mm FL, encounter relatively meagre 
prey resources in shallow sublittoral and neritic habitats.  Rapid migration rates (7 to 14 km/day) during this period 
suggest a behavioural response to low prey availability might be immediate migration to regions with more prey.  
In spring, epibenthic and neritic zooplankton increase, and migration rates decline (3 to 5 km/day) as the juvenile 
salmon spend more time foraging in estuarine and nearshore habitats.  During this period they start eating epibenthic 
harpacticoid copepods and gammarid amphipods in shallow sublittoral habitats, but upon growing to 45 to 55 mm 
FL, move into neritic habitats and start eating pelagic and nektonic organisms such as calanoid copepods, hyperiid 
amphipods, and larvaceans.  This transition is theorized to be the result of prey resource depression and growth of 
the fish to the point that they can feed upon larger neritic organisms and avoid predators.  Selectivity for large prey 
is quite apparent, however, in both epibenthic and neritic feeding modes and is attributed to 1) visual perception and 
active selection, 2) differential prey escape abilities, 3) functional morphology of the juvenile chum salmon, and 4) 
optimization of bioenergetic cost of foraging with nutritional value of prey.  We assume that size-dependent daily 
rations between 15 and 25 percent of the total body weight per day would be required to provide optimal foraging.  
Accordingly, the estimated carrying capacity of juvenile chums in Hood Canal for two week periods ranged from 
0.03 to 0.65 fish m-2 in shallow sublittoral habitats and from 0.01 to 0.07 fish m-3 in neritic habitats.  Assuming these 
interpretations are reasonable and the estimates valid, a number of alternative hatchery design and release strategies 
may be developed to reduce mortality of artificially propagated chum salmon.

Simenstad, C. A., and R. C. Wissmar.  1984.  Variability of estuarine food webs and production may limit our ability to 
enhance Pacific salmon (Oncorhynchus spp.).  In The influence of ocean conditions on the production of salmonids in 
the North Pacific.  Edited by W. G. Pearcy.  Oregon State University Press.  pp. 273–286.

The broad spectrum in physical and biological characteristics of estuaries along the rim of the northeastern Pacific 
Ocean coincides with equally diverse patterns of use by juvenile salmon.  Although only a few data sets link abiotic 
and biotic conditions with juvenile salmon growth and survival, these studies and qualitative differences in estua-
rine residence times and food web relationships indicate that estuaries should not be assumed equivalent in terms 
of carrying capacity.  Considerably more and perhaps dramatically different approaches to research will be required 
to quantify the functional relationships among juvenile salmon and important variables affecting estuarine contribu-
tions to next production of our Pacific salmon stocks.  Any evolution of salmon management and culture strategies 
will be inhibited until we recognize the unique advantages and disadvantages of the region’s divergent estuarine 
systems.

Smirnov, B.P., I.A. Barybina, et al.  1986.  Relationship between standard metabolism and temperature in juvenile 
Pacific salmon.  Vopr. Ichthiologii 27(2): 15–22.  (In Russian).

The relationship between temperature and standard metabolism in young Pacific salmon was studied.  The tempera-
ture dependence of metabolism of young fish, long acclimated to temperatures from 2 to 24°C, is well approximated 
by the exponential dependence Qw = Qo e kt and by the Arrhenius equation.  For practical purposes, it is more ap-
propriate and convenient to use the exponential relationship.  The temperature coefficient Q10 for juvenile fish of 
varying body weight is constant at 2.29 in the entire temperature range.  The nature of temperature dependence in 
different species with varying body weight is similar.  The dependence of oxygen consumption rate on temperature 
and body weight is approximated by the equation Q = 0.035W 0.755+/-0.011e(0.083+/-0.003)t with the multiple cor-
relation coefficient of 0.99.  The published data on temperature dependence of metabolism in salmon and the reatsons 
for various contradictions are discussed.

Solomon, S., D. Qin, et al. (Editors).  2007.  Climate change 2007: the physical science basis.  Contribution of Working 
Group I to the fourth assessment report of the Intergovernmental Panel on Climate Change.  Cambridge University 
Press, Cambridge, United Kingdom.

The Working Group I contribution to the IPCC Fourth Assessment Report describes progress in understanding of 
the human and natural drivers of climate change, observed climate change, climate processes and attribution, and 
estimates of projected future climate change.  It builds upon past IPCC assessments and incorporates new findings 
from the past six years of research.  Scientific progress since the Third Assessment Report (TAR) is based upon large 
amounts of new and more comprehensive data, more sophisticated analyses of data, improvements in understanding 
of processes and their simulation in models and more extensive exploration of uncertainty ranges. 
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Starovoytov, A.N.  2007.  Trends in abundance and feeding of chum salmon in the western Bering Sea.  N. Pac. Anadr. 
Fish Comm. Bull. 4: 45–51.  (Available at www.npafc.org).

Results from surveys of the western Bering Sea and adjacent Pacific epipelagic waters, performed by TINRO-Center 
are reported.  Surveys of the nekton community were conducted from 1986 through 2005, annually. Information on 
the distribution of all chum salmon by age group, the abundance and biomass of chum salmon, and other fish in the 
western Bering Sea and adjacent Pacific Ocean water are reported.  Chum salmon diet differed according to location 
in the western Bering Sea.

Steele, J.H.  1996.  Regime shifts in fisheries management.  Fish. Res. 25(1): 19–23.
The collapse of so many fisheries in the waters of “advanced” nations would seem to confirm the opinions of pessi-
mists who decry the possibility of successful management based on existing methodologies.  Yet there may be com-
pensations to these closures (or near closures) of fisheries around the North Atlantic and elsewhere.  These create new 
and different circumstances not only for the managers but also for their scientific advisors.  There is not merely an 
opportunity but a necessity to restructure the form in which advice is given and the research on which it is based.

Steele, J.H.  1998. Regime shifts in marine ecosystems.  Ecol. Appl. 8(sp1): S33–S36.
Time scales, and the trophic relations between these scales, are very different in the sea from those on land.  In 
particular, marine systems are much more responsive to decadal scale alterations in their physical environment but 
are also much more adaptable.  Thus it is difficult, and probably counterproductive, to try to define a baseline state 
for marine ecosystems.  Further, regime shifts in fish communities can have major economic consequences without 
being ecological disasters.  Climatic changes at decadal scales, from natural or anthropogenic causes, are likely to 
produce or enhance regime shifts. There are different management issues in different sectors.  The coastal zone de-
mands our intervention to assure integrated management of the land and sea components.  At the other extreme, our 
understanding of open ocean systems is an essential element of climate prediction and so of eventual management.  
Between these two environments, our use of resources in continental shelf seas requires an ability to distinguish 
between human and natural causes of long-term change.

Stephenson, S.A.  2006.  A review of the occurrence of Pacific salmon (Oncorhynchus spp.) in the Canadian western 
Arctic.  Arctic 59(1): 37–46.

This manuscript summarizes all known captures of Pacific salmon (Oncorhynchus spp.) in the Canadian western 
Arctic up to the end of 2003.  Historic information on Pacific salmon distribution in the Canadian western Arctic is 
limited, and some older identifications are suspect.  It is difficult to determine whether salmon numbers are actually 
increasing, or whether a recently established program to gather information on Pacific salmon abundance has only 
made them appear more abundant than historically.  However, there is no evidence of newly established populations 
and overall not enough information to state definitively that salmon are increasing in frequency in the Canadian 
western Arctic as a direct result of climate change.

Stevens, D.E., and L.W. Miller.  1983.  Effects of river flow on abundance of young Chinook salmon, American shad, 
longfin smelt, and delta smelt in the Sacramento-San Joaquin River System.  N. Am. J. Fish. Manage. 3(4): 425–437.

Annual abundance indices for young fall-run Chinook salmon (Oncorhynchus tshawytscha), American shad (Alosa 
sapidissima) and longfin smelt (Spirinchus thaleichthys) increased directly with river flow rates during the spawning 
and nursery periods.  Annual abundance of young delta smelt (Hypomesus transpacificus) did not vary with river 
flow.  Several factors associated with flow could explain the relationships described for Chinook salmon, American 
shad, and longfin smelt.  The one factor common to all affected species was that dispersal of young increases when 
flows increase, which probably results in decreased density-dependent mortality.

Stoner, A.W.  2004.  Effects of environmental variables on fish feeding ecology: implications for the performance of 
baited fishing gear and stock assessment.  J. Fish Biol. 65(6): 1445–1471.

The effectiveness of baited fishing gear ultimately depends upon behaviour of the target species—activity rhythms, 
feeding motivation, and sensory and locomotory abilities.  While any environmental parameter that mediates feed-
ing or locomotion can have an important influence on the active space presented by the bait and fish catchability, 
few biologists have considered how such variation in behaviour might affect catch per unit effort (CPUE) and the 
resultant stock abundance estimates or population parameters.  This review reveals that environment related varia-
tion in feeding behaviour can act through four different mechanisms: metabolic processes, sensory limitations, social 
interactions and direct impacts.  Water temperature, light level, current velocity and ambient prey density are likely 
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to have largest effects on fish catchability, potentially affecting variation in CPUE by a factor of ten.  Feeding be-
haviour is also density dependent, with both positive and negative effects.  Over time and geographic space a target 
species can occupy wide ranges of environmental conditions, and in certain cases, spatial and temporal variation in 
feeding biology could have a larger impact on CPUE than patterns of abundance.  Temperature, light and current 
can be measured with relative facility and corrections to stock assessment models are feasible.  Making corrections 
for biological variables such as prey density and bait competitors will be more difficult because the measurements 
are often not practical and relationships to feeding catchability are more complex and poorly understood.  There is a 
critical need for greater understanding of how environmental variables affect feeding related performance of baited 
fishing gear.  A combination of field observations and laboratory experiments will be necessary to parameterize stock 
assessment models that are improved to accommodate variation in fish behaviour.  Otherwise, survey data could 
reveal more about variation in behaviour than abundance trends.

Stouder, D.J., P.A. Bisson, et al.  1997.  Pacific salmon and their ecosystems.  Springer.  512 pp.
This book addresses the problems of dealing with the biology, economics, and public policy of conserving and 
managing Pacific salmon.  Heightening the concern has been the recent dwindling of the salmon that once teemed in 
coastal waters. This book deals with the problems of the stressed and nearly extinct stocks of the Pacific salmon.

Straty, R.R., and H.W. Jaenicke.  1980.  Estuarine influence of salinity, temperature and food on the behavior, growth 
and dynamics of Bristol Bay sockeye salmon.  In Salmonid ecosystems of the North Pacific.  Edited by W. J. McNeil and 
D. C. Himnsworth.  Oregon State University Press.  pp. 247–265.

Fishery scientists generally agree that a major part of total salmon mortality in the ocean occurs during their brief 
residence as juveniles in estuarine and coastal waters (Parker 1962).  Pink salmon (Oncorhynchus gorbuscha) in Brit-
ish Columbia experienced a much greater natural mortality during the intitial period of life (40 days) in the coastal 
marine waters than during the remaining period of life (410 days) (Parker 1965).  Experience shows that the mortality 
of salmon in the ocean is quite variable and often unpredictable.  The imprecision of predicting year class success 
stems mostly from our lack of knowledge about how the estuarine environment affects juvenile salmon.  Most would 
agree that conditions in the estuarine and nearshore environment affect the distribution, abundance, movements and 
survival of salmon; however, the complexities of physical and biological processes involved make it difficult to de-
fine cause and effection relationships. Much reserach has been conducted on the responses of salmon to variations 
in experimental environments, but the results have only limited application to salmon behaviour in natural environ-
ments.  This report summarizes information from the Bristol Bay region of western Alaska on variations in the es-
tuarine and marine environment and resulting responses of seward-migrating sockeye salmon.  The National Marine 
Fisheries Service investigated the early sea life of sockeye salmon, Oncorhynchus nerka, in Bristol Bay in 1966–67 
and 1969–72.  The overall objective was to determine what portion of marine mortality of sockeye salmon occurs as 
juveniles in the estuary.  The results provide information on responses of juvenile sockeye to environmental condi-
tions and insight into some probable causes of marine mortality.  In this paper, we use results of our investigations 
in Bristol Bay and published research from other areas to describe and hypothesize how the estarine environment 
affects the behaviour, growth and survival of sockeye salmon.  Information on the behaviour of juvenile sockeye 
salmon may apply to some extent to other salmonid species.

Sturdevant, M.V., E.A. Fergusson, et al.  2002.  Diel feeding of juvenile pink, chum and coho salmon in Icy Strait, south-
eastern Alaska, May–September 2001.  N. Pac. Anadr. Fish Comm. Doc. 631.  42 pp.  (Available at www.npafc.org).

This document reports the preliminary results of diel feeding studies and the status of gastric evacuation studies on 
juvenile pink (Oncorhynchus gorbuscha), chum (O. keta), and coho (O. kisutch) salmon conducted in marine waters 
of the northern region of southeastern Alaska from May–September 2001.  These process studies were conducted as 
part of the Southeast Coastal Monitoring (SECM) Project of the Auke Bay Laboratory, National Marine Fisheries 
Service.  The objectives of the diel feeding study were to monitor diel feeding intensity and diel prey composition 
monthly for each species; samples were also collected for an evacuation study, with the objective of monitoring the 
passage of food through the gastric tract of juvenile pink and chum salmon in May and July.  Monthly sampling was 
conducted on a transect in Icy Strait by beach seining near shore in May and by surface trawling at a station 6.4 km 
offshore in June–September.  For the diel feeding study, we examined 220 pink, 226 chum and 137 coho salmon at 
seven 3-hr intervals (D1–D7) between 04:00 and 22:00.  Juvenile pink, chum and coho salmon fed actively during 
all months; stomachs of all species averaged 50–100% fullness index and prey percent body weight (%BW) gener-
ally averaged 1–4% in all diel periods, with only 2 empty stomachs observed.  With these consistently good feeding 
conditions over the five months, pink and chum salmon lengths increased by a factor of five from about 40–200 mm 
fork length.  Diel patterns in feeding were evident for pink and chum salmon in June and July and for coho salmon 
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in July, with mean fullness index and %BW increasing from minima in the morning to maxima late in the day.  In 
May, in the near shore habitat, pink and chum salmon ate a varied diet, comprised predominantly of small and large 
calanoid copepods and harpacticoid copepods.  In June and July, when all three salmon species were present further 
offshore, juvenile pink and chum salmon diets shifted to larvaceans and euphausiids, while juvenile coho salmon di-
ets were comprised of decapod larvae and fish.  In August and September, pink and chum salmon ate larvaceans and 
hyperiid amphipods.  The evacuation study data will be used to calculate gastric evacuation rates from the decline in 
stomach contents between 0–32 hr and for different diets and temperatures.  Results from these studies will be used 
to derive biophysical input parameters for bioenergetic models.

Sturdevant, M.V., E.A. Fergusson, et al.  2004.  Diel feeding and gastric evacuation of juvenile pink and chum salmon 
in Icy Strait, southeastern Alaska, May-September 2001.  N. Pac. Anadr. Fish Comm. Tech. Rep. 5: 107–109.  (Avail-
able at www.npafc.org).

We studied seasonal diel feeding and gastric evacuation rates of juvenile pink (Oncorhynchus gorbuscha; n = 458) 
salmon and chum (O. keta; n = 464) salmon in the marine waters of the northern region of southeastern Alaska, from 
May through September of 2001.  These process studies were conducted as part of the Southeast Coastal Monitoring 
(SECM) Project of the Auke Bay Laboratory, National Marine Fisheries Service.  For each of the past seven years 
(1997–2003), SECM scientists have monitored the abundance, distribution, stock composition, and energy content 
of juvenile salmon as the fish transit through the principal migration corridor in the region, and also have monitored 
habitat biophysical parameters and carrying capacity (Orsi et al. 2002).  For this project, we sampled monthly in Icy 
Strait by beach seining two sites near shore in May and by surface trawling at a station located 6.4 km offshore in 
June through September (Sturdevant et al. 2002).  Surface (2-m) temperature was taken, and samples of fish (size 
and stomach analysis) and zooplankton (surface to 20-m oblique hauls, 333 μm mesh, 60 cm diameter bongo net) 
were examined from seven intervals within a 24-hr day.  The objectives of the diel study were to monitor juvenile 
salmon feeding rhythms (stomach % fullness, numbers of prey, and prey percent body weight (%BW)) and prey 
composition (% number and % weight by taxon), as well as zooplankton displacement volumes (DV, ml/m-3), densi-
ties (number/m-3), and composition (% number/m-3).  The objectives of the gastric evacuation study were to monitor 
the passage of food out of the stomachs (decline in prey number and biomass) of juvenile salmon that were caught 
in single hauls at different times of day in May and July, and to compute exponential evacuation rate, ER.  Results 
of these studies were used to compute daily ration (DR) for each month, where DR = 24·mean diel prey %BW·ER 
(Williams et al. 2001).

Sturdevant, M.V., M.F. Sigler, et al.  2009.  Sablefish predation on juvenile Pacific salmon in the coastal marine waters 
of Southeast Alaska in 1999.  Trans. Am. Fish. Soc. 138(3): 675–691.

At-sea observations of age-1+ sablefish (Anoplopoma fimbria) predation on juvenile salmon (Oncorhynchus spp.) 
were combined with laboratory studies to determine gastric evacuation rates and used to estimate summer preda-
tion impact in the northern region of Southeast Alaska.  In June and July 1999, up to 63% of sablefish examined 
from trawl catches in strait habitat had each consumed one to four juvenile pink (O. gorbuscha), chum (O. keta), or 
sockeye (O. nerka) salmon.  In two laboratory experiments, field-captured sablefish were acclimated without food 
in compartmentalized flow through tanks with conditions manipulated to reflect the photoperiod and temperature re-
gimes of summer.  These predators were offered one whole, pre-weighed juvenile chum salmon, consumption events 
were observed, and then predators were sacrificed at predetermined time intervals.  Prey biomass remaining in the 
stomach of each predator was weighed, and an exponential model of the decline in percent biomass over time yielded 
instantaneous evacuation rates of r = 0.049 at 12°C and r = 0.027 at 7°C, respectively.  From field data combined 
with model-derived estimates of meal frequency, we estimated that 0.8–6.0 million juvenile salmon were consumed 
by age-1+ sablefish in the 500 km2 area of Icy Strait in a 33-day period.  Moreover, a 10-year time series of catches 
indicated that 1999 was a year of unusually high abundance for age-1+ sablefish and relatively low juvenile salmon 
abundance.  We speculate that sablefish predation in 1999 could have impacted abundance of out-migrating juveniles 
and contributed to low harvests of returning adult pink salmon in 2000 and adult chum salmon in 2002.  Our results 
suggest that sablefish predation on juvenile salmon can occur during episodic, strong year classes of sablefish and 
may affect adult salmon returns.

Sturdevant, M.V., A. Wertheimer, et al.  1996.  Diets of juvenile pink and chum salmon in oiled and non-oiled nearshore 
habitats in Prince William Sound, 1989 and 1990.  Am. Fish. Soc. Symp. 18: 578–592.

The diets of juvenile pink salmon Oncorhynchus gorbuscha and chum salmon O.keta were studied in nearshore 
habitats in oiled and non-oiled areas of Prince William Sound after the March 1989 Exxon Valdez oil spill.  Food 
consumption by pink and chum salmon did not decrease in the presence of oil.  Stomach fullness and food quantity 
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were similar in oiled and non-oiled areas in both 1989 and 1990.  Oil globules or sheen were observed, however, in 
the stomachs of pink and chum salmon from oiled sites in 1989.  Because no oil was observed in fish stomachs from 
non-oiled sites in 1989 or from any site in 1990, these observations suggest that ingested oil could be a route of hy-
drocarbon contamination.  Zooplankton averaged 69% of pink and 56% of chum salmon diet biomass in the 2 years.  
Small and large calanoid copepods were the primary zooplankters consumed by pink and chum salmon, respectively.  
Diets in oiled and non-oiled areas changed from 1989 to 1990.  Pink salmon fed more on zooplankton in oiled areas 
than in non-oiled areas in 1989.  Both pink and chum salmon fed less on zooplankton in oiled areas than in non-oiled 
areas in 1990.  Conversely, both species ate epibenthic prey less in oiled areas in 1989, and more in oiled areas in 
1990.  These interannual changes in diet between oiled and non-oiled areas could have been caused by differences in 
distribution of fish, by interannual variation in prey availability, or by effects of oil.

Sukhanov, V.V.  1997.  Resonance responses of populations to 11-years solar cycle.  Vestnik DVO RAN (Bulletin of Far-
Eastern Branch of Russian Academy of Sciences) 6: 24–37.

Sullivan, K., D.J. Martin, et al.  2000.  An analysis of the effects of temperature on salmonids of the Pacific Northwest 
with implications for selecting temperature criteria.  Sustainable Ecosystems Institute, Portland, Oregon.  192 pp.

To administer the Clean Water Act, the U.S. Environmental Protection Agency and state water quality agencies 
throughout the nation have adopted numeric and qualitative criteria that establish environmental conditions known 
to protect aquatic life from adverse effects.  Pacific Northwest states have adopted temperature criteria designed spe-
cifically to protect fish with emphasis on salmonid species because  water temperature plays a role in virtually every 
aspect of salmon life.  Adverse levels of temperature can affect growth, behavior, disease resistance, and mortality.  
In recent years, the EPA and National Academies of Science and Engineering have promoted risk assessment tech-
niques to develop water quality criteria, including formal protocols that have been peer reviewed nationally.  Risk 
assessment is designed to combine the information from biological studies with an analysis of each population’s 
exposure to quantified effects.  Risk occurs when the stress’ magnitude, frequency and duration exceed the species’ 
ability to deal with that stress.  A risk-based approach seems ideally suited to developing criteria for and assessing 
temperature risk to fish because exposure has been well documented through temperature monitoring and extensive 
research on the lethal and sublethal effects on salmon physiology has been conducted over the  past 40 years.  Never-
theless, risk-based approaches have not yet been used to establish temperature criteria in recent state agency reviews 
of water quality standards.  In this paper we develop a risk-based approach to analyze summertime temperature 
effects on juvenile salmon species.  We use available research findings to quantitatively evaluate the biological ef-
fects of temperature in combination with measured stream temperature ranging from very cold to very warm.  Many 
currently exceed Washington’s temperature standard.  Acute risk to high temperatures was assessed using laboratory-
derived values of mortality in relation to duration of exposure.  Despite warm temperatures, the risk analysis found 
that direct mortality from temperature is unlikely in the range of temperature in study streams because temperatures 
high enough to cause mortality are either never observed, or occur over too short of periods of time to cause death.  
The analysis suggested that there is little or no risk of mortality if annual maximum temperature is less than 26°C, al-
though site-specific analyses are suggested when annual maximum temperature exceeds 24°C to affirm this result in 
local river conditions.  Short-term occurrence of temperatures sufficient in duration and magnitude to cause mortality 
is feasible, within parts of the Pacific Northwest region, and therefore streams in other geographic areas or streams 
with known temperature extremes should be individually evaluated with the method.  Chronic exposure to tempera-
ture was based on the growth potential of fish as assessed using a simplified bioenergetics approach developed in the 
report.  This analysis found that growth predicted from ambient temperatures is somewhat less than the maximum 
potential growth in all streams regardless of temperature regime, because no stream experienced temperatures that 
fully optimized growth all of the time during the summer rearing period.  Generally the effect of temperature regime 
on growth was small in the range of streams studied, but growth effects were evident at higher temperatures.  The 
results suggest that quantitative analysis of growth effects can be determined with reasonably simple methods that 
can be applied at specific sites or at a region scale to identify appropriate temperature thresholds.  Assuming a 10% 
growth loss represents an appropriate risk level, an upper threshold for the 7-day maximum temperature of 16.5°C 
is appropriate for coho and 20.5°C is appropriate for steelhead.  Criteria derived in this manner are somewhat lower 
than those developed in a U.S.E.P.A. paper in 1977 and close to, but not identical, to those currently specified in 
Washington and Oregon criteria.

Sviridov, V.V., O.S. Temnykh, et al.  2004.  Interannual dynamics in Anadyr River chum salmon biological character-
istics and scale parameters.  Izv. TINRO 139: 61–77.

The analysis of long-term (1962–2000) data on Anadyr River chum salmon has shown significant interannual vari-
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ability in body size and weight, scale structure and growth rates.  In addition to the previous data, this testifies for in-
terannual differences in Anadyr River chum salmon marine feeding environment.  Interannual differences in Anadyr 
River chum salmon marine feeding environment resulted in reduction of average, minimum and maximum values 
of Anadyr River chum salmon size and weight.  This size and weight reduction is indirect evidence for decrease in 
growth rates during the period of high salmon abundance.  This reduction was observed both in .3 and .4 age groups 
of Anadyr River chum salmon.  However, .4 age group experienced sharper decrease in body weight and length 
compared to 3 age group.  Scale structure analysis has shown negative correlation between overall abundance of 
North Pacific salmon and length increments during 2, 3 and 4 years of marine life.  The parameters of first annulus 
parameters were quite stable in terms of interannual variability.  Our results showed that average circuli widths in the 
second, third and forth annual zones and annuli widths of these zones could be used to estimate density-dependent 
scale growth reduction.  The utilization of back-calculated length-at-age using the direct proportion method also 
provides accurate data for an estimation of growth reduction. The utilization of equation coefficients, which de-
scribe relationship between natural logarithms of age and length, is another way to quantify interannual variability 
in growth.  Average circuli counts of Anadyr River chum salmon do not show significant interannual dynamics and 
therefore cannot be used to quantify interannual differences.  Changes in Anadyr River chum salmon scale structure 
and biological parameters do not show correlation with Anadyr River chum salmon catch rates.  On the contrary, 
these characteristics are strongly correlated with overall abundance of North Pacific chum salmon and North Pacific 
salmon.  However, the mechanisms of observed interannual differences are still poorly understood and the observed 
changes in Anadyr River chum salmon biological parameters cannot be attributed exclusively to the increased rates 
of artificial reproduction of Japanese chum salmon.

Swartzman, G., and B. Hickey.  2003.  Evidence for a regime shift after the 1997–1998 El Niño, based on 1995, 1998, 
and 2001 acoustic surveys in the Pacific Eastern Boundary Current.  Estuaries and Coasts 26(4): 1032–1043.

Increasing physical oceanographic evidence suggests that a regime shift, which featured increased equatoward sur-
face winds and upwelling in the Eastern Pacific Boundary Current region, occurred following the 1997–1998 El 
Niño.  We expect the signal of this change in biota to be stronger in euphausiids than in pelagic fishes such as Pacific 
hake (Merluccius productus) because lower trophic levels are more responsive to changes in upwelling and primary 
production.  We used acoustic backscatter data from acoustic surveys in summer 1995, 1998, and 2001 to explore 
whether significant changes in abundance and distribution of euphausiids and fishes have occurred between 1995 and 
2001.  Graphical and statistical results show that the density of fish schools and euphausiid patches increased signifi-
cantly south of Cape Blanco between 1995 and both 1998 and 2001.  North of Cape Blanco there was no consistent 
change in euphausiid abundance, although both fish and euphausiid distributions in 2001 appear to be significantly 
higher nearshore than in the other years.  Pelagic fish abundance distributions appeared more closely linked to El 
Niño than to regime shifts, with abundance shifted much farther north in 1998, an El Niño year, than in the other 
years, while 1995 and 2001 fish abundance distributions are similar to each other.  The regime shift appears so far 
to have had a stronger effect on euphausiids than on pelagic fishes.  The change in euphausiid abundance and dis-
tribution between the survey years was linked, through a conceptual model, to the relative strength of the poleward 
flowing California undercurrent and equatorward flowing California current and to the distribution and abundance 
of hake.

Sweeting, R.M., and R.J. Beamish.  2009.  A comparison of the diets of hatchery and wild coho salmon (Oncorhynchus 
kisutch) in the Strait of Georgia from 1997–2007.  N. Pac. Anadr. Fish Comm. Bull. 5: 255–264.  (Available at www.
npafc.org).

Wild and hatchery-reared coho salmon (Oncorhynchus kisutch) have now co-existed in the Strait of Georgia for over 
30 years, and have exhibited considerable variation in marine survival rates.  This study is the first to compare diets 
of juvenile hatchery and wild coho salmon during the critical early marine period of this species.  From 1997–2007, 
over 10,000 stomachs from juvenile coho salmon captured in the Strait of Georgia were examined.  Diets in July 
were dominated by decapods (primarily crab megalops) and fish (primarily herring).  In September, euphausiids and 
amphipods (primarily hyperiids) dominated.  The variability between hatchery and wild coho salmon diet was larger 
in September than in July.  Prey volume, stomach fullness and fork length were significantly correlated between 
hatchery and wild coho salmon in the July and September surveys.  While coho salmon captured in September sur-
veys had significantly higher percentages of empty stomachs than those from July, there were no significant differ-
ences in the percentage of empty stomachs between hatchery and wild coho salmon in either survey.  Shifts in diet 
composition occurred both annually and seasonally, but the trends for both groups of coho salmon were the same.  
Thus, we conclude there were no significant differences observed between hatchery and wild coho salmon in either 
appetite (volume of prey in the stomach) or in diet (composition of stomach contents) in either July or September 
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surveys from 1997–2007 in the Strait of Georgia, British Columbia, Canada.

Sweeting, R.M., R.J. Beamish, et al.  2004.  The continuation of the productive regime in the Strait of Georgia.  N. Pac. 
Anadr. Fish Comm. Doc. 818.  24 pp.  (Available at www.npafc.org).

Earlier reports noted that the increased productivity observed in the Strait of Georgia following the regime shift 
in mid-1998 had led to an increase in both abundance and average size of juvenile salmon in 2000 and 2001.  A 
corresponding increase in prey abundance was reflected in fewer empty stomachs and greater volumes of food in 
individual stomachs.  However, data from the 2002 survey showed that both estimated juvenile salmon abundances 
and individual sizes were smaller, and were similar to pre-2000 observations.  Further, the average volumes of food 
in the stomachs were lowering 2002 and the percentages of empty stomachs were greater for coho, chum and pink, 
when compared to 2000 and 2001.  The reduced abundance, smaller size and reduced stomach contents is interpreted 
to represent climate-related variability within the new regime.  There were no surveys in July 2003.  The 2004 survey 
indicates that juvenile Pacific salmon growth and abundance is consistent with the improved ocean conditions that 
followed the regime shift in the climate in 1998 and in the Strait of Georgia in 2000.

Sweeting, R.M., R.J. Beamish, et al.  2003.  Replacement of wild coho salmon by hatchery-reared coho salmon in the 
Strait of Georgia over the past three decades.  N. Am. J. Fish. Manage. 23(2): 492–502.

The percentage of hatchery-reared coho salmon Oncorhynchus kisutch in the Strait of Georgia, British Columbia, 
increased from nearly 0% in the early 1970s to more than 70% by 2001.  These estimates were derived from fin clip 
and coded wire tag data collected from commercial and sport fisheries, research surveys conducted in the summer 
and fall of 1997 to 2000, and examination of the microstructure of otoliths extracted from juvenile coho salmon col-
lected during our marine surveys.  The increasing trend may be related to the proportions of hatchery and wild smolts 
entering saltwater, fishing rates, and changes in the ecological processes regulating coho salmon production in the 
ocean.  The consequence for management is that the abundance of wild spawning salmon (escapement) depends on 
hatchery as well as wild production.  The consequence from policy makers is that future enhancement activities need 
to have clear policies for assessing the effects of hatchery fish on the population dynamics of wild fish as well as for 
producing hatchery fish.

Tabata, S.  1984.  Oceanographic factors influencing the distribution, migration, and survival of salmonids in the 
northeast Pacific Ocean—a review.  In The influence of ocean conditions on the production of salmonids in the North 
Pacific.  Edited by W.G. Pearcy.  Oregon State University Press.  pp. 128–160.

Oceanographic factors influencing the distribution, migration, and survival of Salmonids, particularly the Fraser 
River sockeye stock, are reviewed from the time of entrance into the estuary after completing their downstream 
migration to the time of return to the spawning river.  Information is lacking as to the migratory routes of juvenile 
Salmonids through coastal seaways, mortality, and the relation to oceanographic features during their first several 
months at sea.  The limited data available suggest that juvenile sockeye are affected little by the temperature and 
salinity in the Strait of Georgia.  The variability of the Fraser River plume possibly influences the distribution of ju-
venile sockeye while in the Strait and its vicinity.  Studies on pink and chum salmon suggest that coastal temperature 
and salinity during their juvenile stages may be important to survival but the results are unclear.  In the open ocean, 
surface temperature and salinity do not seem to affect the distribution of sockeye; however, subsurface features such 
as temperature fronts may be associated with their distribution.  Long series of observations along Line P indicate 
that distinct features of surface salinity are present in the open ocean and they can persist for a year or more. Salmon 
may use these as cues to guide them toward the coast.  Future studies to relate oceanography to sockeye biology (or 
other species of salmon) should seek cause-and-effect relationships that can be used as a reliable predictive tool for 
effective management of salmon fisheries.

Taylor, E.  2004.  Impacts of future climate change on the Fraser River delta and its urban estuary.  In Fraser River 
delta, British Columbia: issues of an urban estuary.  Edited by B.J. Groulx, D.C. Mosher, J.L. Luternaur and D.E. 
Bilderback.  Geological Survey of Canada, Bull. 567: 99–110.

Increasing concentrations of greenhouse gases threaten to increase the average global temperature and total precipi-
tation. Unchecked, the atmospheric concentration of carbon dioxide will have doubled relative to preindustrial times 
within the next 50–80 years.  This may cause regional climate patterns around the world to change substantially.  
The magnitude and timing of these regional climate changes can only be estimated, making it difficult to accurately 
predict how physical and biological systems will change in the Fraser River delta or anywhere else in the world.  
Responses could range from a substantial rise in sea level that could threaten the dyking systems of the Fraser River 
delta, to an increased immigration pressure on the Fraser River delta from environmental refugees fleeing climate-
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change-ravaged homelands outside of Canada.  Knowledge of the potential changes that might put pressure on the 
Fraser River delta will be useful in planning the development of the delta for the future.

Taylor, E.B.  1990.  Environmental correlates of life-history variation in juvenile Chinook salmon, Oncorhynchus 
tshawytcha (Walbaum).  J. Fish Biol. 37: 1–17.

Throughout its native North Pacific, the Chinook salmon, Oncorhynchus tshawytscha (Walbaum), exists as two 
life-history types that are distinguished by the age at which juvenile salmon migrate to sea as smolts.  ‘Stream-type’ 
Chinook migrate seaward after I or more years of feeding in fresh water, whereas ‘ocean-type’ fish migrate to sea 
as newly emerged fry or after 2–3 months in fresh water.  Stream-type Chinook predominate in populations distant 
from the sea south of 56°N, and in both inland and coastal populations north of this point.  By contrast, ocean-type 
Chinook predominate in coastal populations south of 56°N, but are rare in populations in more northerly latitudes.  
Stream-type populations are associated with areas of low ‘growth opportunity’ (as measured by temperature and pho-
toperiod regimes) and/or areas distant from the sea compared to ocean-type.  Geographic variability in juvenile life 
history is suggested to result, in part, from environmental modulation of smolting timing via differences in growth 
opportunity among geo-graphic areas.  In addition, differences in migration distance and temperature regime may re-
sult in selection for different sizes at migration among populations which, through differences in growth opportunity, 
might promote geographic variability in age at seaward migration.

Taylor, S.G.  2008.  Climate warming causes phenological shift in pink salmon, Oncorhynchus gorbuscha, behaviour at 
Auke Creek, Alaska.  Glob. Change Biol. 14(2): 229–235.

Thirty-four years (1972–2005) of water temperature data and extensive biological observations at Auke Creek, Alaska 
indicate a general warming trend that affected the native pink salmon (Oncorhynchus gorbuscha) population.  Serial 
environmental records at nearby Auke Bay, Alaska over 46 years show trends of increasing air and sea surface tem-
peratures.  Trends of increased total precipitation and earlier date of ice out on nearby Auke Lake also occurred, but 
not at significant rates.  Average water temperatures during the incubation of pink salmon in Auke Creek increased 
at a rate of 0.03 °C yr-1 over the 34-year period.  For the 1972–2005 broods, midpoints of fry migrations from Auke 
Creek ranged between April 2 and May 7, and there was a trend of earlier migration of pink salmon fry at a rate of 
-0.5 days yr-1.  The migration timing of adult salmon into Auke Creek also showed a trend toward earlier timing.  The 
earlier adult migration combined with warmer incubation temperatures are related to earlier migration of pink salmon 
fry.  If the observed warming trend continues, Auke Creek may become unsuitable habitat for pink salmon.  Given 
the trend for salmon fry to migrate earlier, a larger portion of the population may become mismatched with optimum 
environmental conditions during their early marine life history.  If salmon adults continue to migrate into the creek 
earlier when water temperatures are commonly high, it will result in increased prespawning mortality.

Temnykh, O.S.  2004.  Asian pink salmon during the marine period of life: biology, spatial differentiation, role and 
place in pelagic communities.   Ph.D. thesis, Vladivostok, Russia, TINRO-Center.  (In Russian).

Temnykh, O.S.  2004.  Primorye pink salmon growth at high and low abundance.  N. Pac. Anadr. Fish Comm. Tech. 
Rep. 1: 20–21.  (Available at www.npafc.org).

During 1970–1980s the Amur pink salmon stock dominated in the Japan Sea in odd and even years.  It was then that 
the size of pink salmon from the Japan Sea stocks decreased.  This period was characterized by the strongest negative 
correlation between Primorye pink salmon length and catches in the Amur river (r = -0.92, P = 0.00).

Temnykh, O.S., I.I. Glebov, et al.  2004.  Contemporary status of Pacific salmon in the pelagic communities of the Far 
Eastern seas.  Izv. TINRO 138: 28–44.  (In Russian).

A significant growth of the majority of Asian populations of Pacific salmon is noted during the last decade.  Average 
world Pacific salmons catches were 406 th. t (in Russia - 69 th. t) in 1960–1970, 676 th. t (in Russia - 116 th. t) in 
1970–1980, 836 th. t (in Russia 194 th. t) in 1990–2000.  The growth was supposedly caused by large-scale climate-
oceanological reorganizations in the North Pacific, which have influenced the overall state of plankton and nekton 
communities in this area.  Simultaneously, a significant decrease of walleye pollock and Japanese sardine abundance 
happened.  This decrease was partially compensated by the growth in abundance of less frequent species (Pacific 
herring, Japanese anchovy, squids, arabesque greenling, Atka mackerel), as well as the salmon.  However, the alter-
native increase of these species abundance was insufficient to compensate the overall decrease of fish production in 
the Far Eastern seas.  Climate and oceanographic changes that occurred in the Far Eastern seas in the early 1990s 
had a serious effect on the amount of food for the Pacific salmon.  For example, macrozooplankton biomass gradu-
ally decreased in the south Okhotsk Sea.  Moreover, certain changes in relative amount of major macrozooplankton 
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groups have been recorded.  The macroozoplankton density ranged from 176–261 t/km2 in 1986–1988, 174–229 t/
km2 in 1991–1994 to 65196 t/km2 in 1997–2002.  In spite of this negative trend, the amount of macroplankton per 
one unit of nekton biomass in the south Okhotsk Sea in summer and autumn remained higher than in the northern part 
of the Sea. Rather high macrozooplankton concentration suggested that the upper epipelagic layer over the deep-sea 
basin is the main forage area for the Pacific salmon in summer, autumn and partially in winter.  Distribution density 
of Pacific salmon in summer and autumn was considerably higher in this area than in the most productive shelf areas 
of the Okhotsk Sea.  During the studied period, young salmons were observed here in winter, and even in spring.  In 
1980–2000s, the total assessed biomass of plankton was 1.2–1.5 times lower in the western Bering Sea than in the 
Okhotsk Sea.  No constant pattern of variability in macrozooplankton abundance has been recorded in Bering Sea 
during this period, though the ratio between predatory and non-predatory plankton abundance varied here in a man-
ner similar to that observed in the Okhotsk Sea.  Qualitative and quantitative composition of food rations of Pacific 
salmons for 1980–2002 are analyzed.  Seasonal consumption of zooplankton by Pacific salmon and main nekton spe-
cies is calculated.  In the western Bering and Okhotsk Seas, the amount of zooplankton consumed by fish gradually 
decreased along with the decrease in stock abundance of pollock (Theragra chalcogramma) and sardine (Sardinops 
melanostictus).  When these two species are taken into account, the share of Pacific salmon in the total amount of 
zooplankton consumers is evidently small.  During the whole period of the research, salmon species consumed less 
than 1% of the total plankton stock in the western Bering Sea, and ten times less in the Okhotsk Sea, while all fishes 
consumed respectively 13.3–17.7%, and 14.9% of the total plankton stock.  Despite of significant increase in Pacific 
salmon abundance and slight concurrent decrease in abundance of large-size fraction of zooplankton in the macro-
ecosystems of the Far Eastern seas in 1990-s, there were only few years, when these processes had influenced the 
composition and amount of consumed food items, as well as interspecific food competition.  Most likely, this fact can 
be explained by the high plasticity of salmons’ food habits (particularly, for the most abundant species as pink and 
chum salmon), high abundance of food resources and overall decrease in nekton abundance in the Far Eastern seas.

Temnykh, O.S., I.S. Golovanov, et al.  2002.  Peculiarities of Okhotsk Sea pink salmon growth linked to abundance 
dynamics.  Izv. TINRO 130: 898–903.  (In Russian).

From early 1990s, the total odd-year pink salmon catch increased in 1.8 times when compared to the late 1970s and 
1980s and amounted 62133 th. tons.  This was mainly due to considerable rise of pink salmon abundance in the 
south-western Okhotsk Sea, particularly at eastern Sakhalin.  During the last decade the share of those groups in the 
odd years reached 5596 % of the total number in the Okhotsk Sea.  Total even-year pink salmon catch increased in 
3.4 times when compared to the 1970-1980s and amounted 83192 th. tons.  At Sakhalin and south Kuril Islands, the 
number of pink salmon increased in 2.2 times, while in the western Kamchatka and northern Okhotsk Sea regions it 
increased in 4.6 and 4.3 times, respectively.  Among the southern Okhotsk Sea stocks (eastern Sakhalin, south Kuril 
Islands), there was a trend toward increase of mean fish body weight both in even-year, and especially in odd-year 
generations over the whole last decade.  As for pink salmon from the northern Okhotsk Sea coast, the average fish 
weight also grew in the odd-year broods, that were more abundant than even-year generation, though it was some-
what smaller in the even years.  Rise in abundance and increase of average size of pink salmon from both southern 
and northern Okhotsk Sea stocks unequivocally witness that there were favorable conditions for the fish reproduction 
in late 1980s early 1990s.  It could be due to increased productivity as a consequence both of general warming in the 
North-West Pacific and improving of forage reserve because of significant decrease in abundance of other plankton 
consumers.

Teo, S.L.H., L.W. Botsford, et al.  2009.  Spatio-temporal covariability in coho salmon (Oncorhynchus kisutch) survival, 
from California to southeast Alaska.  Deep-Sea Res. II 56: 2570-2578.  

One of the motivations of the GLOBEC Northeast Pacific program is to understand the apparent inverse relationship 
between the increase in salmon catches in the Gulf of Alaska and concurrent declines in the California Current Sys-
tem (CCS).  We therefore used coded wire tag (CWT) data to examine the spatial and temporal patterns of covariabil-
ity in the survival of hatchery coho salmon along the coast from California to southeast Alaska between release years 
1980 and 2004.  There is substantial covariability in coho salmon survival between neighboring regions along the 
coast, and there is clear evidence for increased covariability within two main groups—a northern and southern group.  
The dividing line between the groups lies approximately at the north end of Vancouver Island.  However, CWT sur-
vivals do not support inverse covariability in hatchery coho salmon survival between southeast Alaska and the CCS 
over this 25 year time span.  Instead, the hatchery coho survival in southeast Alaska is relatively uncorrelated with 
coho survival in the California Current System on inter-annual time scales.  The 50% correlation and e-folding scales 
(distances at which magnitude of correlations decreases to 50% and e-1 (32.8%), respectively) of pairwise correla-
tions between individual hatcheries were 150 and 217 km, which are smaller than that reported for sockeye, pink, 
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and chum salmon.  The 50% correlation scale of coho salmon is also substantially smaller than those reported for 
upwelling indices and sea surface temperature.  There are also periods of 5–10 years with high covariability between 
adjacent regions on the scale of hundreds of km, which may be of biological and physical significance.

Tolimieri, N., and P.S. Levin.  2004.  Differences in response of Chinook salmon to climate shifts: implications for con-
servation.  Environ. Biol. Fish. 70(2): 155–167.

Understanding how organisms respond to climate is critical for focusing the debate about ways to recover imperilled 
or manage exploited species.  However, efforts to understand climate effects on biota are complicated by differences 
among species in life history and physiology.  Even within a species it is not clear if different populations will react 
similarly to large-scale climate trends.  Climate regimes exhibit basin-wide effects similar to the El Niño Southern 
Oscillation but persist for decades.  In the North Pacific Ocean, two regime shifts (abrupt changes from one regime 
to another) occurred in 1976–1977 and 1989–1990 and had wide ranging effects on many species.  We examined 
the response of Chinook salmon from 9 evolutionary significant units (ESUs) to the regime shifts.  While there was 
an average decline in spawner numbers associated with the regime shifts, ESUs did not respond in a uniform man-
ner: some ESUs declined, some did not respond and one may have increased.  Four ESUs currently listed under the 
Endangered Species Act may have declined more across regime boundaries than did the five non-listed ones. Inter-
pretation of this result depends on two ESUs: the Snake River spring/summer run and the Central Valley fall run. 
The Snake River ESU had the largest decline and most sampling effort.  If this ESU was excluded from the analysis, 
there was no evidence that listed and non-listed stocks responded differently to the regimes.  The Central Valley ESU 
is currently a candidate for listing.  If this ESU is considered to be a threatened or endangered, then listed ESUs 
declined more on average than did nonlisted ESUs across the regime boundaries regardless of the Snake River ESU.  
As a whole, these results suggest that long-term climate trends are important to the dynamics of Chinook populations 
and that sub-units of a species (here ESUs) can respond differently to these regimes.

Tovey, C.P.  1999.  The relationship between marine survival rates of Robertson Creek Chinook salmon (Oncorhynchus 
tshawytcha) and their first marine year lengths and growth rates.  M.Sc. thesis, Science in the Faculty of Graduate 
Studies, Department of Earth and Ocean Sciences, Oceanography, University of British Columbia.  123 pp.

The importance of smolt size and early ocean growth to the marine survival of Chinook salmon was investigated 
over a 10 year period for Robertson Creek hatchery Chinook salmon (Oncorhynchus tshawytcha).  Comparisons of 
marine survival were made with smolt lengths and growth rates bach-calculated from the scales of age 0.3 female 
Chinook entering the ocean between 1982 and 1991.  Marine survival was not correlated with smolt length (R2 = 
0.29; P = 0.139).  Marine survival was significantly positively correlated with growth rates estimated for the first 12 
marine circuli (R2 = 0.88 to 0.93; P < 0.01).  These circuli formed in July and August as estimated from the number 
of days taken for marine scale growth to begin following hatchery release (34 d) and the rate of deposition of marine 
cirucli (6.8 d per circulus).  During this time the majority of juvenile Chinook were found to reside in Barkley Sound 
adjacent to the northernmost portion of the temporally dynamic Coastal Upwelling Domain.  The period of high cor-
relation was found to occur within the summer upwelling season, when predominantly north-westerly winds result in 
the upwelling of nutrient-rich waters and a peak in zooplankton biomass.  Marine growth rates are suggested to be a 
linear function of the summer plankton productivity—a dome-shaped relationship was found between July–August 
growth rates and the magnitude of summer upwelling (Bakun Index averaged over June, July and August; R2 = 0.68; 
P = 0.06) and Cury and Roy (1989) found that the productivity of Ekman-type upwelling systems is a dome-shaped 
function of the magnitude of the upwelling favourable winds.  The strong relationship between growth and survival 
is suggested to result from the benefits of fast growth to survival as well as from changes in predation intensity vary-
ing concurrently with oceanographic conditions indicative of productivity.  In years when large numbers of Pacific 
mackerel (Scomber japonicus) migrated into the upwelling region, marine survival was low independent of the 
conditions for growth.

Trudel, M., S. Tucker, et al.  2002.  Bioenergetic response of coho salmon to climate change.  N. Pac. Anadr. Fish Comm. 
Tech. Rep. 4: 59–61.  (available at www.npafc.org).

The marine survival and production of Pacific salmon and steelhead trout (Oncorhynchus spp.) have decreased tre-
mendously during the last decade in British Columbia (BC), Washington, Oregon, and California (Hare et al. 1999; 
Beamish et al. 2000; Welch et al. 2000).  Fisheries have been closed, and a number of stocks have been added to the 
endangered species list in the United States.  This period was also the warmest on record.  However, it is unclear how 
sea surface temperature (SST) influences the survival and production of salmon.  Higher temperature may increase 
the metabolic rates of salmon, and hence, reduce the energy available for growth (Pyper and Peterman 1999).  As 
mortality rates tend to be larger in small fish (Lorenzen 1996), a reduction in growth rate may thus reduce the survival 
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of salmon.  Warmer SST may also produce poorer ocean conditions for salmon growth through bottomup processes.  
As warm water tends to be lighter, an increase in SST may increase the stability of the water column in the mixed 
layer and may prevent or reduce the upwelling of deep nutrient-rich water, and consequently, may decrease both 
primary and secondary productivity (Gargett 1997).  Thus, in warmer years, salmon may have less food and reduced 
growth.

Tyedmers, P., and B. Ward.  2001.  A review of the impacts of climate change on BC’s freshwater fish resources and 
possible management responses.  University of British Columbia, Fisheries Center Research Report 9.  15 pp.

Climate changes have been implicated in major upheavals in the history of human civilization such as the desertifica-
tion of the middle east, the collapse of the remarkable civilization of the ancient Egyptians, the dark ages after the 
fall of the Roman Empire, and the raids of the Vikings.  So it is not surprising that climate change is a major worry 
for all of us.  But in fact, climates have always been in a state of change, most notably for BC about 10,000 BP at the 
end of the last ice age. Indices of climate suggest that the last few thousand years have in fact been unusually stable 
and hence our use of natural resources for food, fun and profit is built upon a profound expectation of stability.  How 
will our modern society cope with a the major changes in climate wrought by a global warming that we ourselves 
have likely caused?  In this report Peter Tyedmers and Bruce Ward examine one aspect of this issue: the possible 
impacts on BC’s freshwater fish and how management may attempt to deal with this issue.  Their conclusions warn of 
dramatic changes to abundance and distribution with even the most modest of likely global warming scenarios.  They 
discuss how management may attempt to respond to this challenge and its uncertainties, and in this way, the work fits 
well with the interdisciplinary mandate of the Fisheries Centre at UBC.  This report is the latest in a series of Fisher-
ies Centre Research Reports published by the UBC Fisheries Centre. A full list is shown on our web site at http:/fish-
eries.ubc.ca, and the series is fully abstracted in the Aquatic Sciences and Fisheries Abstracts.  The Research Report 
series aims to focus on broad multidisciplinary problems in fisheries management, to provide a synoptic overview of 
the foundations and themes of current research, to report on research workin- progress, and to identify the next steps 
and ways that research may be improved.  We review the potential impacts of anthropogenic climate change on BC’s 
freshwater fish and provide a set of recommended management responses that address these potential impacts.  The 
direct impacts are rising temperatures, altered hydrologic regimes, and changes in aquatic productivity.  The indirect 
impacts include the potential loss of estuarine habitat due to sealevel rise, and reduced habitat availability due to in-
creased impoundment and abstraction of water for other uses.  These impacts will reinforce or counteract each other 
to alter the abundance and diversity of fish resources, and will make it difficult for managers to protect, restore, and 
enhance either the diversity of native freshwater fish or the quality of aquatic habitats.  Moreover, as a large propor-
tion of current freshwater recreational angling in the Province is conducted in areas where existing fisheries resources 
are most likely to be negatively influenced by global warming (i.e. in south central and southeastern regions) it will 
be difficult to maintain and improve the quality and quantity of recreational angling.  We detail the following rec-
ommendations: 1) develop climate change scenarios that are locally specific; 2) monitor biophysical indicators of 
change within freshwater (i.e., monitor changes in thermo-hydrodynamic characteristics of rivers and lakes, expand 
stock assessment and inventory efforts in habitats of greatest concern, and identify and monitor biological indicators 
of climate change); 3) develop models of the distribution of freshwater fish in BC and anticipated changes; and, 4) 
adopt management strategies now that will reduce the impact of climate change on individual species, ecosystems, 
and society.  We conclude that climate change will dramatically alter the abundance, distribution and utilization of 
many, if not all, species of freshwater fish in the Province.  It is essential that in fisheries strategic plans, the chal-
lenges posed by climate change are explicitly addressed, and management responses incorporated.

Urawa, S.  1993.  Effects of Ichthyobodo necator infections on seawater survival of juvenile chum salmon (Onco-
rhynchus keta).  Aquaculture 110: 101-110.

Effects of the ectoparasitic flagellate Ichthyobodo necator on growth, survival and seawater adaptation in juvenile 
chum salmon (Oncorhynchus keta) held in fresh water were evaluated by an experimental infection.  The parasite 
density on the skin increased 2 weeks after infection, peaked at week 6, and then decreased to near zero by week 
10.  During this 10-week rearing period in fresh water, the mortality in the infected fish accumulated to 12.4% com-
pared with only 1.9% in the uninfected controls.  The heavy infection had significant effects on the feed efficiency, 
but not on the growth of host fish.  High mortalities (63-70%) occurred among infected fish in seawater challenge 
tests (salinity 33‰ for 48 h) conducted between weeks 4 and 6 when heavy infections caused intensive erosions and 
hemorrhages in the skin epidermis, whereas mortalities were rare (0-3.3%) among the controls in the test.  Serum 
Cl- concentration of infected fish was significantly lower in fresh water and higher in seawater, compared with that 
of the controls.  A previous acclimation in one-third seawater did not improve the seawater survival of infected fish.  
These results indicate that Ichthyobodo infection has a marked effect on osmoregulation of juvenile salmon due to 
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skin destruction and will consequently reduce marine survival of anadromous hosts.

Urawa, S., T. Azumaya, et al.  2005.  Origins and distribution of chum salmon in the central Bering Sea.  N. Pac. Anadr. 
Fish Comm. Tech. Rep. 6: 67-70.

Genetic stock identification (GSI) was used for determining the stock origin of chum salmon (Oncorhynchus keta) 
caught by trawl operations of R/V Kaiyo maru in the central Bering Sea from late August to mid September 2002. 
Chum salmon were widely distributed in the Bering Sea north of 52°N, and they were relatively abundant in the 
eastern waters off the continental shelf.  The mixture chum samples were 97% immature fish, and the age composi-
tion was 29% ocean age .1, and 55% ocean age .2 fish.  The estimated stock composition of whole mixtures was 
70% Japanese, 10% Russian, and 20% North American stocks for maturing fish, and 54% Japanese, 33% Russian, 
and 13% North American stocks for immature fish.  The stock estimates of immature chum salmon were similar 
among three age groups (0.1, 0.2 and 0.3).  Asian stocks were widely distributed in the survey areas, being relatively 
abundant in the eastern water.  North American stocks were mainly distributed in the eastern water.  The estimated 
regional stock composition of chum salmon biomass in the whole survey areas was 47% Japanese, 34% Russian, and 
19% North American stocks.

Urawa, S., Y. Ishida, et al.  2000.  Japanese salmon research in the ocean: a review and future issues.  Bull. National 
Salmon Resources Center 3: 29-38.  (Available at http://salmon.fra.affrc.go.jp/kankobutu/bulletin/BNSRC03-05.pdf).

This paper provided a review on the results of Japanese salmon research conducted in 1993-2000 under the Science 
Plan decided by the North Pacific Anadromous Fish Commission(NPAFC).  Recent developments of stock identi-
fication techniques and high-seas salmon population surveys provided new information for the ocean distribution 
of chum salmon: Japanese chum salmon inhabit the Okhotsk Sea in the early ocean life, pass the first winter in the 
western North Pacific Ocean, and then migrate to the Bering Sea by the next summer.  Coastal surveys suggested 
that major salmon mortalities occur in the early ocean life, but the causes of juvenile mortalities have not been well 
understood.  Scale pattern analysis suggested that Japanese chum salmon suffer from growth reduction in the Bering 
Sea, resulting in increase of age at maturity.  A long term biological monitoring in the subarctic North Pacific Ocean 
found a negative relationship between macrozooplankton and pink salmon biomass.  A similar biological monitor-
ing should be necessary in the Bering Sea.  The extremely low lipid contents in the muscle of overwintering salmon 
indicated a great difficulty for them to survive in winter. Future research issues are (1) juvenile salmon studies in the 
Okhotsk Sea, (2) winter salmon studies in the North Pacific Ocean, (3) salmon ecology studies in the Bering Sea, 
and (4) monitoring of major salmon stocks.  These issues are indispensable for the sustainable stock management of 
Pacific salmon.

Urawa, S., and M. Kaeriyama.  1999.  Temporary residence of precocious sockeye salmon (Oncorhynchus nerka) in the 
Ocean.  Bull. National Salmon Resources Center 2: 9-13.  (Available at http://salmon.fra.affrc.go.jp/kankobutu/bulletin/
BNSRC02-02.pdf).

Ten precocious males of sockeye salmon (age 1.0, 190-220 mm in fork length) were captured in the Bibi River of 
the Abira River system along the Pacific coast of Hokkaido, Japan, during July and August 1994.  Their origin was 
a hatchery-reared sockeye salmon stock (84-146 mm in fork length) released in the river in the middle May of the 
same year.  Most of precocious males captured in the river were infected with the marine digenean parasites (Bruc-
hyphallus crenatus and/or Lecithaster gibbosus), indicating their ocean residence.  The scale patterns suggested that 
they rapidly grew in the ocean for at least 2 months.  This may be the first report evidencing the seaward migration 
of yearling precocious sockeye salmon and their temporary residence in the ocean environment.

Urawa, S., M. Kawana, et al.  2000.  Geographical origin of high-seas chum salmon determined by genetic and thermal 
otolith markers.  N. Pac. Anadr. Fish Comm. Bull. 2: 283-290.  (Available at www.npafc.org).

Genetic stock identification (GSI) and thermal otolith marking techniques were used for determining the stock origin 
of chum salmon (Oncorhynchus keta, n=527 fish) caught in two offshore transects (165ºW and 145ºW) in the Gulf 
of Alaska during June and July 1998.  In the central Gulf of Alaska (49-56ºN, 145ºW), 49 thermally marked chum 
salmon were found (14.5%, n=339 fish).  The percentage of thermally marked fish was higher in southern waters 
(21.5%, 49-52ºN) than in northern waters (8.9%, 53-56ºN).  Most of these marked fish were released from hatcheries 
in southeast Alaska (SEA) and Prince William Sound (PWS), while two fish were from Nitinat Hatchery on south-
west Vancouver Island, British Columbia (BC).  In the western Gulf of Alaska (45-50ºN, 165ºW), however, we found 
only 2 marked chum salmon (1.1%, n=188 fish) that had been released from the Hidden Falls (HF) and Gastineau 
hatcheries in SEA.  All of the marked chum salmon were immature fish except for a HF fish (age 0.3) caught in the 
central Gulf of Alaska (56ºN, 145ºW).  For GSI, we used a baseline of protein allozyme characters (19 loci) including 
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77 North Pacific Rim stocks.  The GSI results indicated that North American chum salmon were common in the cen-
tral Gulf of Alaska (1% Japan, 10% Russia, 15% west Alaska, 25% Alaska Peninsula/Kodiak, 28% SEA/PWS, 18% 
BC, 3% Washington stocks), and Asian chum salmon were predominant in the western Gulf of Alaska (25% Japan, 
53% Russia, 13% west Alaska, 4% Alaska Peninsula/Kodiak, 1% SEA/PWS, and 3% BC stocks).

Urawa, S., K. Nagasawa, et al.  1998.  Stock identification of Chinook salmon (Oncorhynchus tshawytscha) in the North 
Pacific Ocean and Bering Sea by parasite tags.  N. Pac. Anadr. Fish Comm. Bull. 1: 199-204.  (Available at www.npafc.
org).

The continental origins of Chinook salmon (Oncorhynchus tshawytscha) in the North Pacific Ocean and Bering Sea 
were estimated by using two freshwater parasites (Myxobolus arcticus and M. kisutchi) as biological tags.  The para-
site survey of adult Chinook salmon from major spawning rivers in North America and Kamchatka indicated that 
M. arcticus was commonly found in Asian Chinook stocks (prevalence=57-100%), while rarely among most North 
American stocks except for those from Vancouver Island, B. C., where it was found in 7 of 9 stocks sampled, with 
prevalence of 2-56%.  The unweighted overall sample prevalence of M. arcticus was 67.7% and 2.3% in Asian and 
North American stocks, respectively.  Myxobolus kisutchi was found only in Chinook salmon from the Columbia 
River (prevalence=8-11% and 43-50% in fall and spring adult stocks, respectively).  The prevalence of M. arcticus 
in high-seas samples of immature Chinook salmon showed a distinct longitudinal cline in the North Pacific Ocean: 
the overall prevalence was 92% west of 160ºE, 81% between 160ºE and 170ºE, 58%between 170ºE and 180º, and 
38% between 150ºW and 160ºW, whereas it was only 0-3% in the central Bering Sea.  These results suggest that 
Asian immature Chinook salmon are widely distributed in the North Pacific Ocean, occurring possibly as far east 
as 150ºW, and are probably predominant in the waters west of 180º.  The extreme low prevalence of M. arcticus in 
central Bering Sea chinook salmon suggests that up to 98% of immature chinook salmon caught in this area are of 
North American origin.  One Chinook salmon infected with M. kisutchi was found in the Gulf of Alaska, suggesting 
the presence of Columbia River Chinook salmon in this area.

Urawa, S., S. Sato, et al.  2009.  Stock-specific ocean distribution and migration of chum salmon in the Bering Sea and 
North Pacific Ocean.  N. Pac. Anadr. Fish Comm. Bull. 5: 131-146.  (Available at www.npafc.org).

Chum salmon (Oncorhynchus keta) is a major pelagic fish species in the Bering Sea and North Pacific ecosystems. 
The stock-specific ocean distribution of chum salmon was estimated by genetic stock identification (GSI) and hatch-
ery otolith marks.  Fish were caught by 1-h trawls at 98 stations in the Bering Sea, North Pacific Ocean and Gulf of 
Alaska during the early summer (June/July) and late summer/early fall (August/September) of 2003.  Tissue samples 
were collected from chum salmon (n = 3,980) and run for 20 allozyme loci to estimate the stock composition of 
mixtures.  In addition, otoliths were collected from chum salmon (n = 4,424) and examined for mark patterns to 
determine hatchery origin.  The GSI-estimates combined with catch data (CPUE) indicated that the ocean distribu-
tion patterns of immature chum salmon were different among eleven regional stocks. Japanese stocks were mainly 
distributed in the Bering Sea during summer and early fall.  The distribution of Russian (primarily northern Russian) 
stocks was similar to that of Japanese chum salmon, but they also spread into the North Pacific Ocean.  Northwest 
Alaska stocks including fall runs in the Yukon River were relatively abundant at the southern edge (50°N) of the 
Gulf of Alaska and eastern North Pacific Ocean.  Alaska Peninsula/Kodiak Island stocks were widely distributed in 
the Bering Sea and North Pacific Ocean.  The southeast Alaska (SEAK)/North British Columbia (BC) stocks were 
distributed throughout the northern Gulf of Alaska, the eastern North Pacific Ocean and the southern Bering Sea.  The 
distribution of the South BC/Washington stocks was similar to that of the SEAK/North BC stocks, but extended into 
the central Bering Sea.  The samples included otolith-marked chum salmon released from Alaska (n = 66), Canada 
(n = 3), Japan (n = 23) and Russia (n = 6).  The recovery sites of marked fish were largely consistent with the marine 
distribution of those regional stocks estimated by GSI.  The seasonal migration patterns of Japanese chum salmon in 
the Bering Sea were assessed from the best available information.

Urawa, S. Y. Ueno, et al.  2001.  A migration model of Japanese chum salmon during early ocean life.  N. Pac. Anadr. 
Fish Comm. Tech. Rep. 2: 1-2.  (Available at www.npafc.org).

The early ocean migration route of Japanese chum salmon (Oncorhynchus keta) was estimated by genetic stock 
identification techniques using allozyme (22 loci) variation. The baseline was improved by adding 19 Japanese 
populations to Seeb et al. (1997).   Juvenile chum salmon (age 0.0) were abundant in the Okhotsk Sea from August 
through October, but rarely caught in Pacific waters along Hokkaido and the Kuril Islands in autumn.  In the southern 
Okhotsk Sea, juvenile chum salmon catches were composed of 79% Japanese fish in October, but this stock com-
ponent decreased to 56% in November.  Due to decreasing seawater temperatures in the Okhotsk Sea, chum salmon 
moved into Pacific waters east of the Kuril Islands in late November and remained in the western subarctic gyre at 
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high density during winter.  These overwintering young salmon (age 0.1) comprised 34% Japanese and 59% Russian 
stocks in January, and 47% Japanese and 44% Russian stocks in February.  In the following summer, the abundance 
of young chum salmon (age 0.1) was low in the North Pacific Ocean, but the abundance was high in the Bering Sea. 
Young chum salmon caught in the western and central North Pacific Ocean were predominately of Russian origin 
(52-77%), but those caught in the central Bering Sea were a mixture of Japanese (65%), Russian (25%), and Alaskan 
(10%) stocks.  These results indicate Japanese chum salmon juveniles stay in the Okhotsk Sea from summer until 
late autumn, overwinter in the western North Pacific Ocean, and then migrate into the Bering Sea by the following 
summer.

Ustinova, E., I. Yu, et al.  2002.  Interannual variability of thermal conditions in the Sea of Okhotsk.  Izv. TINRO 130: 
44–51.  (In Russian).

The interannual variability of thermal conditions of the Okhotsk Sea is investigated.  It is shown, that in 90s years 
of 20th century, extremely low values of the area of sea ice cover were observed with the minimum in 1996.  Since 
spring 1998, there was a sharp change of thermal regime to cooling.  During the next three cold years, water tempera-
ture in the layer 50200 m was steadily lowered at the whole shelf of the Okhotsk Sea.  In 2000, negative anomalies 
of water temperature prevailed in winter-spring and fall periods, whereas summer temperature was above normal.

Volkov, A.F., A.J. Efimkin, et al.  2005.  Hydrobiological investigations by the TINRO-Center under the BASIS-2003 
Program: Zooplankton and Pacific salmons feeding.  N. Pac. Anadr. Fish Comm. Tech. Rep. 6: 35–37.  (Available at 
www.npafc.org).

During the last 3 years, there has been a trend to decreased biomass of the preferred zooplankton.  Such fluctuations 
are specific to the Far Eastern seas and take place regularly within the period of 5–7 years.  Collecting of data for 
plankton and feeding of Pacific salmon only during the daytime is not sufficient to give an opportunity to study the 
daily rhythmics, and consequently, to calculate daily and monthly nutrition as the results underestimate the role of 
many other species (euphausiids, mysids and some species of copepod) in the feeding of nekton.

Volovuev, V.V.  2000.  Long-term changes in the biological parameters of chum salmon of the Okhotsk Sea.  N. Pac. 
Anadr. Fish Comm. Bull. 2: 175–180.  (Available at www.npafc.org).

Chum salmon (Oncorhynchus keta) of the Okhotsk Sea return to their rivers to spawn in early and late runs.  Runs 
differ in spawning time, areas and periods of spawning, and age, size and fertility of the fish.  Length, weight and 
fertility of chum salmon increase when spawning run abundance is low.  During periods of high abundance of stocks, 
weight and fertility decrease.  Age at maturity and run abundance are inversely related.  The biological characteristics 
of the Okhotsk Sea chum salmon stock is presumably affected by the abundance of the local stocks as well as by the 
total salmon population in the North-West Pacific.  Changes in the climatic and oceanological conditions may affect 
ocean carrying capacity, and in turn affect the biological characteristics of the chum salmon stock in the Okhotsk 
Sea.

Wainwright, T.C., and R.G. Kope.  1999.  Methods of extinction risk assessment developed for US west coast salmon.  
ICES J. Mar. Sci. 56(4): 444–448.

In assessing extinction risk for Pacific salmon (Oncorhynchus spp.), a variety of interacting risk factors are consid-
ered, some of which can be quantified but many of which are qualitative.  In addition to the common measures of 
population abundance and trends for individual populations, these factors include ecological and genetic effects of 
hatchery fish, changes in life history traits, selective effects of harvest, trends in freshwater habitat condition, and 
climate variation.  Combining such information into an assessment of the overall degree of risk facing populations 
and species relies heavily on scientific judgement rather than explicit quantitative criteria.  To organize multifactor 
information and ensure consistency, a risk-matrix method has been implemented in which individual risk factors are 
scored on a 5-point scale, and then combined into an overall assessment of extinction risk.

Walker, R.V., and K.W. Myers.  2009.  Behavior of Yukon River Chinook salmon in the Bering Sea as inferred from 
archival tag data.  N. Pac. Anadr. Fish Comm. Bull. 5: 121–130.  (Available at www.npafc.org).

Understanding the vulnerability of Chinook salmon to variability in climate and fishing mortality is complicated by a 
lack of information on migration and behavior.  An archival tag placed on a Chinook salmon in the Bering Sea in 2002 
was recovered in the Yukon River in 2004.  During eight seasons the fish displayed a wide variety of behaviors.  In 
summer, it was usually within the top 50 m.  In the first winter it remained near 125 m, while in the second it remained 
within the top 50 m.  Fall was a transition period between summer and winter, and in spring the fish underwent large 
(> 340 m) vertical movements.  Temperatures experienced by the fish ranged from 1°C to 12°C.  A comparison of 
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sea surface temperatures and temperature profiles derived from tag data with oceanographic data indicated the fish 
was mostly in the central and southern Bering Sea Basin, with part of its second summer and final homeward migra-
tion on the eastern Bering Sea shelf.  Data from another tag on a maturing Yukon River Chinook salmon indicated 
it moved directly from the Basin to the Yukon in three weeks.  Neither fish spent substantial amounts of time in the 
area of groundfish fishery operations.

Walker, R.V., K.W. Myers, et al.  1998.  Growth studies from 1956 to 1995 collections of pink and chum salmon scales 
in the Central North Pacific Ocean.  N. Pac. Anadr. Fish Comm. Bull. 1: 55–65.  (Available at www.npafc.org).

This study was initiated to investigate whether long-term collections of scale samples could provide further infor-
mation on recent observations related to ocean growth and abundance of Pacific salmon (Oncorhynchus spp.): size-
at-return of salmon of several stocks has decreased in recent years; and oceanographic conditions changed around 
1976–1977, possibly affecting abundance and growth of salmon.  We examined growth patterns on scales of pink (O. 
gorbuscha) and chum (O. keta) salmon to determine if there were differences in growth between the periods before 
and after the oceanographic change and if changes in relative abundance of the two species were correlated with any 
changes in growth.  The scales were collected by the Fisheries Research Institute of the University of Washington 
(1956–91), the U.S.  Bureau of Commerical Fisheries (1967–71), and the Fisheries Agency of Japan (1981–95).  
Scales collected in late June from adult age 0.1 pink salmon and primarily immature age 0.2 chum salmon were 
measured.  The scales were from fish caught in the North Pacific Ocean south of Adak Island in the central Aleutians.  
Measurements were made of each circulus in the last year of ocean residence and to the edge of each preceding an-
nular mark.  Chum salmon caught in this area in 1983–95 had significant decreases in fork length and in growth at 
the edge of the scale compared to those caught in earlier years (1956–70).  Pink salmon showed fewer differences in 
growth between periods, although odd-year pinks were smaller in 1983–95 than in 1959–67.  Scale-edge growth of 
chum salmon was negatively correlated with Asian pink and chum salmon abundance.  Adult pink salmon abundance 
may exert an influence on the third-year growth of chum salmon in this area.

Walker, R.V., K.W. Myers, et al.  2000.  Diurnal variation in thermal environment experienced by salmonids in the 
North Pacific as indicated by data storage tags.  Fish. Oceanogr. 9: 171–186.

Eight temperature-recording data storage tags were recovered from three salmonids in Alaska (pink and coho salmon 
and steelhead trout) and five chum salmon in Japan after 21–117 days, containing the first long-term records of 
ambient temperature from Pacific salmonids migrating at sea.  Temperature data imply diel patterns of descents 
to deeper, cooler water and ascents to the surface.  Fish were found at higher average temperatures at night, with 
narrower temperature ranges and fewer descents than during the day.  Fish tagged in the Gulf of Alaska were at 
higher temperatures on average (10–12°C) than chum salmon tagged in the Bering Sea (8–10°C).  Chum salmon 
were also found at a wider range of temperatures  (-1–22°C vs 5–15°C).  This is probably related both to the dif-
ferent oceanographic regions through which the fish migrated, as well as species differences in thermal range and 
vertical movements.  Proportions of time that individual fish spent at different temperatures seemed to vary among 
oceanographic regions.  Steelhead trout may descend to moderate depths (50 m) and not be limited to the top few 
metres, as had been believed.  Japanese chum salmon may seek deep, cold waters as they encounter warm surface 
temperatures on their homeward migrations.  Temperature data from all fish showed an initial period (4–21 days) of 
day and night temperatures near those of sea surface temperatures, suggesting a period of recuperation from tagging 
trauma.  A period of tagging recuperation suggests that vertical movement data from short-term ultrasonic telemetry 
studies may not represent normal behaviour of fish.  The considerable diurnal and shorter-term variation in ambient 
temperatures suggests that offshore ocean distribution may be linked more to prey distribution and foraging than to 
sea surface temperatures.

Walker, R.J., V.V. Sviridov, et al.  2007.  Spatio-temporal variation in vertical distributions of Pacific salmon in the 
ocean.  N. Pac. Anadr. Fish Comm. Bull. 4: 193–201.  (Available at www.npafc.org).

The vertical distribution of Pacific salmon (Oncorhynchus spp.) is of interest to biologists and the fishing industry.  
An understanding of the normal vertical distribution and movement of salmon facilitates better management of 
both directed and non-salmon fisheries and better evaluation of research data.  Salmon vertical distribution can vary 
spatially in relation to distance from shore, depth of the water column, and by ocean region, and temporally by life-
history stage, season, time of day, and ocean conditions.  In coastal waters, juvenile salmon were usually less than 15 
m from the surface.  In offshore waters, salmon were usually within the top 40 to 60 m, above the thermocline, but 
occasionally were found from 80 to 120 m.  They usually were near the surface at night, and moved vertically during 
the day.  Sockeye salmon displayed the shallowest vertical distribution, followed by pink, coho, chum, and Chinook 
salmon.  There are limited data for winter, but vertical distributions may not change substantially from summer in 
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offshore waters, while it may shift in some species in coastal and shelf areas.  There is a need for more long-term data, 
throughout the marine residency of individual fish.

Walters, C.J., and J.S. Collie.  1988.  Is research on environmental factors useful to fisheries management?  Can. J. 
Fish. Aquat. Sci. 45: 1848–1854.

The study of environmental effects on fish distributions and recruitment rates has become a major research focus with 
substantial funding.  This research is justified by rather vague claims about understanding the causes of variability 
and making more accurate predictions based on this understanding, claims which often do not bear close inspec-
tion.  Improved prediction is often impossible in principle because environmental factors are not predictable even if 
fish responses are.  In some fisheries, prediction could be achieved more cheaply and reliably by direct monitoring 
programs such as precruitrnent surveys of year-class strengths.  In others, prediction is unnecessary because of exist-
ing feedback tactics for regulation, or would be primarily valuable to particular industrial interest groups and hence 
should not necessarily be subsidized by public research investment.  Better understanding is needed for situations in 
which the effects of environmental factors are confounded with the effects of stock size and fishing.  In these cases 
the key uncertainties will not be resolved by continued correlative and biological process studies and will instead 
require bold management experiments in which environmental studies are coupled with deliberate manipulation of 
stock sizes through changes in harvest policies.

Walters, C.J., R. Hilborn, et al.  1978.  A model for examining early ocean limitations of Pacific salmon production.  J. 
Fish. Res. Board Can. 35(10): 1303–1315.

A computer simulation model was used to examine growth and survival of all major British Columbia salmon stocks 
during their first 6 mo of ocean life.  Factors included in the calculations were the space-time distribution of zoo-
plankton production, timing of salmon ocean arrival and migration especially as regards overlaps between stocks, 
feeding and growth in relation to food availability, and mortality rates in relation to body size.  It is concluded that 
ocean limitation of production is unlikely unless only a small fraction of total zooplankton production is available to 
salmon.  The model emphasizes several critical uncertainties about the marine biology of salmon: rates of replenish-
ment of near surface zooplankton stocks (where most of salmon feeding occurs) from deeper water have not been 
adequately measured, and the functional response of salmon to prey density is not understood.  There is inadequate 
data on the relationship between body size and mortality rate, and migrations patterns of juvenile fish have not been 
documented precisely enough.  Hopefully some of these uncertainties will be resolved through the salmon enhance-
ment programs.

Wedemeyer, G.A., R.L. Saunders, et al.  1980.  Environmental factors affecting smoltification and early marine sur-
vival of anadromous salmonids.  Mar. Fish. Rev. 42(6): 1–14.

An important requirement in the efficient use of artificially propagated juveniles for salmon enhancement programs 
is that the resulting smolts be fully prepared behaviorally and physiologically to migrate to sea and continue to grow 
and develop normally.  In this paper, physiological criteria for identifying fully functional smolts are presented and 
environmental factors are identified which will influence smoltification, and thus early marine survival.  Methods are 
describedfor optimizing time, age, and size at release, and data are presented on methods of environmental manipu-
lation to alter smoltification to fit specific resource management needs.  On the basis of our present understanding 
of the physiology of the parr-smolt transformation and of the influence of environmental alterations during rearing, 
guidelines are presented for management strategies to improve survival of Pacific, Oncorhynchus sp., and Atlantic 
salmon, Salrno salar, and anadromous (steelhead) rainbow trout, Salrno gairdneri.

Weitkamp, L., and K. Neely.  2002.  Coho salmon (Oncorhynchus kisutch) ocean migration patterns: insight from ma-
rine coded-wire tag recoveries.  Can. J. Fish. Aquat. Sci. 59: 1100–1115.

We investigated geographic variation in the ocean migration of coho salmon (Oncorhynchus kisutch) by examining 
recovery locations of 1.77 million coded-wire tagged fish from 90 hatcheries and 36 wild populations along the west 
coast of North America.  Principal component, cluster, and similarity analyses were used to reveal both largeand 
small-scale variation in marine recovery patterns.  We identified 12 distinct ocean distribution patterns, each associ-
ated with a particular geographic region.  Despite these distinct patterns, however, fish from a given population were 
widely dispersed in the coastal ocean.  Recovery patterns for tagged wild populations were consistent with those of 
hatchery populations from the same region, suggesting that marine distributions based on hatchery populations are 
reasonable proxies for distributions of wild populations.  These region-specific distribution patterns suggest unap-
preciated life history diversity for coho salmon in the marine environment.  When combined with region-specific 
adult size variation, they suggest migratory differences earlier in the ocean residence period as well.  These results 
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provide a novel framework with which to view geographic variation in salmon ocean ecology, conservation, and 
management.

Weitkamp, L., and M. V. Sturdevant.  2008.  Food habits and marine survival of juvenile Chinook and coho salmon 
from marine waters of Southeast Alaska.  Fish. Oceanogr. 17(5): 380–395.

Little is known about the food habits of juvenile Chinook (Oncorhynchus tshawytscha) and coho (O. kisutch) salmon 
in marine environments of Alaska, or whether their diets may have contributed to extremely high marine survival 
rates for coho salmon from Southeast Alaska and much more modest survival rates for Alaskan Chinook salmon.  
To address these issues, we documented the spatial and temporal variability of diets of both species collected from 
marine waters of Southeast Alaska during summers of 1997–2000.  Food habits were similar: major prey items of 
both species included fishes, crab larvae, hyperiid amphipods, insects, and euphausiids.  Multivariate analyses of 
diet composition indicated that the most distinct groups were formed at the smallest spatial and temporal scales (the 
haul), although groups also formed at larger scales, such as by month or habitat type.  Our expectations for how food 
habits would influence survival were only partially supported.  As predicted, coho salmon had more prey in their 
stomachs overall (1.8% of body weight [BW]) and proportionally far fewer empty stomachs (0.7%) than either Alas-
kan Chinook (1.4% BW, 5.1% empty) or coho salmon from other regions.  Contrary to our expectations, however, 
coho salmon diets contained surprisingly few fish (49% by weight).  Apparently, Alaskan coho salmon achieved 
extremely high marine survival rates despite a diet consisting largely of small, less energetically-efficient crustacean 
prey.  Our results suggest that diet quantity (how much is eaten) rather than diet quality (what is eaten) is important 
to marine survival.

Welch, D.W., A.I. Chigirinsky, et al.  1995.  Upper thermal limits on the oceanic distribution of Pacific salmon (Onco-
rhynchus spp.) in the spring.  Can. J. Fish. Aquat. Sci. 52(3): 489–503.

Pacific salmon are normally thought to be distributed throughout the Subarctic Pacific, an area where they form 
the dominant fish fauna.  We use a series of generalized additive models to show that salmon exhibit a sharp step-
function response to temperature in the oceanic eastern north Pacific in spring.  The critical temperature defining 
the southern boundary varied by species: 10.4°C for pink and chum salmon, 9.4°C for coho salmon, and 8.9°C for 
sockeye salmon.  These thermal limits occur well to the north of the southern boundary of the Transition Zone, at 
widely separated geographic positions within the Subarctic Domain, and at temperatures much lower than the lethal 
upper limit for each species.  The sharp decline in abundance with temperature, and the remarkably low temperatures 
at which the response occurs, suggests that thermal barriers form an effective limit to the offshore distribution of 
salmon in spring, and can limit the distribution of Pacific salmon to a relatively small area of the Subarctic Pacific.  
The strength of this response is presumably the direct result of strong evolutionary selection.  Future temperature 
changes in the North Pacific could therefore have a direct impact on the production dynamics of Pacific salmon.

Welch, D.W., Y. Ishida, et al.  1998.  Thermal limits and ocean migrations of sockeye salmon (Oncorhynchus nerka): 
long-term consequences of global warming.  Can. J. Fish. Aquat. Sci. 55(4): 937–948.

Ocean surveys show that extremely sharp thermal boundaries have limited the distribution of sockeye salmon (On-
corhynchus nerka) in the Pacific Ocean and adjacent seas over the past 40 years.  These limits are expressed as a 
step function, with the temperature defining the position of the thermal limit varying between months in an annual 
cycle.  The sharpness of the edge, the different temperatures that define the position of the edge in different months 
of the year, and the subtle variations in temperature with area or decade for a given month probably all occur because 
temperature-dependent metabolic rates exceed energy intake from feeding over large regions of otherwise acceptable 
habitat in the North Pacific.  At current rates of greenhouse gas emissions, predicted temperature increases under a 
doubled CO2 climate are large enough to shift the position of the thermal limits into the Bering Sea by the middle 
of the next century.  Such an increase would potentially exclude sockeye salmon from the entire Pacific Ocean and 
severely restrict the overall area of the marine environment that would support growth.

Welch, D.W., B.R. Ward, et al.  1998.  Influence of the 1990 ocean climate shift on British Columbia steelhead (Onco-
rhynchus mykiss) and coho (O. kisutch) populations.  N. Pac. Anadr. Fish Comm. Tech. Rep. 1: 8–10.

British Columbia steelhead trout (Oncorhynchus mykiss) populations showed coherent patterns of adult recruitment 
until the 1990s, when recruitment patterns diverged between northern and southern British Columbia rivers.  From 
1963 until 1990 the pattern of temporal change in adult steelhead recruitment was similar for rivers in all regions of 
British Columbia.

Welch, D.W., B.R. Ward, et al.  2000.  Temporal and spatial responses of British Columbia steelhead (Oncorhynchus 
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mykiss) populations to ocean climate shifts.  Fish. Oceanogr. 9(1): 17–32.
The pattern of temporal change in recruitment of steelhead trout (Oncorhynchus mykiss) entering the ocean between 
1963 and 1990 was geographically coherent in all regions of British Columbia.  A major increase in recruitment 
was evident for smolts entering the ocean after 1977.  Subsequently, an out-of-phase response occurred after 1990, 
indicating that the effect of a possible 1990 regime shift had both temporal and geographical structure.  Steelhead 
entering northern regions had increasing recruitment, while steelhead entering southern BC coastal regions had 
sharply decreasing recruitment.  The evidence clearly indicates that the overall recruitment response since 1977 
was primarily shaped by changes in marine (not freshwater) survival.  Similar sudden changes in adult recruitment 
also appear to be occurring for other species of Pacific salmon in BC and Oregon, such as coho (O. kisutch), which 
appear to occur suddenly and show considerable persistence.  A possible explanation for the change is that ocean 
productivity declined in coastal regions of southern BC after 1990, reducing the marine growth of juvenile salmon.  
The Bakun upwelling index shows a pattern of geographical coherence along the west coast of North America that 
could in principle explain the observed pattern of changes in recruitment.  However, no evidence for a temporal shift 
in this index occurring around 1977 and 1990 is apparent.  The reason for the sudden and persistent decline in ocean 
survival is therefore uncertain.

Wells, B.K., C.B. Grimes, et al.  2006.  Covariation between the average lengths of mature coho (Oncorhynchus kisutch) 
and Chinook salmon (O. tshawytcha) and the ocean environment.  Fish. Oceanogr. 15(1): 67–79.

We used the average fork length of age-3 returning coho (Oncorhynchus kisutch) and age-3 ocean-type and age-4 
stream-type Chinook (Oncorhynchus tshawytscha) salmon along the northeast Pacific coast to assess the covariabil-
ity between established oceanic environmental indices and growth.  These indices included the Multivariate El Niño-
Southern Oscillation Index (MEI), Pacific Decadal Oscillation (PDO), Northern Oscillation Index, and Aleutian Low 
Pressure Index. Washington, Oregon, and California (WOC) salmon sizes were negatively correlated with the MEI 
values indicating that ultimate fish size was affected negatively by El Niño-like events.  Further, we show that the 
growth trajectory of WOC salmon was set following the first ocean winter.  Returning ocean-type British Columbia-
Puget Sound Chinook salmon average fork length was positively correlated with the MEI values during the summer 
and autumn of return year, which was possibly a result of a shallower mixed layer and improved food-web productiv-
ity of subarctic Pacific waters.  Size variation of coho salmon stocks south of Alaska was synchronous and negatively 
correlated with warm conditions (positive PDO) and weak North Pacific high pressure during ocean residence.

Wells, B.K., C.B. Grimes, et al.  2007.  Quantifying the effects of wind, upwelling, curl, sea surface temperature and sea 
level height on growth and maturation of a California Chinook salmon (Oncorhynchus tshawytcha) population.  Fish. 
Oceanogr. 16(4): 363–382.

We used retrospective scale growth chronologies and return size and age of female Chinook salmon (Oncorhynchus 
tshawytscha) from a northern California, USA, population collected over 22 run years and encompassing 18 com-
plete cohorts to model the effects of oceanographic conditions on growth during ocean residence.  Using path analy-
ses and partial least squares regressive approaches, we related growth rate and maturation to seven environmental 
variables (sea level height, sea surface temperature, upwelling, curl, scalar wind, northerly pseudo-wind stress and 
easterly pseudo-wind stress).  During the first year of life, growth was negatively related to summer sea surface tem-
perature, curl and scalar winds, and was positively related to summer upwelling.  During the second, third and fourth 
growth years growth rate was negatively related to sea level height and sea surface temperature, and was positively 
related to upwelling and curl.  The age at maturation and the fork length at which three ocean-winter fish returned 
were related to the environment experienced during the spring before the third winter at sea (the year prior return).  
Faster growth during the year before return led to earlier maturation and larger return size.

Wertheimer, A.C.  1997.  Status of Alaska salmon.  In Pacific salmon and their ecosystems—status and future options.  
Edited by D.J. Stouder, P.A. Bisson, R.J. Naiman and M.G. Duke.  Chapman and Hall, New York, NY.  pp. 179–197.

Wertheimer, A.C., W.R. Heard, et al.  2004.  Relationship of size at return with environmental variation, hatchery 
production, and productivity of wild pink salmon in Prince William Sound, Alaska: does size matter?  Rev. Fish Biol. 
Fisheries 14(3): 321–334.

Pink salmon (Oncorhynchus gorbuscha) returning to Prince William Sound (PWS), Alaska, have increased to histor-
ically high levels of abundance in recent years, but average body size at return has declined.  We examined how body 
size at return of PWS pink salmon was related to 10 biophysical factors, including the scale of hatchery production.  
We also examined the effect of body size at return on productivity of wild pink salmon in PWS.  For the 1975–1999 
brood years, we found that an index of total abundance of pink salmon in the Gulf of Alaska and sea surface tempera-
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ture during the year of return best explained the variation in pink salmon body size over time.  Body size at return 
was significantly correlated with productivity of wild pink salmon.  We used stepwise-regression to fit a generalized 
linear version of the Ricker spawner-recruit model to determine if body size would explain significant variation in 
wild-stock productivity in context with other environmental variation, including hatchery production.  The results 
indicate that variability in wild-stock productivity is primarily driven by density-independent factors in the marine 
environment, but that body size of wild spawners also significantly affects productivity of wild PWS pink salmon.  
We conclude that the success of large-scale enhancement increasing the total run in PWS may have contributed to 
the decline in body size because of density-dependent growth in the Gulf of Alaska.  We used a simulation model to 
estimate the impact of hatchery-induced changes in adult body size on wild-stock production in PWS.  We estimated 
an annual wild-stock yield loss of 1.03 million pink salmon, less than 5% of the annual hatchery return of 24.2 mil-
lion adult pink salmon for brood years 1990–1999.

Wertheimer, A.C., and F.P. Thrower.  2007.  Mortality rates of chum salmon during their early marine residency.  Am. 
Fish. Soc. Symp. 57: 233–247.

Interannual variability in chum salmon Oncorhynchus keta mortality during early marine life is thought to have a 
major influence on recruitment.  However, few estimates of daily mortality are available for chum salmon during 
this period, and average values reported in the literature are unrealistically high when used in a simple life-history 
model.  We analyzed survival to adult of seven groups of chum salmon, marked as juveniles, and released at differ-
ent times and sizes at Little Port Walter, Alaska to estimate average daily mortality during early marine residency 
for an early emigration group and a late emigration group.  We assumed that differences in proportions of groups 
surviving to adult between the initial releases of unfed fry and subsequent releases of fed fry for each group were 
due to natural mortality during the time interval between releases.  For both groups, mortality was highest during the 
period immediately after release, declining rapidly thereafter.  Average daily mortality was 8.1% for the early release 
during their first 21 d in the ocean and 3.9% for the late release during the first 32 d in the ocean.  After May 4 (54 d 
and 33 d postrelease, respectively, for the early and late groups), average daily mortality was less than 0.6% for both 
groups.  These results support the paradigm that most of the mortality of chum salmon in the ocean occurs early in 
their marine residency, and the results provide realistic rates for demographic modeling of the abundance of chum 
salmon in marine habitats.

Wickett, W.P.  1958.  Review of certain environmental factors affecting the populations of pink and chum salmon.  J. 
Fish. Res. Board Can. 15(5): 1103–1126.

The relation between stock and numbers of spawners is obscured by annual environmental changes.  Stream dis-
charge at the time the spawners are migrating upstream, at the time when the eggs are in the early stage of incubation, 
and extreme discharge during the period eggs and alevins are in the gravel can impose an 8-fold variation in the stock 
resulting from a given number of spawners in one area.  Ocean conditions soon after the fry enter the sea have been 
observed to increase or decrease survival by a factor of 3.  The density of spawners that produces the greatest num-
bers of fry is related to the average permeability of the stream bottom.  Preliminary data indicate that more spawners 
could be used to advantage in most areas of the coast.

Wickett, W.P.  1962.  Environmental variability of reproduction potentials of pink salmon in British Columbia.  In 
Symposium on pink salmon, H.R. MacMilliam lectures in fisheries.  Edited by N. J. Willimovsky.  University of British 
Columbia, Vancouver, BC.  pp. 73–86.

The principles affecting the size of pink salmon (Oncorhynchus gorbuscha) populations in British Columbia have 
been stated by Neave (1953, 1958).  The freshwater factors that impose yearly variations in pink salmon stocks were 
reviewed by the author recently (Wickett, 1958).  These were: discharge at the time spawners are migrating upstream, 
at the time when eggs are in the early stage of incubation, and extreme discharge during the period that eggs and 
alevins are in the gravel.  Biological factors show up in the shape of the reproductive curve of a stock.  The above 
normally occurring stresses may be likened to a hatchery operation that experiences difficulty in transporting the 
eggs to the baskets, the hatchery water supply is occasionally turned off, and sometimes the troughs are overturned.  
The capacity of the plant is not usually rated with such factors in mind, nor can our streams be considered this way.  
I shall endeavour to show that the permeability of gravels corresponds to the incubating capacity per unit area of a 
hatchery.

Willette, T.M., R.T. Cooney, et al.  1999.  Predator foraging mode shifts affecting mortality of juvenile fishes during the 
subarctic spring bloom.  Can. J. Fish. Aquat. Sci. 56(3): 364–376.

We examined some processes affecting foraging mode shifts among Pacific herring (Clupea pallasi) and walleye 
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pollock (Theragra chalcogramma) during the spring bloom in Prince William Sound, Alaska.  The duration of the 
bloom of the copepod Neocalanus was reduced when the surface layer became strongly stratified in May.  Stronger 
surface layer stratification observed in 1995 and 1996 was associated with higher salinities below 50 m depth com-
pared with 1994.  Functional response models for Pacific herring and adult walleye pollock feeding on large calanoid 
copepods indicated that these predators began to switch to alternative prey as the mean biomass of large calanoid 
copepods declined below about 0.2 and 1.0 g/m3, respectively.  Analysis of covariance indicated that Pacific herring 
and walleye pollock tended to switch from large calanoid copepods to nekton prey after the copepod bloom declined 
(p = 0.028).  Mortality of pink salmon (Oncorhynchus gorbuscha) was negatively correlated with the duration of 
the copepod bloom during the juvenile life stage (p = 0.013), as well as with juvenile growth rate (p < 0.001), juve-
nile body weight at release (p < 0.001), and the number of juveniles released (p < 0.001).  Our results indicate that 
bottom-up processes affecting the duration of the spring bloom and juvenile growth also modify topdown processes 
involving foraging mode shifts toward piscivory and mortality of juvenile fishes.

Willette, T.M., R.T. Cooney, et al.  2001.  Ecological processes influencing mortality of juvenile pink salmon (Onco-
rhynchus gorbuscha) in Prince William Sound, Alaska.  Fish. Oceanogr. 10(supplement 1): 14–41.

Our collaborative work focused on understanding the system of mechanisms influencing the mortality of juvenile 
pink salmon (Oncorhynchus gorbuscha) in Prince William Sound, Alaska.  Coordinated field studies, data analysis 
and numerical modelling projects were used to identify and explain the mechanisms and their roles in juvenile mor-
tality.  In particular, project studies addressed the identification of major fish and bird predators consuming juvenile 
salmon and the evaluation of three hypotheses linking these losses to (i) alternative prey for predators (prey-switch-
ing hypothesis); (ii) salmon foraging behaviour (refuge-dispersion hypothesis); and (iii) salmon size and growth 
(size-refuge hypothesis).  Two facultative planktivorous fishes, Pacific herring (Clupea pallasi) and walleye pollock 
(Theragra chalcogramma), probably consumed the most juvenile pink salmon each year, although other gadids were 
also important.  Our preyswitching hypothesis was supported by data indicating that herring and pollock switched to 
alternative nekton prey, including juvenile salmon, when the biomass of large copepods declined below about 0.2 g 
m-3.  Model simulations were consistent with these findings, but simulations suggested that a June pteropod bloom 
also sheltered juvenile salmon from predation.  Our refuge-dispersion hypothesis was supported by data indicating 
a five-fold increase in predation losses of juvenile salmon when salmon dispersed from nearshore habitats as the 
biomass of large copepods declined.  Our size-refuge hypothesis was supported by data indicating that size- and 
growthdependent vulnerabilities of salmon to predators were a function of predator and prey sizes and the timing 
of predation events.  Our model simulations offered support for the efficacy of representing ecological processes 
affecting juvenile fishes as systems of coupled evolution equations representing both spatial distribution and physi-
ological status.  Simulations wherein model dimensionality was limited through construction of composite trophic 
groups reproduced the dominant patterns in salmon survival data.  In our study, these composite trophic groups were 
six key zooplankton taxonomic groups, two categories of adult pelagic fishes, and from six to 12 groups for tagged 
hatcheryreared juvenile salmon.  Model simulations also suggested the importance of salmon density and predator 
size as important factors modifying the predation process.

Willette, T.M., R.T. Cooney, et al.  2000.  Ecological processes influencing mortality of juvenile pink salmon (Onco-
rhynchus gorbuscha) in Prince William Sound, Alaska.  N. Pac. Anadr. Fish Comm. Tech. Rep. 2: 14–15.  (Available at 
www.npafc.org).

This component of the Sound Ecosystem Assessment (SEA) program focussed on improving our understanding of 
the mechanisms regulating survival of juvenile pink salmon (Oncorhynchus gorbuscha) in Prince William Sound 
(PWS), Alaska.  Our approach involved field studies and development of a mechanistic numerical foraging-physiol-
ogy model of the predator-prey interactions regulating juvenile salmon mortality.  The model was used as a tool to 
integrate our knowledge of system function and examine processes that could not be directly observed.

Wooster, W. S., and D. Fluharty (Editors).  1985.  El Niño North: Niño effects in the eastern subarctic Pacific Ocean.  
University of Washington, Washington Sea Grant Program, Seattle, WA.  312 pp.

Wright, D.G., R.M. Hendry, et al.  1986.  Oceanic changes associated with global increases in atmospheric carbon di-
oxide: a preliminary report for the Atlantic coast of Canada.  Can. Tech. Rep. Fish. Aquat. Sci. No. 1426.  78 pp.

Measurements over the past few decades clearly indicate that the concentration of atmospheric carbon dioxide and 
other so-called “greenhouse” gases is on the rise.  Model studies indicate that this trend will result in a significant 
alteration of the Earth’s climate during the next century.  Expected changes include: a global increase in surface 
temperature especially in winter and at high latitudes; an intensified hydrological cycle including increased run-off at 
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high latitudes; a decrease in the strength of winds in the lower atmosphere; a decrease in the areal coverage and thick-
ness of ice in polar regions; an earlier seasonal snow-melt and sea-ice break-up; and a later freeze up.  In a scenario 
with the atmospheric concentration of CO2 twice pre-industrial levels, predicted surface warming is of the order of a 
few degrees Celsius and associated changes in regional hydrological balances and wind forcing are of the order of 5 
to 10 per cent of present day values.  These changes could have far-reaching effects.  This report was prepared at the 
request of the Atlantic Research Directors Committee of the Department of Fisheries and Oceans as a resource docu-
ment to begin to address the question of how such changes might affect conditions in the waters of eastern Canada 
and hence the Atlantic Canadian fisheries industry.

Yamada, A.  2005.  Salmon in the jomon period—examination the area from the Sanriku coast to the Bay of Sendai.  
Tohoku Hist. Mus. Res. Bull. 6: 9–15.  (In Japanese).

Yates, D., H. Galbraith, et al.  2008.  Climate warming, water storage, and Chinook salmon in California’s Sacramento 
Valley.  Clim. Chang. 91: 335–350.

Chinook salmon (Oncorhynchus tshawytscha) spawns and rears in the cold, freshwater rivers and tributaries of 
California’s Central Valley, with four separate seasonal runs including fall and late-fall runs, a winter run, and a 
spring run.  Dams and reservoirs have blocked access to most of the Chinook’s ancestral spawning areas in the upper 
reaches and tributaries.  Consequently, the fish rely on the mainstem of the Sacramento River for spawning habitat.  
Future climatic warming could lead to alterations of the river’s temperature regime, which could further reduce the 
already fragmented Chinook habitat.  Specifically, increased water temperatures could result in spawning and rear-
ing temperature exceedences, thereby jeopardizing productivity, particularly in drought years.  Paradoxically, water 
management plays a key role in potential adaptation options by maintaining spawning and rearing habitat now and 
in the future, as reservoirs such as Shasta provide a cold water supply that will be increasingly needed to counter the 
effects of climate change.  Results suggest that the available cold pool behind Shasta could be maintained throughout 
the summer assuming median projections of mid-21st century warming of 2°C, but the maintenance of the cold pool 
with warming on the order of 4°C could be very challenging.  The winter and spring runs are shown to be most at 
risk because of the timing of their reproduction.

Yatsu, A., K.Y. Aydin, et al.  2008.  Elucidating dynamic responses of North Pacific fish populations to climatic forcing: 
Influence of lifehistory strategy.  Prog. Oceanogr. 77(2–3): 252–268.

In order to explore mechanistic linkages between low-frequency ocean/climate variability, and fish population re-
sponses, we undertook comparative studies of time-series of recruitment-related productivity and the biomass levels 
of fish stocks representing five life-history strategies in the northern North Pacific between the 1950s and the pres-
ent.  We selected seven species: Japanese sardine (Sardinopus melanostictus) and California sardine (Sardinopus 
sagax) (opportunistic strategists), walleye pollock (Theragra chalcogramma, intermediate strategist), pink salmon 
(Oncorhynchus gorbuscha, salmonic strategist), sablefish (Anoplopoma fimbria) and Pacific halibut (Hippoglossus 
stenolepis) (periodic strategists) and spiny dogfish (Squalus acanthias, equilibrium strategist).  The responses in 
terms of productivity of sardine, pink salmon, sablefish and halibut to climatic regime shifts were generally immedi-
ate, delayed, or no substantial responses depending on the particular regime shift year and fish stock (population).  In 
walleye pollock, there were some periods of high productivity and low productivity, but not coincidental to climatic 
regime shifts, likely due to indirect climate forcing impacts on both bottom-up and top-down processes.  Biomass 
of zooplankton and all fish stocks examined, except for spiny dogfish whose data were limited, indicated a decadal 
pattern with the most gradual changes in periodic strategists and most intensive and rapid changes in opportunistic 
strategists.  Responses of sardine productivity to regime shifts were the most intense, probably due to the absence of 
density-dependent effects and the availability of refuges from predators when sardine biomass was extremely low.  
Spiny dogfish were least affected by environmental variability.  Conversely, spiny dogfish are likely to withstand 
only modest harvest rates due to their very low intrinsic rate of increase.  Thus, each life-history strategy type had a 
unique response to climatic forcing, owing to their inherent biological traits such as mode, frequency and intensity 
of reproduction, early life style, age of maturity and longevity.  On the other hand, responses of different stocks 
within a species to climatic regime shifts were unique to each local region, because large-scale climatic forcings are 
modulated by local physical, chemical and biological processes.  The observed response time or absence of response 
in recruitment-related fish productivity to climatic regime shifts may be influenced by (1) local environmental condi-
tions (immediate, with a delay or no effects), (2) phenological shifts in zooplankton life-history (immediate or with 
a delay), and (3) stochastic episodic events in both top-down and bottom-up processes (immediate, with a delay or 
no effects).
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Yatsu, A., and M. Kaeriyama.  2005.  Linkages between coastal and open-ocean habitats and dynamics of Japanese 
stocks of chum salmon and Japanese sardine.  Deep-Sea Res. II 52: 727–737.

Coastal-ocean–open-ocean migrations, prey–predator relations and long-term population dynamics of chum salm-
on (Oncorhynchus keta) and Japanese sardine (Sardinops melanostictus), associated with large-scale climate and 
oceanographic conditions are reviewed.  After early marine life in coastal waters in northern Japan, chum salmon of 
Japanese origin spend their first summer in the Okhotsk Sea, then move to the Western Subarctic Gyre for the first 
winter at sea.  Thereafter, they migrate between summer feeding grounds in the Bering Sea and wintering grounds in 
the Alaskan Gyre for a period of usually up to four years, and finally return to their natal rivers to spawn.  Carrying 
capacity (K) for chum salmon at an unfished equilibrium level was estimated from a Ricker spawner–recruitment 
curve, and the residual carrying capacity was positively correlated with body size at age 4, and negatively correlated 
with age at maturity.  Marine survival of Hokkaido chum populations was affected by body size at release, but neither 
by Aleutian low pressure activity nor sea-surface temperature (SST) around coastal Hokkaido in spring, although 
there is some correlation between survival rate and coastal SST.  Juveniles of the Pacific stock of Japanese sardine be-
come broadly distributed in the Kuroshio Extension (KE) as far east as 1801 longitude during spring.  Adults disperse 
as far as the central Pacific and the southern areas of the Okhotsk Sea and Western Subarctic Gyre in years of high 
abundance.  Somatic growth and age at maturation of sardine are density-dependent.  We used catch, biomass and re-
siduals of observed recruitment numbers from a Ricker curve (LNRR) as a measure of sardine population dynamics.  
LNRR was highly correlated with SST of KE in winter, which shifted in 1970 and 1988.  Recent biomass and catch 
remain at extremely low levels due to a combination of adverse environmental conditions and intensive fishing.  We 
suggest that Japanese populations of chum salmon and Japanese sardine have a broader geographic range than North 
American populations, perhaps because of differences between western and eastern boundary current systems, and 
associated larval drift (sardine) or avoidance of intra-species competition (chum salmon).

Yefanov, V.N., Z.M. Zakirova, et al.  1990.  Water temperature regime and zooplankton communities of the Okhotsk 
Sea in coast of th iturup dring the grazing peopriod pink and chum salmon fry.  In Biology of marine plankton.  Vladi-
vostok. Izd. DVO AN USSR.  pp. 53–61.  (In Russian).

Yodzis, P., and S. Innes.  1992.  Body size and consumer-resource dynamics.  Am. Nat. 139(6): 1151.
“Plausible” consumer-resource models, based on energetic reasoning and allometric empiricism, are formulated and 
their dynamics investigated.  Most of the parameters in these models are determined by the body sizes and metabolic 
categories (endotherm, vertebrate ectotherm, invertebrate ectotherm, or plant) of the populations in question.  The 
remaining parameters have clear biological meanings.  The intent of these models is to provide maximum realism 
from minimum data when needed because of constraints of time or of resources for empirical research.  The models 
also demonstrate the influence of physiological power and body size on consumer-resource dynamics.  For a given 
metabolic type, we define ecological scope as the ratio of maximal ingestion rate to respiration rate.  Invertebrate ec-
totherms have greater ecological scope than do vertebrate ectotherms, which have greater scope than do endotherms.  
Greater ecological scope implies ability to subsist on scarcer resources and a tendency to more stable dynamics.  
Changes in dynamics associated with increased resource carrying capacity K (the “paradox of enrichment”) are in-
vestigated.  Robust limit cycles (sustained oscillations) require a Type 111 functional response, but even in this case 
the cycles quickly “implode” (with respect to changes in K ) to extremely small densities if the resourceconsumer 
body mass ratio is too high.  Estimates are given for resource-consumer body mass ratios that permit robust limit 
cycles, and some pertinent data are discussed.  An analytic expression for the periods of limit cycles is derived.  In 
terms of body mass, the periods scale as (consumer body mass)”~resource body mass).

Yoo, S., H.P. Batchelder, et al.  2008.  Seasonal, interannual and event scale variation in North Pacific ecosystems.  Prog. 
Oceanogr. 77(2–3): 155–181.

We synthesize information on changes in ecosystems of the North Pacific at seasonal, interannual, and event time 
scales.  Three approaches are used to cope with inadequate temporal, spatial and trophic resolution in generating this 
synthesis. First, we use highly spatially and temporally resolved data on physical forcing and chlorophyll (SeaWiFS 
data from 1998 to 2005) to describe basin-wide spatial patterns and seasonal to interannual time scales.  The second 
approach is to compare time series of zooplankton at selected spatial sites at which sampling resolution is sufficient 
to describe seasonal biomass/abundance patterns, and where multiple years of data exist to examine interannual vari-
ability.  The third approach is to infer trophic relationships, and broaden the first two approaches to higher trophic 
levels, by examining the impacts of several event scale phenomena on many trophic levels, but only over a rather 
limited geographic region.  The 8 years of satellite chlorophyll data clearly show that interannually persistent sea-
sonal patterns exist in most regions in the North Pacific, even in the tropical waters.  From frequency analysis (Lomb 
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periodograms), the annual cycle was the strongest in most regions, but in the tropics and eastern boundary current 
regions, periods greater than 1 year were significant.  In mid- to high-latitude regions, periods of less than 1 year were 
also significant in addition to the annual period indicating double peaks with varying intervals.  Seasonal progression 
of the timing of annual peak chlorophyll concentration in the North Pacific showed a different pattern compared with 
the Atlantic or Indian Ocean, largely due to the presence of the subarctic high nutrient-low chlorophyll (HNLC) and 
equatorial upwelling regions, which had later phytoplankton blooms than would have been predicted based on a sim-
ple equatorial to pole progression of bloom timing.  Seasonal cycles in zooplankton were more or less synchronized 
(concomitant with or slightly lagged) with those of phytoplankton with a few exceptions.  Exceptions occur in the 
Eastern Subarctic Gyre where annual peaks of chlorophyll occur in autumn, after the peak in zooplankton biomass.  
Interannual variation of annually averaged chlorophyll in 30 regions show three patterns, one positively related to 
El Niño, one negatively related to El Niño, and one with longer-scale variation, possibly related to climate regimes.  
Nine regions did not match any of the three patterns.  Interannual variation in zooplankton abundance/biomass from 
selected regions indicates that El Niño may be the major source of interannual variability with its effects modulated 
by longer-scale variation, such as by the Pacific Decadal Oscillation.  Two well-documented environmental events 
in the Northern California Current, in 2002 and 2005, exemplify how short-term disruption in atmospheric forcing 
causes changes in ocean hydrography and circulation that has significant impacts on primary production and ripple 
effects throughout multiple trophic levels of the ecosystem.  We conclude that a closer look at the data often yields 
interesting results that might not necessarily be gained by considering the broad generalizations.  Specifically, we 
observe that short-term disruptions of the ecosystem at the primary producer level may impact higher trophic levels 
in nonlinear ways that lead to unpredic impacts when one considers the entire food chain.

Zabel, R.W., M.D. Scheuerell, et al.  2006.  The interplay between climate variability and density dependence in the 
populaiton viability of Chinook salmon.  Cons. Biol. 20: 190–200.

The viability of populations is influenced by driving forces such as density dependence and climate variability, but 
most population viability analyses (PVAs) ignore these factors because of data limitations.  Additionally, simplified 
PVAs produce limited measures of population viability such as annual population growth rate (λ) or extinction risk.  
Here we developed a “mechanistic” PVA of threatened Chinook salmon (Oncorhynchus tshawytscha) in which, based 
on 40 years of detailed data, we related freshwater recruitment of juveniles to density of spawners, and third-year 
survival in the ocean to monthly indices of broad-scale ocean and climate conditions.  Including climate variability in 
the model produced important effects: estimated population viability was very sensitive to assumptions of future cli-
mate conditions and the autocorrelation contained in the climate signal increased mean population abundance while 
increasing probability of quasi extinction.  Because of the presence of density dependence in the model, however, 
we could not distinguish among alternative climate scenarios through mean λ values, emphasizing the importance 
of considering multiple measures to elucidate population viability.  Our sensitivity analyses demonstrated that the 
importance of particular parameters varied across models and depended on which viability measure was the response 
variable.  The density-dependent parameter associated with freshwater recruitment was consistently the most impor-
tant, regardless of viability measure, suggesting that increasing juvenile carrying capacity is important for recovery.

Zamon, J.E., and D.W. Welch.  2005.  Rapid shift in zooplankton community composition on the northeast Pacific shelf 
during the 1998–1999 El Niño-La Niña event.  Can. J. Fish. Aquat. Sci. 62(1): 133–144.

The 1997–1998 El Niño was one of the strongest ocean warming events in the historical record followed by an equal-
ly strong cold La Niña event in 1999.  We observed a rapid shift in the marine zooplankton assemblage found in the 
transitional area between the California Current domain and the Alaska Gyre domain.  Nonmetric multidimensional 
scaling revealed that the shift in species composition was caused primarily by changes in the relative abundance of 
subtropical neritic copepods normally found in the California Current domain.  In 1998, the subtropical neritic co-
pepods Paracalanus, Ctenocalanus, and Corycaeus were found as far north as 56°N and occurred in 100%, 96%, and 
51% of 1998 samples versus 16%, 5%, and 3% of 1999 samples.  The type and magnitude of change were similar to 
those observed off central Oregon but differed from those observed in southeast Alaska.  Results support the hypoth-
esis that anomalous poleward transport can inject significant California Current water into the coastal circulation of 
the Alaska Gyre and suggest that alongshore connectivity between the two domains may extend farther to the north 
than previously thought.

Zaporozhets, O.M., and G.V. Zaporozhets.  2004.  Interaction between hatchery and wild Pacific salmon in the Far 
East of Russia: a review.  Rev. Fish Biol. Fish. 14(3): 305–319.

We review studies of interactions between hatchery and wild Pacific salmon in the Russian Far East.  This includes 
the role of hatchery practices that result in premature migration to the sea and increased mortality, and data on feed-
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ing and territorial competition between juveniles of hatchery and wild origin.  In the course of downstream migration 
many juvenile hatchery salmon are eliminated by wild salmon predation.  During the marine period, Japanese hatch-
ery chum salmon (Oncorhynchus keta) distribution overlaps the distribution of Russian wild salmon.  Consequently, 
replacement of wild populations by hatchery fishes, as a result of abundant juvenile hatchery releases combined with 
extensive poaching in spawning grounds, is apparent in some Russian rivers.  Interactions between the populations 
occur in all habitats.  The importance of conservation of wild salmon populations requires a more detailed study of 
the consequences of interactions between natural and artificially reared fishes.

Zavolokin, A.V.  2009.  Forage base of Pacific salmon in the western Bering Sea and adjacent Pacific waters in 2002–
2006.  N. Pac. Anadr. Fish Comm. Bull. 5: 165–172.  (Available at www.npafc.org).

The objective of this study was to estimate the total relative biomass of the forage base (zooplankton + nekton) of 
Pacific salmon (Oncorhynchus spp.) in the upper epipelagic zone of the western Bering Sea and adjacent Pacific 
waters in summer and fall 2002–2006.  Zooplankton biomass was estimated from plankton survey data, and nekton 
biomass was estimated from salmon diet data using a mathematical model of selective feeding.  In 2002–2006, es-
timated total relative biomass of the salmon forage base varied from 690–1590 mg/m3.  Biomass was lowest in fall 
2004, and was highest in fall 2002.  Copepods and chaetognaths dominated the potential forage base.  Squids and 
fishes were 15–22% (average 19%) of the overall biomass.  The biomass of fish was highest in the continental shelf 
area (Anadyr Bay).  Squids were more abundant in deep-water regions of the Bering Sea and adjacent Pacific waters.  
Walleye pollock Theragra chalcogramma, capelin Mallotus villosus, and Pacific sand lance Ammodytes hexapterus 
were the dominant nekton species in the northwestern shelf region.  Shortarm gonate squid Gonatus kamtschaticus, 
boreopacific gonate squid Gonatopsis borealis, Atka mackerel Pleurogrammus monopterygius, and myctophids were 
prevalent items in the salmon forage base in deep-water areas.  In general, the results indicated that immature salmon 
in both summer and fall were concentrated within deep-water regions of the western Bering Sea, where their forage 
(overall and preferred prey items) was also concentrated, and were much less numerous in the Pacific waters off the 
Commander Islands and in the western Bering Sea shelf zone, where their forage was less concentrated.

Zavolokin, A.V., E.A. Zavolokina, et al.  2009.  Changes in size and growth of Anadyr chum salmon (Oncorhynchus 
keta) from 1962–2007.  N. Pac. Anadr. Fish Comm. Bull. 5: 157–163.  (Available at www.npafc.org).

Annual changes in body size and growth of Anadyr chum salmon (ages 0.3 and 0.4) in 1962–2007 were studied.  
Regression analysis showed that the fork length and weight of Anadyr chum salmon significantly decreased from the 
1960s to the 2000s.  Mean body length of Anadyr chum salmon was highest in 1972 and 1979, and lowest in 1991 
and 1994.  The most pronounced decrease in chum salmon body size occurred from the early 1980s to the mid 1990s.  
In 1962–1980 and 1997–2007, mean fork length and weight remained relatively stable.   The first-year growth of 
Anadyr chum salmon, estimated from intersclerite distances, did not change significantly from 1962 to 2007.  Growth 
reduction began in the second year, and the greatest reduction occured in the third year.  There was a significant nega-
tive correlation between annual total catches of Pacific salmon and Anadyr chum salmon fork length, body weight, 
and growth during the second, third and fourth years.  Our results may corroborate the conclusions of other research-
ers that climatic and oceanic conditions can strongly affect the carrying capacity for Pacific salmon and other fish.

Zhang, C.I., J.B. Lee, et al.  2000.  Climatic regime shifts and their impacts on marine ecosystem and fisheries resources 
in Korean waters.  Prog. Oceanogr. 47(2–4): 171–190.

There were climatic regime shifts over the North Pacific in 1976 and 1988 which affected the dynamics of the marine 
ecosystem and fisheries resources in Korean waters.  Precipitation in Korean waters showed a decadal scale climatic 
jump, especially of Ullungdo Island, reflecting the regime shift that occurred in the North Pacific.  The variation 
was also detected in East Asian atmospheric systems.  The Aleutian Low and North Pacific High Pressure Systems 
showed substantial changes in 1976 and around 1987–89.  1976 was an unusually warm year for Korea; mean sea 
surface temperature (SST) was higher than normal and was accompanied by a northward shift in the thermal front.  
Post 1976, the volume transport of the Kuroshio Current increased and higher seawater and air temperatures per-
sisted until 1988.  Other shifts occurred after 1976 such as an increase in mixed layer depth (MLD) and biological 
changes in the ecosystem of Korean waters including decreases in spring primary production and an increase in au-
tumn primary production.  Primary production increased again after 1988, and was followed by a significant increase 
in zooplankton biomass after 1991.  The 1976 regime shift was manifested by a decreased biomass and production 
of saury, but an increase in biomass and production of sardine and filefish in Korean waters.  After 1988, recruit-
ment, biomass, and production of sardine collapsed while those of mackerel substantially increased.  Based on these 
observations, hypotheses on the relationship between the climate-driven oceanic changes and changes in fisheries 
resources were developed and are discussed.
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Zhigalov, I.A.  1992.  Oceanologic conditions for habitation of Pacific salmon during the winter period in the Sea of 
Okhotsk.  In Oceanologic basis for biologic productivity of the north-west Pacific.  TINRO, Vladivostok, Russia.  pp. 
46–56.  (In Russian).
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