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Abstract—Pacific salmon Oncorhynchus spp. catches are at historic high levels. It is signifi-
cant that one of the world’s major fisheries for a group of species that dominates the surface wa-
ters of the subarctic Pacific is actually very healthy. Natural trends in climate are now recognized
to cause large fluctuations in Pacific salmon production, as shown in historical records of catch
and recent changes probably have been affected by greenhouse gas induced climate changes.
Pink salmon O. gorbuscha and chum salmon O. keta production and catch has increased in the
past 30 years and may continue in a similar trend for for the next few decades. Coho salmon
O. kisutch and Chinook salmon O. #shawytscha catches have been declining for several decades,
particularly at the southern end of their range, and they may continue to decline. In the 1970s,
hatcheries were considered to be a method of adding to the wild production of coho and Chi-
nook salmon because the ocean capacity to produce these species was assumed to be underuti-
lized. Large-scale changes in Pacific salmon abundances are linked to changes in large-scale at-
mospheric processes. These large-scale atmospheric processes are also linked to planetary energy
transfers, and there is a decadal scale pattern to these relationships. Pacific salmon production
in general is higher in decades of intense Aleutian lows than in periods of weak Aleutian lows.
Key to understanding the impact of climate change on Pacific salmon is understanding how the
Aleutian low will change. Chinook and coho salmon are minor species in the total commercial
catch, but important socially and economically in North America. A wise use of hatcheries may

be needed to maintain abundances of these species in future decades.

Introduction

It is now widely recognized that climate has always
profoundly altered the abundance of Pacific salmon
Oncorhynchus spp. (Beamish and Bouillon 1993;
Francis and Hare 1994; Mantua et al. 1997; Beamish
et al. 2000; Finney et al. 2000, 2002; Ruggerone et
al. 2003; Ruggerone and Goetz 2004; Briscoe et al.
2005). The new information is not that climate af-
fects the production of Pacific salmon, but that the
effects occur in trends. The assumption that climate
effects did not occur in trends facilitated the initial
development of models of stock and recruitment re-
lationships. The world famous Ricker curve (Ricker
1954) was developed using an assumption that the
effects of climate were random (Ricker 1958). This
initial assumption was probably based on available
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climate data, which were sparse and did not appear
to show trends. There now is clear evidence of trends
in climate (Trenberth 1990; Trenberth and Hurrell
1994; Hurrell 1995; Polovina et al. 1995; Latif and
Barnett 1996; Mantua et al. 1997; Thompson and
Wallace 1998; Overland et al. 1999; Minobe 2000;
Yasunaka and Hanawa 2002), and there is evidence
that Ricker-type stock and recruitment relationships
can improve when the analysis is restricted to the
particular climate regime (Beamish et al. 2004a). The
relationship between trends in climate and fish pro-
duction has also been identified for other commercial
species in the North Pacific and the North Atlantic
(Kawasaki 1991; Beamish 1993; Bailey 2000; Hol-
lowed et al. 2001; Rothschild 2007).

This recognition of the importance of climate
and climate trends in the regulation of the produc-
tion of Pacific salmon and the realization of the poor
understanding of the mechanisms puts the manage-
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ment of Pacific salmon in a rather perilous position.
There is a poor understanding of the linkages be-
tween climate and the dynamics of the life history
strategies of the various species of Pacific salmon at
a time when climate is being altered by accumula-
tions of greenhouse gases in the atmosphere.

In this paper, we examine the current state of
Pacific salmon and the recent pattern in the total
commercial catch of all species to determine if the
trends provide information about future effects
of climate. Historical catches are an indicator of
abundance for Pacific salmon because of the high
exploitation rates commonly range between 60%
and 80%, indicating that large abundances are
captured in the fisheries (Beamish et al. 2004a)
We look at the major indicators of climate on Pa-
cific salmon to show that natural fluctuations in
abundance should be expected to continue and
that understanding future climate effects requires
recognition of when natural shifts in climate occur
so that natural changes can be distinguished from
global warming-related changes. We show that the
two popular North American species, coho salmon
O. kisutch and Chinook salmon O. tshawytscha,
are not doing as well as pink salmon O. gorbuscha
and chum salmon O. keta, particularly in south-
ern British Columbia. If there are social require-
ments to provide fishing opportunities for coho
and Chinook salmon, then we suggest a wise use
of hatcheries, which requires a management that
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monitors wild and hatchery salmon and manages
them differently.

Trends in the Total Catch of
Pacific Salmon

The total commercial catch of Pacific salmon by all
countries (Canada, Japan, Korea, Russia, and the
United States)( Figure 1, www.npafc.org) is at his-
toric high levels, contrary to a popular belief. The
total commercial catches for the five major species of
Pacific salmon (pink salmon, chum salmon, sockeye
salmon O. nerka, coho salmon, and Chinook salmon)
represent more than 99% of the catch of all species of
Pacific salmon. The highest catch of 985,000 metric
tons (mt) was in 1995, the second highest catch was
in 2005, and the third highest catch in 2003 (Fig-
ure 1). Preliminary estimates of the Russian catch in
2006 of 199,700 mt are the highest returns of pink
salmon ever recorded; thus, the high catch levels ap-
pear to be continuing (Anonymous 2007).

Pink and chum salmon now dominate the to-
tal salmon catch (Figure 2). In 2003-2005, these
two species made up an average 82% of the total
catch (Figure 3A), an increase from an average of
about 70% in the late 1970s. In contrast, however,
since the late 1970s, the catches of sockeye salmon
decreased (Figures 3B). At the same time, there has
been a dramatic decline in the percentage of the catch

1200

1000 -

800 -

600 -

Catch x 10°

400 -

200 -+

0 T T T

1995

N

1920 1930 1940 1950

1960 1970
Year

1980 1990 2000

Figure 1.—Total catch of Pacific salmon from 1925 to 2005 (for 1925-1992 data, e-mail nevillec@pac.
dfo-mpo.ge.ca; for 1993-2005 data, see www.npafc.org/new/pub_statistics.html). The largest catches occurred
in 1995, 2003, and 2005 with 985,100, 942,400, and 959,000 metric tons, respectively.
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Figure 2.—Total catch of pink salmon and pink and chum salmon from 1925 to 2005. Data updated from
North Pacific Anadromous Fish Commission Statistical Yearbook, 2002, and historical data, www.npafc.org.
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Figure 3.—Percentage of total catch from 1977 to 2005 of (A) pink and chum salmon, (B) sockeye salmon,
and (C) coho and Chinook salmon.
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of coho and Chinook salmon from about 11% in the
late 1970s to approximately 2.5% at the present time
(Figure 3C). Pink and chum salmon may continue to
benefit from climate conditions and dynamics of the
Aleutian low. Coho and Chinook salmon appear to
be negatively impacted by the current climate, possi-
bly because of their later entry times into the ocean.

The contribution to the total catch by Canada de-
clined from levels of 19% in the late 1960s and early
1970s to about 3% in recent years (Figure 4). The
reasons for the declines are a combination of manage-
ment actions, poor markets, and reduced abundances
of some stocks. It is noteworthy, however, that an as-
sessment of the state of pink salmon concluded that
in recent years, there has been an increase in escape-
ment for most areas (Riddell and Beamish 2003). The
largest pink salmon population in British Columbia
is in the Fraser River (Figure 5), where recent produc-
tion is at historic high levels and the recent number of
spawning pink salmon (escapement) is about 16 times
historic levels (Figure 6). Thus, the reduced total Ca-
nadian catch is not related to reduced abundances of
pink salmon, which is currently the most abundant of
Pacific salmon in British Columbia.

Climate Regimes and Production of

Pacific Salmon

Beamish and Bouillon (1993) may have been the
first to show a close relationship between climate
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and patterns in total Pacific salmon catch (Figure
7A). These decadal-scale trends are generally termed
regimes, and the rapid shifts are regime shifts (see
Benson and Trites 2002 for a review). We consider a
regime shift to be a climate forced, abrupt, and per-
sistent change in the productivity of an ecosystem.
The validity of regimes and regime shifts in relation
to the 1998 regime shift was reviewed by an interna-
tional panel of experts (King 2005) who concluded
that regimes were real. The generally accepted re-
gime shift years are 1925, 1947, 1977, 1989, and
1998 (Mantua et al. 1997; Minobe 1997; Hare and
Mantua 2000), and most mark changes in the Pa-
cific salmon catch trends (Figure 7A). Perhaps the
most significant regime shift in recent times oc-
curred in 1977 (Overland et al. 1999). There are
literally dozens of studies that documented a wide
variety of changes that occurred at the time of the
1977 regime shift. It is intriguing that the mecha-
nism that caused this dramatic shift in climate and
species abundances remains to be discovered. The
relationship between catch trends and regimes is not
perfect, but it is close. Regimes and regime shifts
reliably describe the production of sockeye salmon
production from the Fraser River, one of the few
data sets that has scientifically based estimates of to-
tal production (catch and escapement)(Beamish et
al. 1997b, 2004c).

Pacific salmon abundance and the corre-
sponding catches tended to be large during periods
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Figure 4—Pacific salmon catch in Canada shown as a percentage of the total Pacific salmon catch from

1925 to 2005.
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Figure 5—Location of the Strait of Georgia and Fraser River in southern British Columbia, Canada.

of strong Aleutian lows in the regimes from 1925
to 1947, 1977 to 1989, and 1998 to the present
(Figure 7B). The mechanism that links stormier
winters caused by a strong Aleutian low in the
North Pacific to improved Pacific salmon produc-
tion appears to result from increased mid-ocean
upwelling (Polovina et al. 1995; Deser et al. 1996,
Gargett 1997; Bromirski et al. 2003; Goes et al.
2004; Miller et al. 2004). Thus, it is the dynamics
of the Aleutian low that appears to be the key to
understanding the decadal-scale natural variabil-
ity of Pacific salmon production, and Rauthe and
Pueth (2004) showed that it is the Aleutian low
that dominates the climate of the North Pacific
Ocean. Climate conditions in the subarctic Pacific
have been commonly indexed by the Pacific Dec-
adal Oscillation (Mantua et al. 1997), the Aleutian
low pressure index (Beamish et al. 1997b), the Pa-
cific-North America pattern, and other indices. It
is the Pacific Decadal Oscillation that is the most
commonly used index. The Pacific Decadal Oscil-
lation is the first mode of decadal variability in the
sea surface temperature of the northern North Pa-

cific (Mantua et al. 1997). The Aleutian low pres-
sure index is the anomaly of the winter mean area
of the northern North Pacific that is covered by the
Aleutian low that is less than 100.5 kPa (Beamish
et al. 1997b). A positive Aleutian low pressure in-
dex results in cooler water being upwelled in the
central North Pacific, contributing to a positive
Pacific Decadal Oscillation. There is a close rela-
tionship between the Pacific Decadal Oscillation
and the Aleutian low pressure index (Figure 8) up
to about 1998 when Aleutian low pressure index
shifted to a positive mode, but the Pacific Decadal
Oscillation as originally estimated appears to fol-
low an opposite trend.

A new index of winter atmospheric circulation
over the North Pacific identifies the dominant at-
mospheric circulation processes (King et al. 1998,
2006; McFarlane et al. 2000). The index categorizes
atmospheric processes from 1900 to 2004 into zonal
or west—east flows of air masses and two meridional
or wavy flow patterns. One meridional process re-
sults in a southwesterly transfer of air mass along the
coast of the western North Pacific and a northwest-
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Figure 6.—(A) Total return of pink salmon to the Fraser River in Canada showing the total return (catch
and escapement) since reliable data were available in the early 1950s, and (B) the total escapement of pink
salmon 1960 to 2003 calculated as an anomaly from the 1960s to 2003 average escapement, showing the ex-
ceptional number of spawning fish in 2001 and 2003. Virtually all pink salmon spawn in the Fraser River in

odd-numbered years.

erly transfer along the eastern North Pacific (Figure
9, from King et al. 2000).

The other meridional process is opposite with
northwesterly flow circulation along the western
North Pacific and southwesterly flow in the eastern
North Pacific. The method used to develop the index
was described by Girs (1971) and was used to pro-
duce a similar index for the Atlantic—Eurasia region,
the atmospheric circulation index (see Beamish et
al. 1999b for summary of atmospheric circulation
index). The winter (December to March) frequen-
cies for each process were expressed as anomalies
from the long-term mean (1900-1966). The trend
of these anomalies identified periods when one of
the three processes was above average. The anoma-
lies of each process will sum to zero, such that the
negative of one meridional anomaly will equal the
sum of the other two. The cumulative sum (CuSum;
Murdoch 1979; Noakes and Campbell 1992) of

this negative anomaly is used to identify trends and

change points. A CuSum plot shows trends in data
by including information from past data points and
giving less weight to single points. A positive slope
indicates an above average or increasing trend, a
negative slope indicates a decreasing trend, and a
horizontal trend identifies the long-term mean. The
new Pacific circulation index is the winter (Decem-
ber to March) pattern. When the Pacific circulation
index is compared to the atmospheric circulation
index (Figure 10), the trends are similar, but the
Pacific circulation index more closely captures the
years when regimes shift. The Pacific circulation in-
dex also is very closely related to the Aleutian low
pressure index when Aleutian low pressure index is
expressed as a CuSum (Figure 11). It is important
to note that Pacific circulation index is the winter
atmospheric pattern over the subarctic Pacific and
atmospheric circulation index is an annual pattern
over an area that approximates the location of Eu-
rope. We include the atmospheric circulation index
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Figure 7.—(A) Total Pacific salmon catch smoothed using lowess (band width, f, 0.2, Cleveland 1985).
Vertical dashed lines indicate regime shift years. (B) Total Pacific salmon catch and Aleutian low pressure index
(ALPI) smoothed with lowess (0.2). Vertical dashed lines indicate regime shift years.
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Figure 8—The Pacific Decadal Oscillation (PDO) and Aleutian low pressure index (ALPI) smoothed with
lowess (band width, f, 0.2). Vertical dashed lines indicate regime shift years.
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Figure 9—Atmospheric processes over the North Pacific (from King et al. 2006). This is the classification
scheme used to estimate the Pacific circulation index. Atmospheric circulation over the northern North Pacific is
characterized by three processes: Z-type for westerly zonal flow, M2-type for southwesterly meridional flow, and
MI1-type for northwesterly meridional flow (Girs 1971). The atmospheric circulation for each day was catego-
rized as only one of the three processes. The number of days for each type was then expressed as anomalies from
a long-term mean. The anomalies were then used to identify periods when one of the three processes generally
remained above average while the other two were generally below average.

in this paper because it is the index that has been
used for North Pacific Ocean species (Klayshtorin
1998). Pacific Ocean species should be indexed by
atmospheric processes over the North Pacific, and
this index is now available.

The Pacific circulation index and the atmo-
spheric circulation index are also related to decadal-

scale changes in the index of the earth’s rotational
speed or length of day (LOD; Figure 12). The LOD
is the difference between the astronomically deter-
mined duration of the day and the standard LOD
which was established as exactly 86,400 s on Janu-
ary 1, 1958. Changes in the LOD are expressed as
the difference between the measured LOD relative
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Figure 10.—The atmospheric circulation index (ACI) and Pacific circulation index (PCI) from 1900 to

2003. Vertical dashed lines indicate regime shift years.
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Figure 11.—Annual Pacific circulation index (PCI) and cumulative sum (CuSum) of the Aleutian low pres-
sure index (ALPI) from 1900 to 2003. Vertical dashed lines indicate regime shift years.

to the standard LOD (Figure 13A). Seasonal chang-
es in LOD (Figure 13B) are closely associated with
changes in the atmosphere, but decadal changes in
LOD (Figure 13A) are believed to be linked to en-
ergy transfers between the solid earth and the core.
As energy in a body rotating in a frictionless envi-
ronment is conserved and because the four shells
of the planet (atmosphere, hydrosphere or oceans,

solid earth, and core) rotate at different speeds, the
energy lost from one shell must be transferred to
one of the other three shells. For example, Eubanks
(1993) noted that from about 1895 to 1905, LOD
increased (a slowing of the spinning of the solid
Earth) by 3—4 milliseconds (Figure 13). The energy
lost from the solid Earth would be extremely large
(equivalent to the output of 3—4 million power sta-
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Figure 12.—A comparison of the trends in (A) the Pacific circulation index (PCI) and annual length of day
(LOD) and (B) the atmospheric circulation index (ACI) and annual LOD from 1900 to 2005. Vertical dashed

lines indicate regime shift years.
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Figure 13.—(A) The average annual length of day (LOD) from 1800 to 2006 showing the slowing of the
solid Earth from 1895 to 1905. (B) The average monthly LOD showing the trends in seasonal changes shift-
ing in 1998. The dashed lines represent the years after the 1989 regime shift (1990-1997) and after the 1998
regime shift (1999-2005). The solid line shows the change in 1998. (C) Global atmospheric angular momentum
(AAM) showing the increasing trend in intensity and variation in 1978 and a decreasing trend beginning in
1998. Monthly atmospheric angular momentum values (in kg m?/s, scaled to 10%) from 1958-2007, obtained
from www.cdc.noaa.gov and derived from National Centers for Environmental Predictions and the National
Center for Atmospheric Research reanalysis project (Kalnay et al. 1996). (D) cumulative sum (CuSum) of data
in Figure 13C showing the years in which trends change.
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tions of 100 MW each). Eubanks (1993) showed
that if the energy lost from the solid Earth from
1895 to 1905 went to the atmosphere, there would
have been a doubling of the mean zonal wind veloc-
ity, which did not happen. If the energy went to
the oceans, the sea level would have increased by
about 20 cm. As this did not occur, Eubanks (1993)
points out that it is generally assumed that decadal
fluctuations in LOD reflect core—mantle transfers.
The almost inverse relationship between the Pacific
circulation index and LOD (Figure 12) identified
a relationship between LOD and decadal-scale pat-
terns in the atmospheric circulation (Sidorendkov
and Svirenko 1991). Beamish et al. (1999b) sug-
gested that periods of decreasing LOD or a speeding
up of the solid earth were associated with increased
Pacific salmon production and a deeper Aleutian
low. These conditions also match a positive Pacific
Decadal Oscillation and an above average Pacific
circulation index. An above average Pacific Circu-
lation index identifies above average winter zonal
and southwest winds. Although the mechanisms
that cause these decadal transfers in energy are un-
known, it is important to recognize that they are
naturally occurring planetary events that link to
atmospheric circulation, which is linked to Pacific
salmon production. The large fluctuations in Figure
13A and the study of Beamish et al. (1999b, Fig-
ure 7) would suggest that in the past, large, natural
fluctuations might have occurred in Pacific salmon
abundance. Finney et al. (2002) showed that fluctu-
atiosn of this magnitude have occurred over the past
2,200 years for sockeye salmon returning to a lake
in Alaska. Thus, it is probable that there have been
large, natural fluctuations in Pacific salmon produc-
tion and that these fluctuations will continue into
the future.

The dynamic interaction between the solid
Earth and the atmosphere is also reflected in the
atmospheric angular momentum. A wide range of
processes affect atmospheric angular momentum
over a wide range of time scales (Barnes et al. 1983;
Gross et al. 2005). There is a strong hemispheric
component in the atmospheric angular momen-
tum; hence, the zonal angular momentum is larger
in the northern hemisphere compared to the south-
ern hemisphere (Salstein 2003). This is reflective
of the greater land mass area with high mountains
in the northern hemisphere interacting with ocean
and atmospheric circulation.
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In 1991, the National Centers for Environ-
mental Prediction and the National Center for At-
mospheric Research began a reanalysis of 40 years
(1957-1996) of global analyses of atmospheric fields
(Rosen and Salstein 2000). This effort was undertak-
en to assimilate data from a number of wide ranging
data sets into a single system to provide reliable atmo-
spheric data (Kalnay et al. 1996). Currently, the Spe-
cial Bureau for the Atmosphere of the International
Earth Rotation Service collects data from several of
the world’s major weather centers (U.S. National
Centers for Environmental Prediction, European
Center for Medium-Range Weather Forecasts, the
Japan Meteorology Agency, and the United King-
dom Meteorological Office) and provides this data at
6-h intervals. Langley et al. (1981) reported a close,
inverse relationship in the total global atmospheric
angular momentum and LOD. The data in Figure
13C show a change in the strength and variability of
the pattern. A CuSum analysis shows that the change
in trends occurred about in 1978 and 1998 (Figure
13D). It is noteworthy that a global measurement
of wind intensity shifts at the time of the 1977 and
1998 regime shifts. We note, however, that the 1989
regime shift is not evident in the global atmospheric
angular momentum.

Future Climate Changes with
Addition of Greenhouse Gasses

Once it is determined that natural shifts in atmo-
spheric circulation or climate are associated with
astronomical processes profoundly affecting Pacific
salmon abundance, it should be apparent that these
changes would continue with or without the addi-
tions of greenhouse gases to the atmosphere. Thus,
energy would be expected to be transferred into the
atmosphere and out of the atmosphere, resulting
in natural changes in the Aleutian low in response
to the mechanism causing these shifts. Periods of
strong Aleutian lows would be expected to increase
the carrying capacity for the aggregate species of Pa-
cific salmon, while periods of weak Aleutian lows
would correspond to years of reduced production.
Thus, it will be important to be able to iden-
tify when a regime has changed or better to be able
to forecast when change will occur. We suggest that
natural large-scale climate shifts might be detected
in the energy transfers identified by the LOD (Fig-
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ure 13B) or in the measurements of atmospheric an-
gular momentum (Figure 13C), as evidenced by the
clear and abrupt change in the LOD early in 1998
(Figure 13B) that appears to be associated with the
1998 regime shift. We noted previously that there
also were changes in the intensity and variability
of the planet’s atmospheric angular momentum at
the time of the 1977 and 1998 regime shifts (Figure
13B). The associations between these energy trans-
fers and the astronomical mechanisms that precipi-
tated the shifts remain to be discovered. However, it
appears to be a promising area of study.

It is the effect of increasing greenhouse gases on
the intensity of the Aleutian low that probably will
most affect on Pacific salmon production. Changes
in the temperature of freshwater and ocean habi-
tats will be important in some areas, but the stocks
of the species of Pacific salmon occupy broad tem-
perature ranges, and in aggregate, we suggest that it
is the impact on the Aleutian low that in the near
term will cause the largest total abundance chang-
es. Studies by Mote et al. (1999) showed that the
intensity of the Aleutian low would increase early
in the 21st century using the Canadian Climate
Centre model or later in the 21st century using the
Hadley Centre model. Graham and Diaz (2001)
provided evidence of an intensification of North
Pacific winter cyclones since 1948, indicating that
there has been a trend towards increasing intense
Aleutian lows. Raible et al. (2005) also showed a
trend to more intense Aleutian lows from 1951 to
2000. They speculated that this trend to stronger
Aleutian lows may be influenced by external forcing
such as global warming, volcanism, and solar activ-
ity change. A recent study by Salathé (2006) may
confirm that global warming will cause the Aleutian
low to intensify and move northward.

Global warming could also affect the factors
that regulate the timing of the beginning of the
plankton bloom in the spring. There is evidence
of an earlier spring on land (Brown et al. 1999;
Walther et al. 2002; Nemani et al. 2003; Parme-
san and Yohe 2003; Parmesan 2006) and in the
North Pacific Ocean (Stabeno and Overland 2001;
Grebmeier et al. 2006) that appear to be linked
to global warming impacts. An earlier bloom of
production could increase the carrying capacity of
marine ecosystems for pink and chum salmon spe-
cies as they enter the ocean before the other spe-
cies. As Arctic ice melts, Pacific salmon may move
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into the ice-free waters in the summer. Scientists
from the National Marine Fisheries Service Ocean
Carrying Capacity Program conducted a survey
during the fall 2007 within the Chukchi Sea and
eastern Bering Sea to provide ecological data on
the pelagic ecosystem and salmon stocks during
their juvenile and immature life history stage. The
preliminary results of this cruise indicated a rela-
tively large abundance of juvenile Pacific salmon
(J. Moss, personal communication, Alaska Fisher-
ies Science Center, Auke Bay Laboratory, Juneau).
All five major species were present as far north as
70°N, but pink and chum salmon catches were the
largest. This is the first indication of significant
numbers of juvenile Pacific salmon north of the
Arctic Circle.

The mechanism linking climate and Pacific
salmon production may be in the first few months
or even weeks after juvenile salmon enter the ocean.
We speculate that juvenile Pacific salmon must grow
quickly to a critical size by a critical period so that
they can store lipids (Post and Parkinson 2001) to
improve survival during the winter. There is evidence
that this critical size—critical period hypothesis is val-
id (Beamish et al. 2004c; Moss et al. 2005; Morita et
al. 2006; see Farley et al. 2007 for a review), but the
idea remains to be tested. We also speculate that the
critical period could be as early as the summer sol-
stice when the day length begins to shorten. Again,
this linkage with the summer solstice remains to be
investigated.

An earlier spring plankton bloom would favor
pink and chum salmon production, as juveniles of
these species enter the ocean first (Groot and Mar-
golis 1992). According to this interpretation, Chi-
nook and coho salmon would progressively have
reduced productivity as they would not grow to
critical sizes or accumulate the necessary energy re-
serves by the critical period. Improved abundances
of pink and chum salmon would also result in in-
creased competition for Chinook and coho salmon
in this early marine period (Ruggerone et al. 2003;
Ruggerone and Goetz 2004; Beamish et al. 2008).
Any additional competition from artificially reared
pink and chum or even coho and Chinook salmon
could add to a reduced rate of growth, affecting
lipid accumulation and survival over the first ma-
rine winter (Beamish et al. 2008). Thus, accord-
ing to this speculation, pink and chum production
will continue to fluctuate, but the trend would be
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to continued increases in abundances into the near
future. At the same time, the opposite may be true
for coho and Chinook salmon, that is, on average,
marine survivals of wild coho and Chinook salmon
would continue to decline. Beamish and Noakes
(2002), using the model output previously identi-
fied, suggested that total Pacific salmon catch could
increase during the next 100 years. Radchenko et
al. (2007) found a significant relationship (= 0.59,
2 < 0.001) between pink salmon catches in Russia
and the world ocean heat content for the top 700 m
(Levitus et al. 2005). Relationships between ocean
heat content and pink salmon catches off the North
American coast were also significant. The authors
viewed the increasing heat content as a noncyclic
component of the climate impacts on pink salm-
on that was increasing carrying capacity for pink
salmon, possibly by increased abundances of prey
that also were a function of warmer temperatures
(Huntley and Lopez 1992). Thus, if warmer oceans
and stormier winters are a future possibility, then
pink and chum salmon abundances could become
even larger. However, we caution that all biologi-
cal organisms have limits and when the limits are
exceeded, Pacific salmon production would begin
to decline.

Evidence from Studies of
Coho Salmon

Our speculation relating to coho and Chinook
salmon in this paper is based, in part, from evidence
from our studies of coho salmon. We studied the
effects of climate changes on the dynamics of coho
salmon in the Strait of Georgia from 1997 until the
present (Beamish et al. 2000, 2004b, 2008).

The commercial and recreational fisheries for
coho salmon needed minimal attention until the
early 1990s (DFO 1992; Beamish et al. 2000).
The total catch of coho salmon started to decline
in the late 1980s, despite almost constant hatchery
production (Figure 14A). Declines in catch and
the ultimate collapse of the commercial and recre-
ational fisheries resulted from a precipitous decline
in marine survival (Figure 14A; Beamish et al. 2000,
2008) and a change in behavior that resulted in an
absence of ocean age 1+ coho salmon in the Strait
of Georgia, except during their return to spawning
areas (Beamish et al. 1999a). All of these changes
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were opposite to the expectations of the Salmon
Enhancement Program (Fisheries and Environment
Canada 1978), which proposed that the addition
of hatchery coho salmon into the Strait of Georgia
would about double the catches.

We determined the percentages of hatchery and
wild juvenile coho salmon in a 10-year study in the
Strait of Georgia (Beamish et al. 2008). We observed
that there has been a steady decline in the percent-
age of juvenile hatchery coho salmon (Figure 14C).
The reasons for the decline are not easy to study, but
we determined that hatchery coho salmon have been
released at a constant average time around about
the third week of May (Figure 14D). We proposed
that the gradual decline in hatchery percentages re-
sulted from an earlier production of prey that better
matched the earlier entry time of wild coho salmon.
There is only one reliable, long-term data set of the
timing of ocean entry of wild coho salmon, and it
supports the interpretation that wild coho salmon
are entering the ocean earlier (Beamish et al. 2008).
Radchenko et al. (2007) also found that the stocks of
juvenile pink salmon that entered the ocean earlier
were increasing in abundance relative to stocks that
entered the ocean later.

In managed fisheries, it may be the very early
marine period in the life history of Pacific salmon
that is the most immediate indicator of large changes
in productivity. After more than 10 years of studying
the early marine ecology of juvenile Pacific salmon,
we know that our studies suffer from not sampling
in May and June, not having identifications of the
stocks of juveniles, not having lipid measurements,
not having reliable escapement estimates, and not
being able to determine the major causes of mortal-
ity. Acquiring the information is expensive and time
consuming. It also requires a change in the priorities
of agencies providing research support. We suggest
that until more effort is directed at the early ma-
rine period of Pacific salmon, progress will be slow
in understanding the impacts of global warming on
the sustainability of fisheries and the stewardship of
threatened stocks.

Management Needs and Use of
Hatchery Fish

Virtually all chum salmon in Japan are produced
in hatcheries, and the recent reported chum salmon
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Figure 14—(A) The commercial and recreational catch of coho salmon in the Strait of Georgia from 1975
to 2005. (B) The number of coho salmon released from hatcheries into the Strait of Georgia (bars) and corre-
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production by Japan represents 69% of the total Pa-
cific salmon catch and 26% of the total catch of all
chum salmon. Beamish et al. (1997a) estimated that
84% of all chum salmon catches were hatchery fish.
Thus, hatcheries are successful. Coho and Chinook
salmon are more highly esteemed in some areas in
North America and by some individuals than are
pink and chum salmon. If our speculation that coho
and Chinook salmon will be adversely affected by a
global warming induced trend to an earlier spring in
the ocean is correct, then the maintenance of fisher-
ies for coho and Chinook salmon probably would
require the continued use of hatcheries. However,
the use of hatcheries remains controversial (Hilborn
and Eggers 2000; Wertheimer et al. 2001) because of
the unknown impact on wild stocks and the general
desire to protect wild stocks (Fisheries and Oceans
Canada 2005). The use of hatcheries to mitigate im-
pacts of a warming climate, therefore, would have
to be carefully managed. It may be appropriate to
consider that hatchery fish of a particular species
represent a distinct form of the species because it is
not known if hatchery fish compete with wild fish
in the ocean. Taxonomically, the forms would be
identical, but management would assume that one
form could compete with the other form until bet-
ter information is available. Wise use of hatcheries
would require recognition of the possible competi-
tion and a requirement to monitor the dynamics of
both wild and hatchery forms.

Conclusions

Catches of Pacific salmon by all countries were at
historic high levels in the past 15 years. Most of the
catch consists of pink and chum salmon. These spe-
cies enter the ocean earlier than other species of Pa-
cific salmon, and we propose that it is this early en-
try and improved prey availability that is the reason
for the very large catches. Large catches could result
from very high exploitation rates, but the relatively
short life span of pink salmon (2 years) and chum
salmon (3-5 years) indicates that the catches have
been sustainable (see Beamish and Noakes [2002]
and Radchenko et al. [2007] for additional discus-
sion on the use of catch data). We propose that cli-
mate and ocean conditions are responsible for the
sustainability of these catches. The large numbers of
juvenile pink and chum salmon that are produced
in hatcheries also contribute to the catch, probably
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because the capacity to produce these fish in the
ocean is expanding.

It is now recognized that natural changes in
climate result in trends in Pacific salmon produc-
tion and the decadal-scale changes cause large fluc-
tuations in abundance and in catch. The natural
changes in climate will continue as they are re-
lated to large-scale atmospheric processes, which
are related to astronomical processes. In fact, it is
the relationship between the strengthening and
weakening of the Aleutian low and energy trans-
fers among the rotating shells of the planet that
may provide an accurate method of determining
when regimes have shifted. It may even be possible
to forecast when regimes will shift by using astro-
nomical linkages. It appears that global warming
will increase the intensity of the Aleutian low. Re-
cent trends show an increase in the intensity, and
this increase may continue. Future studies should
consider how any resulting energy transfers will af-
fect the planet’s ecosystems as energy required to
increase the Aleutian low must come from another
of the shells of the planet. There is accumulating
evidence of an earlier spring on land and perhaps
an earlier beginning of plankton production in
the ocean. If global warming effects were to result
in an intensification of the Aleutian low and an
earlier spring plankton bloom, then the trend of
increased catches of pink and chum salmon should
continue. At the same time, wild coho and Chi-
nook production could continue to decline. If
there are social reasons to maintain fisheries for
these two species, then hatchery production may
be needed, but it should be used wisely until more
information is available relating to competition
between the wild and hatchery fish. We suggest
that managing Pacific salmon in the future will be
more difficult until there is a better understanding
of the processes affecting marine carrying capac-
ity and unless individual efforts can be integrated
among investigators and among countries.
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