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Abstract 
Regime shifts and El Niño events can be viewed as natural large scale experiments 

that involve changes in salinity, temperature, nutrients, trace metals, and subsequent shifts 
in species composition in the ecosystem. The impacts of the 1997-98 El Niño event off the 
northwest coast of British Columbia revealed distinct changes in nutrients, phytoplankton 
and zooplankton. During the 1997-98 El Niño, the coastal area where the summer nitrate 
was < 1 µM, was 250,000 km2 larger than during the 1999 La Niña. Surface nitrate 
concentrations in 1998 were half of the concentrations in the 1970s. In contrast, during the 
1999 La Niña, the mixed layer depth was 20 m deeper which increased the winter nutrient 
levels. Stratification was very pronounced in 1998 due to the increased temperature and this 
produced a bottom-up effect of a decrease in the productivity of the plankton communities 
through decreased nutrient concentrations (i.e. increased N limitation). During the 1997-98 
El Niño, there was a lower total zooplankton biomass and shifts in community composition 
(reduced abundance of endemic boreal and temperate species and an increase in abundance 
of California species). Although the changes were most extreme in 1998, these changes in 
the zooplankton biomass and composition had been progressively developing off the BC 
coast throughout the 1990s.  Therefore, even though the El Niño originates in the tropics, 
the effects are propagated poleward and there was a poleward shift of the west coast marine 
ecosystem, partially due to the stronger northward current flows.  The 1977 regime shift 
demonstrated the importance of the carrying capacity of the ocean on fish stocks such as 
the Pacific salmon.  Prior to 1977, attempts to rebuild fish stocks failed, but by 1985, 
catches exceeded historic levels because the 1977 regime shift increased the oceanic 
carrying capacity.  After the probable 1999 regime shift, pink salmon, Pacific halibut, 
sardine, herring and ocean perch have increased in abundance.  One plausible mechanism is 
that an increase in the oceanic carrying capacity and productivity after a regime shift may 
increase early marine growth and enable fish to reach a critical size and survive the first 
ocean winter when there is a high demand on energy stored by the fish. 

 



  

1. Introduction 
In the last decade, significant progress has been made in relating the impacts of 

regime shifts and various El Niños on biological communities.  In particular, the recent 
1998/99 E1 Niño/La Niña was well studied starting from the physics and chemistry through 
to even the top trophic levels of the marine food web (see special volume of Prog. 
Oceanography vol. 54, 2002). 

The objective of this review is to examine the impacts of 1976 and 1998/99 regime 
shifts and the 1982/83 and 1997/98 El Niños on the ecosystem of the coast of British 
Columbia and offshore, along Line P to Ocean Station Papa (OSP) (Fig. 1).  More attention 
will be given to the 1990’s because of the larger data sets available.  The coupling between 
the physics (atmosphere, currents, eddies) and chemistry (nutrient dynamics) and the 
biology (chl, primary productivity, zooplankton and fish) will be emphasized. 
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Figure 1. Map of the NE Pacific showing Line P, Ocean Station Papa (OSP) and Haida and 
Sitka Eddies (from: Whitney unpubl.). 
 
2. Physical Processes 

Variations in physical parameters can clearly affect biological populations on daily, 
seasonal and interannual time scales. The mechanism by which decadal variations of 
physical variables influence biological populations is not well understood (Miller & 
Schneider, 2000). The decadal changes in physical parameters can occur as gradual drifts, 
smooth oscillations, or step-like shifts such as those of 1976-77 (Fig. 2B) (Hare & Mantua, 
2000) and the biological variability may not follow the decadal variations in physical 
parameters in a linear pattern. A regime shift is a change from a persistent and relatively 
stable period of biological productivity to a new stable period and it is usually accompanied 
by similar stable states of physical parameters (Fig. 2A). Various statistical techniques are 
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used to detect the step-like change in parameters (Hare & Mantua, 2000). Major regime 
shifts appear to have occurred around 1925, 1945, 1977 and possibly 1999 and minor shifts 
in 1958 and 1989 (Fig. 2) (Mantua & Hare, 2002).  The impact of the 1977 regime shift on 
BC fisheries will be discussed later. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2A. Water temperatures at various depths off Vancouver Island (Nanoose site) 
during the 1976, 1989 and 1999 regime shifts (from Ocean Status Report, 2004). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2B. Pacific Decadal Oscillation (PDO) and Sea Surface Height (SSH) Index during 
warm and cold phases off British Columbia during the last several decades (from: Ocean 
Status Report, 2004). 



  

Changes in the atmospheric pressure alter wind patterns that can affect oceanic 
circulation, temperature, salinity and the mixed layer depth and these changes can affect 
primary productivity and lower trophic levels faster than fish and fisheries.  There are at 
least four common indices of climate conditions used in the North Pacific: 1) the Southern 
Oscillation Index (SIO), 2) the Pacific Decadal Oscillation (PDO), 3) the Aleutian Low 
Pressure Index (ALPI) and 4) the North Pacific Index (NPI).  However monitoring 
biological changes may allow regime shifts to be identified earlier than analyzing only 
climate data (McFarlane et al., 2000), in part because biological changes integrate over the 
higher frequency climate variability.  The PDO has been described as a long-lived El Nino-
like pattern of Pacific climate variability (Mantua & Hare, 2002).  Several studies suggest 
two full PDO cycles in the past century: ‘cool’ PDO regimes prevailed from 1890-1924 and 
from 1947-76, while ‘warm’ PDO regimes dominated from 1925-1946 and from 1977 
through to at least the mid to late 1990’s (Fig. 2B) (Mantua & Hare, 2002; Benson & Trites, 
2002).  The PDO is usually correlated with the sea surface height (SSH) index (Fig. 2B).  
Using the PDO, and SSH, there is general agreement that large regime shifts occurred in 
1976 and 1999 and a more minor shift occurred in1989 (Hare & Mantua, 2000). 

The primary mode of SST variability in the North Pacific was termed the Pacific 
Decadal Oscillation (PDO) by Mantua et al. (1997). The PDO explains about 20% of the 
wintertime SST variance based on empirical orthogonal function (EOF) analysis. A positive 
PDO is associated with an intense Aleutian low, cool waters in the central North Pacific, 
and warm waters in the California Current system. Spatially the PDO was diagnosed by a 
step-like shift in the mean state of winter sea level pressure in the North Pacific more than a 
decade after it happened (Nitta & Yamada, 1989). 

There are at least three differences between the PDO and ENSO events. The PDO 
persists up to 20-30 years, while ENSO typically lasts for only 6-18 months. 
Geographically, PDOs are most prominent in the north Pacific, while ENSO is dominant in 
the tropics. The mechanism causing PDO variability is not well understood, while ENSO 
variability is relatively well understood (Mantua & Hare 2002). 

Several El Niños have occurred recently along the west coast of North America.  
The recent large ones occurred in 1982/83 and 1997/98.  Unfortunately, there are few data 
available for the 1982/83 El Niño.  During the 1990’s there was a general warming which 
ended in the large 1998 El Niño, followed by the very abrupt shift to the 1999 La Nina.  

The higher sea surface height along the coast, due to the higher sea surface 
temperature results in stronger northward currents (Fig. 3).  In addition, the northward-
directed wind anomaly during 1990-98, helped to push warmer surface water from the 
south to the north.  Thus the 1990’s was a period of stronger northward along shore flows 
(e.g. 35 m currents on the slope), compared to the cold phase (1972-76) period (Fig. 4).  
Summer upwelling anomalies indicate that upwelling was weak off Vancouver Island in the 
1990’s. 
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Figure 3. Sea surface height determined from TOPEX/Poseidon satellite data for the 
winters of 1996/97 and 1997/98 (El Niño).  The downward slope away from shore requires 
northward flow.  The higher sea surface heights along the coast in 1998 are associated with 
bigger eddies formed in winter (from: Cherniawsky et al., 2004). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Persistent wind anomalies in winter during cold phase (1972-78 and 1999-2002) 
and warm phase (1990-1998 and 2003) and associated surface water characteristics (from: 
Ocean Status Report, 2004). 



  

There are two groups of eddies that form off the BC and Alaska coasts (Crawford et 
al., 2000).  Haida eddies form off the Queen Charlotte Islands in winter and move 
westwards and offshore (Crawford, 2002).  They are important, persistent (up to 2 or more 
years life span) mesoscale features (100-200 km in diameter), anti-cyclonic with depressed 
isopycnals (however, they actually upwell as the eddy decays) and transport coastal 
organisms to the open ocean.  Their high coastal macronutrients and trace elements (e.g. 
Fe) are converted into chlorophyll that may be 5 to 10 times higher than chlorophyll in the 
surrounding waters (Crawford et al., in press). The two biggest eddies observed in ship-
board records are Haida-1983 and Haida-1998 and both eddies formed during the biggest 
El Niño winters of the past 50 years. Melsom et al. (1999) used a numerical model to show 
that bigger Haida and Sitka eddies form in winters of high sea level along the west coast. 
During the large 1998 El Niño, the Haida-98 eddy was much larger than normal and its 
formation coincided with strong along-shore currents, warmer coastal waters and due to the 
higher sea surface heights (30 cm) at shore (Crawford et al., 2002).  It has been suggested 
that a large eddy was also formed during the big 1982 El Niño.  In years of record El Niño 
events such as 1982-83 and 1997-98, eddy formation is enhanced by a Kelvin (coastal 
trapped) wave propagating from the south into Hecate Strait (Melson et al., 1999).  The 
eddies during the warm 1990s were larger and drifted further south than in previous 
decades (Crawford et al., 2002).   

The second group of eddies is the Sitka eddies that form off the Alaska panhandle 
(Sitka) and generally drift westward through the northern Gulf of Alaska (Crawford et al., 
2000).  Some Sitka eddies enter the Alaska Stream and drift west and southwest with this 
stream between the continental margin and the Aleutian Trench.  Nearly continuous 
observations of Haida and Sitka eddies have been made by altimetry satellites 
TOPEX/POSEIDON, Jason-1, and ERS-2 since 1992.  The largest Haida and Sitka eddies 
during this period (1992-2004), formed in the winters of 1995 and 1998 and these eddies 
also drifted in a more southerly direction than eddies formed in other years.  Haida eddies 
carry high dissolved macronutrients (N, P, Si) and micronutrients (Fe, Zn, and other trace 
elements) since they are formed in winter and contain coastal waters.  During the first 
spring as they move out to sea, Si is drawn down faster than N, partially due to the 
enhanced growth of diatoms and slower recycling of Si compared to N, leading to move 
effective transport of Si to the intermediate ocean (Fig. 5; Whitney et al., 2004a).  Low Si 
and high chlorophyll (1.6 µg L-1) in the transition waters (about P12 to P20 along Line P) 
during June 2000, may have been due to the remains of an old eddy (likely Haida-97) 
(Whitney & Robert, 2002).  Therefore Los Niños appear to influence the size of the Haida 
eddies and hence increase the amount of coastal organisms and nutrients that are 
transported offshore. 
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Figure 5. Silicate and nitrate concentrations in mixed layer w
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Figure 6. Winter mixed layer depth (MLD) at OSP from 1956-2003, showing a long term 
shoaling trend and a possible step-change during the 1976 regime shift.  Note the shallow 
MLD in 1998 and especially in 2003 (from: Whitney et al., 2003). 
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Figure 7. Late summer nitrate concentrations along Line P during 1994, 1998 and 1999 
(from: Whitney et al., 1998; Whitney & Welch, 2002) 
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During the 1998 E1 Niño, there was an invasion of sub-tropical water from the 
south which carried less nutrients and proportionately less Si than the normal subarctic 
waters (Whitney & Welch, 2002).  The much lower than normal winter nitrate in 1998 and 
reduced summer coastal upwelling, resulted in a significant increase in the nitrate-depleted 
area (by 250,000 km2) and hence a decrease in the size of the HNLC region in the NE 
subarctic Pacific in the summer of 1998 (Fig. 7; Whitney & Welch, 2002).  Wind-driven 
upwelling was weak in the summer of 1997, near normal in 1998 (but nutrient input was 
low due to a deep nutricline, while Ekman transport and nutrient input were high in 1999. 
During the summer of 1990, and again during the summer of 2002, low Si was observed in 
the transition waters, perhaps due to the remnants of older eddies which carry high Fe that 
promotes the growth of diatoms (Whitney et al., 2004a).  The recent appearance of low Si 
in the coastal and transition waters may be related to the long term changes in the timing of 
the discharge of the Columbia River due to the construction of dams (Whitney et al., 
2004b).  In the 1890s the summer discharge of Si was nearly two times as much as it is 
after 1973 (21 vs 12 x 109 mol Si).  The Columbia River’s discharge is about three times 
more than all the rivers combined along the NW coast of North America. 
 
4. Biological Processes 

Surface water temperatures were 1 to 2oC higher, nutrient concentrations were 
lower and hence chl and productivity were lower than normal in 1998, but chl was higher 
than normal in 1999 during the La Niña period (Fig. 8). Summer productivity decreased by 
40% over an area of 290,000 km2 due to very low nutrient concentrations which was a 
consequence of the warming, freshening and subsequently a shallow MLD that in turn 
severely reduced the winter nitrate supply (Whitney & Welch, 2002).  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Average of nitrate and chlorophyll in late summer at four stations on Line P 
closest to shore (from: Ocean Status Report, 2004). 
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During the warm period of the 1990s there were more southern copepods 
(Paracalanus parvus, Ctenocalanus vanus, Clausocalanus spp., Mesocalanus tenuicornis) 
and less boreal shelf copepods such as Calanus marshallae, Pseudocalanus mimus and 
Acartia longiremis for the shelf-break and slope region of southern British Columbia (Fig. 
9) (Mackas et al., 2001). These observations are similar to Peterson et al. (2002; this 
volume) who also found low abundance of boreal shelf copepods along the continental 
margin regions off central Oregon.  El Niño-associated changes in the zooplankton 
community were most pronounced over the shelf-break and slope, and weaker further 
offshore.  The spring peak of the oceanic subarctic copepods (Neocalanus plumchrus, N. 
cristatus, Eucalanus bungii) was earlier, briefer, and had a higher amplitude. Some long 
term decadal trends were apparent in the earlier downward migration of N. plumchrus from 
the surface waters after their spring growing season (Mackas et al., 1998). From 1999 
through to 2003, the timing of the downward migration returned to normal with the peak 
occurring in June/July (Bertram et al., 2001); however, the seasonal timing was again 
extremely early in 2004, coincident with strong thermal stratification the preceding winter 
(Mackas et al., in prep.). Zooplankton biomass was below normal in shelf and slope regions 
during the 1990s.  In 1999 during La Niña, there was a dramatic reversal back to subarctic 
copepods off the southern coast of British Columbia (Fig. 9). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Annual anomalies of boreal shelf, subarctic oceanic and southern California 
copepods abundance off southern Vancouver Island during 1979-2003, in relation to the 
second empirical orthogonal function (EOF) of the NE Pacific SST (the Victoria pattern) 
(from: Ocean Status Report 2004). 



  

In contrast to copepods, euphausiid biomass was higher in the 1990’s (Lu et al., 
2003) (Fig. 10).  Off Vancouver Island, high euphausiid biomass was correlated with weak 
upwelling winds because juvenile euphasiids are not advected off the shelf (Mackas & 
Moore, 2003).  The California chaetognath, Sagitta euneritica was absent from 1991-1996, 
increased dramatically in 1997 and particularly in 1998, but only a few animals remained 
one year later in 1999 (Mackas & Galbraith, 2002).     
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t of the 1977 regime shift off British Columbia  
ly in the last few years has it become accepted that persistent states in the climate 
ated with persistent states in the ocean habitat of marine fisheries (Benson and 
02).  This is of fundamental importance in fisheries science as it has changed the 
mptions about the impacts of fishing on the population dynamics of exploited 
eamish et al., 2004a).  Once it is accepted that there are trends in the productivity 
at that have specific impacts on the productivity of species because of their life 
ategies, the concept of a sustained catch set by management actions is impossible.  
portant, and currently virtually unrecognized, is the urgent need to discover the 
 that shifts the climate state so abruptly.  Beamish et al. (2004b) used the 

ength of day to show that the 1998 regime shift in the atmosphere occurred over 
 months.  The impacts of such a shift take longer to work their way through the 
 and the age structure to adult stages of many fish species.  For example, Pacific 

 not recruited to the fishery until they are about 8 years old.  However, major 
llapses occur when there has been a natural reduction in production, but fishing 
 catch are not reduced.  Once it is known that these changes are abrupt and 

, it is obvious that management needs to be able to detect the change to a reduced 
 productivity quickly. 
ere are a number of physical and biological indicators of this very dramatic 
ift.  It was not until the late 1980s that the concept of a regime shift was 
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understood, and its impact on British Columbia fisheries was explained.  Beamish et al. 
(1995) were the first to relate the decline in chinook salmon catch in the Strait of Georgia to 
shifts in the marine environment and specifically to regime shifts. 

A useful indicator of the impacts of regime shifts is the water temperature at various 
depths in the Strait of Georgia.  There was an abrupt and significant increase in surface and 
even bottom temperatures in 1997 (Fig. 2B).  The smaller regime shift in 1989 is seen as a 
warming during the 1990s followed by a recent shift in 1999 to a cooler ocean, as a result 
of the 1998 regime shift.  There are other indicators of the 1977 regime shift besides the 
increase in water temperatures such as a change to a lighter snowpack in southern British 
Columbia and a lower river run-off (Moore and McKendry, 1996).  Noakes and Beamish 
(2001) showed that after 1977, the mean annual flow rate of the Fraser River decreased 
significantly to about 20% below that observed in the 1950s and 1960s.  In 1990, there was 
a significant increase in the mean April flow of the Fraser River which was associated with 
an early spring freshet and the beginning of the spring plankton bloom (Yin et al., 1997).  
There is more evidence for the regime shifts in 1989 and 1998 (Beamish et al., 2001; 
Mackas et al., 2001; Beamish et al., 2002) because the change in 1977 occurred before 
scientists recognized the importance of regimes. 
 
6. Impact of the 1977 regime shift on fish and fisheries; importance of oceanic 

carrying capacity 
One very significant impact of the 1977 regime shift was on the dynamics of Pacific 

salmon.  Prior to the 1977 shift, Pacific salmon stocks were not rebuilding as expected from 
the application of the Ricker curve (Ricker, 1954).  The inability to rebuild stocks to 
historic levels was blamed on high seas interceptions, on freshwater habitat loss, on over-
fishing, on poor management, and a list of other things (Ricker, 1973).  However, by 1985, 
catches exceeded historic levels.  The explanation is that the regime shift of 1977 improved 
the productivity of Pacific salmon by essentially increasing the marine carrying capacity of 
the ocean habitat for Pacific salmon (Beamish et al., 1995).  It is important to recognize that 
the 1977 regime shift did not cause all marine ecosystems on Canada’s Pacific coast to 
respond in the same way.  In the Strait of Georgia, the marine survival for chinook and 
coho salmon declined, resulting in a virtual collapse of the fisheries for these species 
(Beamish et al., 1995; Beamish et al., 1999; Beamish and Neville, 1999; Beamish and 
Noakes, 2002).  The collapse occurred despite the new salmon enhancement program that 
started in 1977 as a way of adding more juvenile salmon to the ocean, in a belief that there 
was more capacity in the ocean to produce salmon and that the problem was insufficient 
juveniles entering the ocean (Beamish et al., 1995). 

The total catch of Pacific salmon declined again after the 1989 regime shift as 
marine survival decreased, forcing management to reduce the catch.  The trend reversed 
again in 2002 following the 1998 regime shift, and the return of pink salmon to the Fraser 
River in 2001 and 2003 was at historic high abundances, even though the brood year in 
1999 was one of the smallest on record (Beamish 2002). 

Other species also benefited from the 1977 regime shift.  Pacific halibut are now 
recognized to respond to trends in ocean conditions (McCaughran, 1997; Clark and Hare, 
2002).  The International Pacific Halibut Commission now recognizes that the period from 
1947 to 1976 was characterized by low marine survival and reduced carrying capacity.  
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After the 1977 regime shift, marine survival increased such that the biomass of Pacific 
halibut is now the highest in history (Clark and Hare, 2002).  The ocean environment also 
improved for the Pacific sardine which was absent from British Columbia since the early 
1950s.  In the early 1990s, sardines reappeared.  In the Strait of Georgia, Pacific herring 
stocks started to rebuild and sablefish also started to increase in abundance.  In the late 
1980s, Pacific Ocean perch also improved their productivity after the 1977 regime shift.  It 
is important to emphasize that changes in abundance are not simply a result of improved 
marine survival as other changes in an ecosystem can moderate the effect of the regime 
change.  For example, the increase in the abundance of Pacific hake in the Strait of Georgia  
(McFarlane et al., 2001) may be related to the over-fishing of lingcod in the 1940s through 
to the 1970s. 

 
7. Mechanisms that translate the regime shift to productivity changes in fish 

Changes in the marine environment should be viewed as large scale natural 
experiments that help to determine the importance of various environmental factors.  For 
example, pink salmon abundance changes in 2001 and 2003 are perhaps one of the best 
examples of the immediate impact of a regime shift on the productivity of a fish.  It was not 
the number of juveniles produced in freshwater, as would be explained by a Ricker curve, 
rather it was a much improved marine survival that affected the large increase in 
production.  Clues to the mechanism were obtained in the late 1990s and early 2000s when 
studies in the Strait of Georgia showed a doubling of euphasiid abundance in 2000, 
compared to 1998 and 1999 because primary and secondary productivity improved in the 
Strait of Georgia in 2000 following the 1998 regime shift (Beamish et al., 2001, 2002).  As 
a result of the more abundant prey, Beamish and Mahnken (2001) proposed that juvenile 
Pacific salmon grew to larger sizes early in their first year, and thus accumulated more 
energy prior to their first marine winter.  This critical size – critical period hypothesis was 
tested for coho salmon in 2001 and there was evidence that the smaller coho salmon of a 
brood year had a higher mortality over the winter than the larger fish of the same brood 
(Beamish et al., 2004c).  Therefore, this could be the fundamental mechanism that links 
regimes to fish production.  The linkage is through early marine growth that must be 
sufficient for the juveniles to survive the first ocean winter when there is a much greater 
demand on stored energy. 

The importance of food quality (e.g. high lipid reserves) vs food quantity for coho 
growth has been demonstrated further in a recent study by Trudel et al. (2002) where they 
found a large north-south difference in the size of coho. They sampled juvenile coho 
salmon off the west coast of Vancouver Island and northern BC/southeast Alaska from 
1998 to 2000. Their analyses showed that juvenile coho were much smaller off the west 
coast of Vancouver Island (WCVI) in 1998 and had lower lipid reserves (energy density) 
than the following years (Fig. 11), but with the 1999 climate shift to the La Nina cool 
period, the N-S size difference disappeared.  However, they could not find significant 
differences in the feeding rates among years or areas. Hence, growth differences were 
probably either due to differences in metabolic rates (higher basal metabolic rates in 
warmer years) or to differences in prey quality. They simulated the growth of coho using 
two different temperature regimes (normal regime and normal regime +3°C) and two 
different prey qualities (defined as low and high lipid contents, and based on the range of 
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published values of caloric contents for marine prey). Their simulations showed that a 3°C 
difference in temperature (the normal difference between warm and cool years) had little 
effect on coho growth, but small changes in caloric contents were sufficient to explain the 
lower growth observed on WCVI compared to coho in Alaska.  Therefore, reduced prey 
quality (i.e. lipid content/ energy density) can lead to reduced growth. The changes they 
observed in coho growth coincided with a shift in the plankton community structure. 
During the warm 1998 year, warm water copepods (i.e. California shelf copepods) were 
abundant on the west coast of Vancouver Island, but decreased markedly during the cooler 
1999 La Niña (Mackas et al., 2001; Mackas & Galbraith, 2002; Mackas et al., 2004; Zamon 
& Welch, in press).  Similarly, Mackas et al. (2001) reported a higher incidence of warm 
water copepods during the 1990s (the warmest period on record). Peterson and Schwing 
(2003) showed that the abundance of boreal copepods was higher in cooler (1999-2001) 
than during the warm 1998 El Niño off Oregon. As southern copepods tend to have less 
lipids than northern copepods (Båmsted 1986), one would expect that plankton would have 
higher caloric contents in cool than in warm years. This is consistent with the results of 
simulations by Trudel et al. (2002), and suggests that salmon production may be affected by 
changes in food quality rather than food quantity. A recent experiment performed by St. 
John (2001) showed that the survival of cod larvae was affected by the composition of fatty 
acids accumulated in zooplankton from their food source (phytoplankton), indicating that 
changes at the base of the food chain (species composition of phytoplankton) can have 
profound effects on upper trophic levels. In addition to a food quality effect, there may be a 
size effect with the northern copepods being larger than the southern copepods.  Emmett et 
al. (in review) suggest that prey size might be one factor to explain the significant increase 
from 1999-2003 in forage fish such as the northern anchovy, Pacific sardine, smelt and 
herring, since these larger northern copepods (that also have a higher lipid content) are 
important prey for first feeding larvae (Emmett & Brodeur 2000). In turn the increase in 
abundance of forage fish may increase salmonid marine survival by acting as alternative 
prey for piscivores that also eat juvenile salmon (Emmett et al., in review). 
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Figure 11A. Size frequency of coho salmon caught in southern BC (grey bars) and northern 
BC (black bars) in October, 1998, 1999 and 2000. Relative frequency is expressed as a 
percent of total catch in a given area (from: Trudel et al., 2002).  
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B 

Figure 11B. Caloric content (energy density) in coho salmon collected in southern BC (grey 
bars) and northern BC (black bars) in October, 1998, 1999 and 2000. Errors bars = 95% CI. 
(from: Trudel et al., 2002). 
 
8. Implications 

The basis for fisheries management theory comes from Ricker (1954).  Ricker 
assumed that climate and ocean effects on the dynamics of fish populations did not occur in 
trends and could be modeled as random (Ricker, 1958).  Beamish et al. (2004a) showed that 
the productivity relationship is much more linear than dome-shaped.  Moreover, the stock 
and recruitment relationship can differ significantly between regimes (Fig. 12).  These are 
fundamental changes in the traditional approach to understanding the relationships among 
stock, recruitment, and fishing.  Clearly, climate is not random and climate changes such as 
regime shifts profoundly affect productivity, and the changes can occur quickly. 
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Figure 12A. Recruitment per spawner and Ricker curve for sockeye salmon from the Fraser 
River 1961-99 (from: Beamish et al., 2004a).   
 
 

 
 
 
Figure 12B. Residuals from (A) with regime changes identified by vertical lines C, D, E.  
Straight line fit to the stock and recruitment data that are separated by regimes.  Regimes 
represent the estimated year that the regime shift affected productivity in the ocean (from: 
Beamish et al., 2004a). 
 
9. Summary  

The 1998 El Niño set off a chain of events which showed the strong connection 
between physics and biology.  Changes in the physics such as increased stratification 
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(fresher and warmer surface waters), less vertical mixing (shallow MLD), and less 
upwelling resulted in lower nutrient concentrations in winter and summer and lower 
chlorophyll and primary productivity.  Changes in zooplankton (increase in southern 
California warm water species and lower biomass) and euphausiid biomass (increased 
because of lower upwelling), demonstrated that there was often a species-specific response 
to the warmer waters.  The species-specific anomalies were greater than the total biomass 
anomalies, indicating that there was more variability in the structure of the zooplankton 
community than in its total biomass.  There is a real need for physical, chemical and 
biological oceanographers, and fisheries, birds and mammal biologists to work together in 
the same (spatial) area even though the temporal scales will be very different.  Studying the 
regime shifts and El Niño events as if they are large scale natural experiments will help to 
quantify the coupling between the physics/chemistry and the many biological (trophic) 
levels.  There is increasingly strong evidence that changes at the base of the food chain 
(phytoplankton and zooplankton species composition) can have profound effects on upper 
trophic levels.  Evidence for the regime shifts is expressed more clearly in biological 
parameters and short-lived organisms (< 2year life span) than in physical data and hence 
monitoring ecosystem changes may allow future regime shifts to be identified earlier than if 
one only considers climate data. 

 
Acknowledgements 

MT and RB thank the crew of the CCGS W.E. Ricker and the numerous technicians 
for their assistance with the field work and laboratory analysis, the Bonneville Power 
Administration, Fisheries and Oceans Canada, and the World Wildlife Fund for their 
financial support.  We thank Dr. Bill Crawford, Institute of Ocean Sciences, for his input on 
the section of the paper on eddies. 
 
References 
Bảmstedt U (1986) Chemical composition and energy content, pp. 1-58. In: Corner EDS, 

O’Hara SCM (eds), Clarendon Press, Oxford 
Bertram DF, Mackas DL and McKinnell SM (2001) The seasonal cycle revisited: 

Interannual variation and ecosystem consequences.  Prog Oceanogr 49: 283-307 
Beamish RJ  (2002)  Recent returns of Pink salmon to the Fraser River indicate the 

importance of relating stock to recruitment on a regime scale. North Pacific 
Anadromous Fish Commission, Document 633. Department of Fisheries and 
Oceans, Sciences Branch – Pacific Region. Pacific Biological Station, Nanaimo, 
British Columbia Canada. V9T 6N7 

Beamish RJ and Neville CM  (1999)  Large-scale climate-related changes in the carrying 
capacity for salmon in the Strait of Georgia and northern Pacific ecosystems.  In  
Large Marine Ecosystems of the Pacific Rim: Assessment, Sustainability, and 
Management (Sherman K and Tang Q, eds) pp. 27-41.  Massachusetts: Blackwell 
Science 

Beamish RJ and Mahnken C (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: 423-437 

 18



  

Beamish RJ and Noakes DJ  (2002)  The role of climate in the past, present and future of 
Pacific salmon fisheries off the west coast of Canada. In N.A. Fisheries in a 
Changing Climate (McGinn, NA ed.) American Fisheries Society Symposium, 32, 
pp. 231-244 

Beamish RJ, Riddell BE, Neville CM, Thomson BL and Zhang Z (1995)  Declines in 
chinook catches in the Strait of Georgia in relation to shifts in the marine 
environment.  Fish Oceanogr 4: 243-256. 

Beamish RJ, McFarlane GA and Thompson RE (1999)  Recent declines in the recreational 
catch of coho salmon in the Strait of Georgia are related to climate.  Can J Fish 
Aquat Sci 56: 506-515 

Beamish RJ, Neville CM, Sweeting RM and Poier KL  (2001)  Persistence of the improved 
productivity of 2000 in the Strait of Georgia, British Columbia, Canada, through to 
2001.  North Pacific Anadromous Fish Commission Document 565. Department of 
Fisheries and Oceans, Sciences Branch – Pacific Region. Pacific Biological Station, 
Nanaimo, British Columbia Canada. V9T 6N7  

Beamish RJ, Sweeting RM, Neville CM and Poier KP (2002)  A climate related 
explanation for the natural control of Pacific salmon abundance in the first marine 
year.  In Joint meeting on the causes of marine mortality of Salmon in the North  
Pacific and North Atlantic Oceans and in the Baltic Sea. North Pacific Anadromous 
Fish Commission, Tech Rep 1: 9-11 

Beamish RJ, Schnute JT, Cass AJ, Neville CM and Sweeting RM (2004a)  Assessing the 
relationship among stock, recruitment and regimes for pink and sockeye salmon 
from the Fraser River, British Columbia, Canada.  Trans Amer Fish Soc 133: 1396-
1412 

Beamish RJ, Sweeting RM and Neville CM (2004b)  The importance of juvenile Pacific 
salmon growth and marine survival in a regional ecosystem after the 1998 regime 
shift.  Trans Amer Fish Soc 133: 1152-1164 

Beamish RJ, Mahnken C and Neville CM (2004c)  Evidence that reduced early marine 
growth is associated with lower marine survival of coho salmon.  Trans Amer Fish 
Soc 133: 26-33 

Benson AJ and Trites AW (2002) Ecological effects of regime shifts in the Bering Sea and 
eastern North Pacific Ocean. Fish and Fisheries 3: 95-113 

Cherniawsky JY, Beckley BD, Crawford WR and Foreman MGG (2004) Altimeter 
observations of sea level variability off the west coast of North America.  Internat J  
Remote Sensing 25: 1303-1306 

Crawford WR (2002) Physical characteristics of Haida Eddies. J Oceanogr 58: 703-713 
Crawford WR, Cherniawsky JY, Foreman MGG and Gower JFR (2002) Formation of the 

Haida-1998 oceanic eddy. J Geophy Res 107: No. C7, 10.1029/2001 JC000876 
Crawford WR, Cherniawsky JY and Foreman MGG (2000) Multi-year meanders and 

eddies in the Alaskan Stream as observed by TOPEX/Poseidon altimeter.  Geophys 
Res Lett 27: 1025-1028 

Crawford WR, Brickley PJ, Peterson TD and Thomas AC (In press)  Impact of Haida 
eddies on chlorophyll-a distribution in the eastern Gulf of Alaska.  Deep-Sea Res 
(In press) 

 19



  

Clark WG and Hare SR (2002)  Effects of climate and stock size on recruitment and growth 
of Pacific halibut.  North Amer J Fish Manag 22: 852-862 

DFO, 2004. 2003 Pacific Region State of the Ocean. DFO  Science Ocean Status Report 
2003 (2004).  Available at http://www.pac.dfo-mpo.gc.ca/sci/psarc/OSRs/Ocean 
Status2003.pdf. 

Emmett RL and Brodeur RD (2000) Recent changes in the pelagic nekton off Oregon and 
Washington in relation to some physical oceanographic conditions.  North Pac And 
Fish Comm Bull No. 2: 11-20 

Emmett RL, Bentley P and Krutzikowsky G (in review) Fluctuations in the abundance of 
forage fish, changing oceanic conditions and salmon marine survival off northern 
Oregon/ Washington 

Hare SR and Mantua N (2000) Empirical evidence for North Pacific regime shifts in 1997 
and 1989. Prog Oceanogr 47: 103-145 

Lu B, Mackas DL and Moore DF (2003) Cross-shore separation of adult and juvenile 
euphausiids in a shelf-break alongshore current. Prog Oceanogr 57: 381-404 

Mackas DL and Galbraith M (2002) Zooplankton community composition along the inner 
portion of Line P during the 1997-1998 El Nino event. Prog Oceanogr 54: 

Mackas DL, Goldblatt R and Lewis AJ (1998) Interdecadal variation in developmental 
timing of Neocalanus plumchrus populations at Ocean Station P in the subarctic 
North Pacific. Can J Fish Aquat Sci 55: 1898-1893 

Mackas DL, Peterson WT and Zamon JE (2004) Comparison of interannual biomass 
anomalies of zooplankton communities along the continental margins of British 
Columbia and Oregon. Deep-Sea Res. II 51: 875-896 

Mackas DL, Thompson RE and Galbraith M (2001) Changes in the zooplankton 
community of the British Columbia continental margin, 1985-1999, and their 
covariance with oceanographic conditions.  Can J Fish Aquat Sci 58: 685-702. 

Mantua N and Hare SR (2002) The Pacific Decadal Oscillation. J. Oceanography 58: 35-44 
Mantua NJ, Hare SR, Zhang Y, Wallace JM and Francis RC (1997) A Pacific interdecadal 

climate oscialtion with impacts on salmon production. Bull Amer Meteor Soc 78: 
1069-1079 

Mantua NJ and Hare SR (2002) The Pacific Decadal Oscillation. J Oceanogr 58: 35-44 
McCaughran DA (1997)  Seventy-five years of halibut management success.  In Proceed 

Second World Fisheries Congress, 1996 Hancock DA, Smith DC, Grant A and 
Beumer JP. Australia: CSIRO Publishing. pp. 680-686 

McFarlane GA, Beamish RJ and Schweigert J (2001)  Common factors have opposite  
impacts on Pacific herring in adjacent ecosystems.  In Herring: Expectations for a 
New Millennium Funk F, Blackburn J, Hay D, Paul AJ, Stephenson R, Toresen R, et 
al. eds Alaska Sea Grant Program AK-SC-01-04, pp. 51-67 

McFarlane GA, King JR and Beamish RJ (2000) Have there been recent changes in 
climate? Ask the fish. Prog Oceanogr 47: 147-169 

Melson A, Meyers SD, O’Brien JJ, Hurlburt HE and Metzger JE (1999) ENSO effects on 
Gulf of Alaska eddies. Earth Interactions 3: doi: 10.1175/1087-3562 (1999) 003 

Miller, AJ and Schneider N (2000) Interdecadal climate regime dynamics in the North 
Pacific Ocean: theroies, observations and ecosystem impacts. Prog Oceanogr 47: 
355-379 

 20



  

Moore RD and McKendry IG (1996) Spring snowpack anomaly patterns and winter climate 
variability, British Columbia, Canada.  Water Res Res 32: 623-632 

Nitta T and Yamada S (1989) Recent warming of tropical sea surface temperature and its 
relationship to the Northern Hemisphere circulation. J Meteor Soc Japan 67: 375-383 

Noakes DJ and Beamish RJ  (2001)  Influence of decadal scale climate change on flows in 
the Fraser River, British Columbia.  15th Canadian Hydrotechnical Conference on the  
Canadian Society for Civil Engineering, Victoria, British Columbia, 7 pp. 

Overland JE, Adams JM and Mofjeld HO (2000) Chaos in the North Pacific: spatial modes 
and temporal irregularity. Prog Oceanogr 47: 337-354 

Peterson WT and Hooff R (this volume) Long term variations in hydrography and 
zooplankton in coastal waters of the northern California Current off Newport Oregon. 

Peterson WT, Keister JE and Feinberg LR (2002) The effects of the 1997-98 El Niño/ La 
Niña events on hydrography and zooplankton off the central Oregon coast. Prog 
Oceanogr 54: 381-398 

Peterson WT and Schwing FB (2003) A new climate regime in northeast Pacific 
ecosystems. Geophys Res Let 30(17), 1896, doi: 10.1029/2003GL 17528 

Ricker WE (1954) Stock and recruitment.  J Fish Res Bd Canada. 11: 559-623 
Ricker WE (1958) Maximum sustained yields from fluctuating environments and mixed 

stocks.  J Fish Res Bd Canada 15: 991-1006 
Ricker WE (1973) Two mechanisms that make it impossible to maintain peak-period yields 

from stocks of Pacific salmon and other fishes.  J Fish Res Bd Canada, 30: 1275-
1286 

St. John MA, Clemmsen C, Lund T and Köster T (2001) Diatom production in the marine 
environment: implications for larval fish growth and condition. ICES J Mar Sci 58: 
1106-1113 

Trudel M, Tucker S, Zamon JET, Higgs DA and Welch DW (2002) Bioenergetic response 
of coho salmon to climate change. NPAFC Tech Report No.4: 59-61 

Whitney F and Robert M (2002) Structure of Haida eddies and their transport of nutrients 
from coastal margins into the NE Pacific Ocean, J Oceanogr 58: 715-723 

Whitney FA, Crawford DW and Yoshimura T (2004a) The uptake and export of silicon and 
nitrogen in HNLC waters of the NE Pacific. Deep-Sea Res II (accepted) 

Whitney FA, Crawford WR and Harrison PJ (2004b) Physical processes that enhance 
nutrient transport and primary productivity in the coastal and open ocean of the 
subarctic NE Pacific. Deep-Sea Res II (accepted) 

Whitney FA and Welch DW (2002) Impact of the 1997-1998 El Nino and 1999 La Nina on 
nutrient supply in the Gulf of Alaska. Prog Oceanogr 54: 405-421 

Whitney FA, Wong CS and Boyd PW (1998) Interannual variability in nitrate supply to 
surface waters of the Northeast Pacific Ocean. Mar Ecol Prog Series 170: 15-23 

Yin K, Harrison PJ and Beamish RJ (1997) Effects of a fluctuation in Fraser River 
discharge on primary production in the central Strait of Georgia, British Columbia,  
Canada.  Can  J Fish Aquat Sci 54: 1015-1024 

Zamon JE and Welch DW (2004) Rapid shift in zooplankton community composition on 
the northwest Pacific shelf during the 1998-99 El Niňo event. Can J Fish Aquat Sci 
(in press) 

 21


	Changes in Coastal Ecosystems in the NE Pacific Ocean
	Abstract
	Physical Processes
	Chemical Processes
	Biological Processes
	Impact of the 1977 regime shift on fish and fisheries; importance of oceanic carrying capacity
	Mechanisms that translate the regime shift to productivity changes in fish
	Implications
	Summary
	References

