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a. Abstract 

“In spite of these investments, the salmon continue to decline and additional listings under the federal Endangered Species Act have been proposed… Against this background of apparent failure, it is logical to ask whether there is some basic qualitative flaw in the recovery and mitigation efforts”.

(Independent Scientific Review Panel, 1997)

This proposal reviews the results from our previous research on the ocean biology of Pacific salmon and outlines the reasons for developing an expanded, multi-year research survey.  The intent of this survey is to map ocean conditions determining the growth and survival of Pacific salmon along the West Coast of North America from the British Columbia-Washington border into SE Alaska, and to identify which stocks of Columbia River salmon forage in the continental shelf of these areas.  The expanded geographic study area is needed because our initial results clearly demonstrate that a proportion of the Columbia River salmon are undertaking rapid, directed migrations that quickly take them well out of the area around the mouth of the Columbia River, and into regions with quite different growth and survival potential.  

Our research is finding that different populations of Columbia River salmon move to different locations along the coastal zone where they establish their ocean feeding grounds and (presumably) over-winter.  Apparently the food chain determining feeding success, growth, and ultimately potential for survival of chinook and coho salmon changes in different parts of the coastal zones of British Columbia and Alaska, so the ocean environment cannot be considered either homogeneous or constant. The relative survival of different stocks of salmon in the ocean therefore may depend strongly on where in the ocean specific stocks migrate to feed.  For example, our calculations indicate that the ocean survival of Snake River chinook should be much lower than that of other Columbia River stocks that they have been compared to (such as the Hanford Reach stock) because they migrate to different parts of the ocean.

Our results show that ocean conditions in 1998 substantially reduced the growth and survival of salmon foraging off southern British Columbia relative to salmon foraging farther north.  However, ocean conditions in 1999, 2000, & 2001 were dramatically different and apparently similar to those holding in the early 1970s, at the time that the Snake River hydrosystem was just being completed– and should have led to significantly better survival conditions.  The near-record returns of salmon to the Columbia River in 2001 are consistent with a massive increase in ocean survival of the juvenile salmon when they went to sea in 1999.  It appears that in 1999 the North Pacific Ocean underwent a sudden and dramatic shift in ocean conditions to one more favourable to Columbia River salmon.  It is important to measure these improved conditions now, while they persist, because they are likely to be short-lived; greenhouse gas forcing is likely to drive ocean climate back towards a more extreme version of the warmer climate holding through the 1980s and 1990s.  As the 1980s and 1990s appeared to be a time of progressively poorer marine survival for salmon– with many populations becoming unsustainable even in the absence of all fishing– direct measurement of the degree to which the ocean affects various salmon populations needs to be made. 
b. Technical and/or scientific background

Large scale declines in marine survival of salmon have occurred from California to south-central British Columbia coastal waters (Beamish et al. 1995, 2000; Mantua et al. 1997; Francis et al. 1998; Welch et al. 2000).  Ocean survival has dropped so low that many Columbia River chinook populations are now incapable of sustaining themselves even in the absence of all fisheries.  The populations of many southern British Columbia steelhead and coho are similarly unsustainable because of declines in ocean survival, raising the twin questions of to what degree there is an underlying common cause in the ocean, and what has caused the changes in the first place. 
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Changes in marine survival appear to be related to sudden shifts in the climate of the ocean and atmosphere (Beamish 1993; Beamish et al. 1995, 2000; Mantua et al. 1997; Francis et al. 1998; Welch et al. 2000).  These climate changes appear to have been intensifying (and worsening) since the 1960s for southern populations (Figure 1).  The ocean survival of Oregon coho salmon has decreased in the 1990s to 1/10th of the survival experienced in the 1960s.  In British Columbia, many southern stocks of coho, chinook, and steelhead have also seen ocean survival decrease sharply since 1990, bringing some stocks to the verge of extinction in less than a decade (Beamish et al. 1995, 2000; Welch et al. 2000). 

The reasons for the change in ocean survival are poorly understood, in part because salmon from Washington and Oregon have been affected most severely, while salmon from Alaskan stocks have experienced improved ocean survival until very recently (Mantua et al. 1997; Hare et al. 1999). However, there is evidence that plankton biomass also decreased off California and British Columbia during the 80s, and to a greater extent during the 90s (McGowan et al. 1998; Mackas et al. 2001), suggesting that salmon survival is linked to growth conditions in the ocean (Mantua et al. 1997; Hare et al. 1999). 
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The warm and poor ocean conditions that prevailed on the west coast during the 1980s and 1990s changed dramatically in 1999 (Figure 2). Sea surface temperatures were much cooler, and were apparently similar to ocean conditions holding in the early 1970s, at the time that the Snake River hydrosystem was just being completed. This sudden and dramatic shift appeared to have improved the ocean conditions for salmon growth (Whitney and Welch, in press), and may have led to significantly better survival conditions, as the jack chinook returns in the spring of 2000 were phenomenal (note that these fish entered the ocean in 1999). The returns in 2001 of adult steelhead, spring-summer and fall chinook, and coho to the Columbia River have reached either historical or near-historical highs, supporting the view that these ocean conditions strongly influence salmon abundances to the Columbia River.  Given the unexpectedly rapid shift in ocean conditions between 1998 and 1999–and their persistence following the shift–it is important that the effect of the ocean be separated from freshwater impacts.

In the Columbia River system large investments have been made to redress the decline in salmon abundance.  However, in at least some stocks the changes in ocean survival dwarf the changes observed in freshwater survival.  Without understanding the causes of reduced ocean survival and the stocks that are primarily affected, initiatives to restore salmon populations by improving freshwater habitat may be compromised.  Further, if ocean habitat continues to change in a manner that reduces salmon growth and survival, as has occurred over the last two to three decades, then threatened salmon populations may become unsustainable despite concerted efforts to restore or improve freshwater habitat.

There are relatively few stocks of salmon where the data exist to allow a comparison of the relative importance of freshwater and marine survival changes, but the available evidence indicates that the changes in the ocean generally have greater impacts on population viability than the changes in freshwater. For example, the best-studied wild coho population in British Columbia is that of Black Creek (central Vancouver Island), where a counting fence permits accurate partitioning of freshwater from marine survival [image: image3.wmf]t
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changes (Figure 3).  In the decade since the study began in 1983, ocean survival declined to only 1/3rd its previous value.  In contrast, freshwater survival showed little change over the same period, although the watershed is far from pristine (large sections run through agricultural farmland, or otherwise repeatedly altered terrain).  In the Keogh River, at the northern tip of Vancouver Island, reduced freshwater survival has been noted for the stocks of steelhead, coho, cutthroat and Dolly Varden, but the changes in freshwater survival are smaller than the drop in ocean survival (Ward and McCubbing 1998).  The available evidence therefore indicates that the changes in ocean survival are at least as important as changes occurring in freshwater.  Failure to take the deterioration of the ocean environment into consideration may mask or distort our interpretation of events happening in freshwater, and it may be impossible to assess the success or failure of various initiatives to restore or improve freshwater habitat.  This is likely to be both financially costly and unlikely to lead to an informed public policy debate on how best to ensure the viability of West Coast salmon populations in either country.

Thus, the “delayed mortality” that has been attributed to the operation of the Snake River dams by the PATH study may be confounded with the direct impacts of ocean conditions on salmon.  PATH did not identify a substantial direct mortality associated with salmon passage through the Snake River hydrosystem or barging (e.g. Petrosky et al 2001; Schaller et al 1999, 2000). Rather, the PATH process demonstrated that Snake River chinook did not survive as well in the ocean as other stocks that did not either go through the Snake River hydrosystem or were transported around the dams: “The relative benefits of Dam Breaching were dependent on assumptions about the quantity of differential delayed transport mortality and extra mortality assigned to the hydrosystem”. (Draft Lower Snake River Juvenile Salmon Migration Feasibility Report Environmental Impact Statement, December, 1999; p. 26).
In 1996, Congress directed that the effect of ocean conditions on the recovery of Pacific salmon in the Columbia River should be addressed (Bisbal and McConnaha 1998).  Partly in response to that directive, a number of ocean-related initiatives began in the Pacific Northwest (see “Linkages”).  To date, these have been relatively small-scale, addressing questions concerning the growth and feeding status of salmon within the Columbia River plume or coastal Oregon and Washington waters over limited time periods, and defining the oceanographic conditions of these regions.  Broader ocean work has not developed (See review by Brodeur et al 2000).
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The known ocean distribution of North American chinook salmon extends far beyond the coasts of Washington and Oregon to include part of the Bering Sea and the offshore North Pacific [image: image5.wmf]Relative Salmon Survival
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(Figure 4).  Our research in 1998 and 1999 has caught rapidly migrating Columbia River chinook salmon in Canadian and Alaskan coastal waters that were moving along the continental shelf at speeds of up to 2.2 body-lengths/sec.  Such speeds brought these animals at least as far as the northern tip of Vancouver Island by June 3rd, and into SE Alaskan waters by late June (Orsi et al 1997, 1998).  Thus, a component of Columbia River salmon (including Snake River chinook) undergo rapid and highly directed migrations that move them quickly out of the Columbia River plume.
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The degree to which Columbia River salmon move out of the NMFS study area in the Washington-Oregon coastal region is currently uncertain, but demonstrates that the coastal study is not focussed on a completely closed population (i.e., emigration from the Columbia River plume occurs).  It is also unclear which populations or ESUs are remaining within either our study area off BC and SE Alaska or in the NMFS study areas off Washington and Oregon and which populations are moving elsewhere. However, there is evidence that different populations of Columbia River salmon move to different locations along the coastal zone where they establish their ocean feeding grounds and (presumably) over-winter. Endangered stocks of Columbia River salmon, such as the Snake R. chinook, are known to make up a significant proportion of the salmon known to occur in this region of reduced growth (See Table 3).  However, we also have direct evidence from recapture of PIT-tagged Columbia R. chinook smolts that some smolts are moving rapidly through the coastal waters of British Columbia and SE Alaska.  Thus not all Columbia R salmon are long-term residents in the area of poorest productivity.  It is therefore important to establish the migration characteristics of the different species of salmon at sea on a stock- and life history-specific basis in order to determine why some stocks of salmon appear to do better in the ocean than others.

The relative survival of different stocks of salmon in the ocean will therefore depend on where in the ocean they migrate to feed.  Our early results, reported below, indicate that the ocean survival of Snake River chinook salmon may be much lower than that of other stocks of Columbia River chinook that they have been compared to (such as the Hanford Reach stock) because they migrate to different parts of the ocean and therefore experience different growth and survival conditions. In particular, there is evidence that the productivity of the coastal region off southern British Columbia, where at least a component of the Snake River chinook has its primary ocean feeding ground, is lower than that of regions where other stocks of Columbia River chinook are found (Brodeur and Ware 1992; McGowan et al. 1998; Mackas et al. 2001).  Stocks such as the Hanford Reach chinook, which have higher ocean survival than Snake River chinook, are found farther to the north, in northern British Columbia and SE Alaskan coastal waters, and occur in a region that we found had substantially better growth of coho (Figure 5).  Our calculations, described below, indicate that very large differences in ocean survival could result from the observed differences in growth in 1998, and that these predicted differences in survival could explain much of the survival disparity that has been identified between Snake R chinook and stocks such as Hanford Reach or Yakima. Consequently, Attempts to relate ocean research on salmon to Columbia River issues requires an understanding of what stocks of salmon are where, what their growth, biological condition, and resulting survival are like, and what physical and chemical changes in the ocean resulting from a climate shift led to these effects on salmon.

Results of our BPA funded research to date
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Coastal migration of salmon

In 1998 I initiated a series of north-south sampling transects stretching from the northern tip of Vancouver Island to Baranof Island in south-east Alaska following recognition that the marine survival of many stocks of coho and steelhead entering the ocean in southern British Columbia was much worse than that of northern stocks after 1990 (Figure 6).  These surveys have been repeated in 1999, 2000, and 2001.  Sampling locations have expanded somewhat over time as we have developed a better understanding of where the juvenile chinook are found. As of November 2001, a  total of 13 surveys have been completed: four surveys in 1998, four surveys in 1999, two surveys in 2000, and three surveys in 2001. Stations were sampled as far south as 44°N (Oregon) and as far north as 58.3°N (Alaska). Seven hundred and forty temperature-salinity profiles and 517 zooplankton samples have been collected. A rope trawl has been deployed at over 700 stations to collect juvenile salmon. These surveys are the only recent environmental and biological data sets collected simultaneously with salmon surveys BC coast north of Vancouver Island (51°N). 
The basic sampling locations on the open shelf that we have tried to sample in each year provide a comparison of ocean conditions and salmon growth between central British Columbia and northern B.C.–S.E. Alaska waters.  Juvenile salmon collected on these transects were analyzed for their growth (size), energetic content, stomach fullness, and condition factor.  
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A second component of this work was to measure migration rates of southern stocks into northern regions of presumably higher survival.  During the June 1998 and 1999 surveys, CWT and pit tagged chinook and coho salmon from the Columbia River were caught off northern Vancouver Island (Figure 7).  Based on their release times in freshwater, most of these salmon had moved rapidly along the continental shelf from Oregon up into central British Columbia waters.  To date, six PIT-tagged and 17 CWT Snake River chinook have been caught in these surveys; the 17 CWT-tagged Snake River chinook represent 12% of the 140 CWT-tagged chinook caught to date.  All were caught in the spring of 1998 and 1999 off the west coast of Vancouver Island, Triangle Island, and Hecate Strait. 

Continuous movements of greater than 2 body lengths per second (i.e. a substantial fraction of maximum straight line cruising speeds; Brett et al 1958; Brett 1983) were necessary for the PIT-tagged Snake River chinook to have covered the distance from release to the B.C. recovery sites.  Later in June pit-tagged Columbia R chinook have also been caught off SE Alaska (Orsi 1997, 1998).  Thus a component of Columbia River chinook and coho stocks move rapidly out of the Columbia River plume, and were therefore exposed to ocean conditions farther north.  This makes research in British Columbia and Alaskan coastal waters of relevance for Columbia River salmon.

The 1998 surveys demonstrated that by the end of August, no juvenile salmon remained in the survey region off British Columbia, confirming evidence from three years of earlier work of the rapid migration north and along the shelf.  Based on evidence from this work (Welch et al 1998), we know that these animals continued to move north and west to the Aleutian Islands by the beginning of December without leaving the narrow shelf.  However, an opportunity to sample along the West Coast of Vancouver Island in October of 1998 demonstrated that there were substantial stocks of coho and chinook salmon still present in this region (but none in the intervening region to the north until SE Alaskan waters were reached). Based on CWT returns from winter fisheries formerly operating in the area, these salmon are known to be from southern British Columbia and Oregon-Washington stocks that overwinter off Vancouver Island.  Large numbers of juvenile coho were caught on the continental shelf off SE Alaska, but only a few juvenile chinook in October 1998 and 1999.  However, limited opportunistic sampling in the inland waterways of the SE Alaska archipelago caught much larger numbers of salmon, suggesting that most of the juvenile salmon remain in sheltered inshore regions.

Growth & Energetic Status
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Our initial surveys showed that the juvenile coho and chinook salmon remaining off the West Coast of Vancouver Island in October 1998 were less than half the size of the animals sampled in northern British Columbia and SE Alaska (Figure 8).  As we show in the following sections, this difference in growth is sufficient to explain much of the marine survival difference seen in many threatened stocks of coho and chinook , such as the Snake River chinook salmon, if they remain in the regions of poor ocean conditions.

Coho were much smaller in the south in 1998 (~200g) compared to those collected in the north (~400 g).  With the change in ocean conditions in 1999, coho size in October 1999 was essentially identical between southern and northern regions  (~300 g), but then showed some slight evidence for smaller size to the south in 2000 and 2001.   

Our observations on chinook size  differences are more limited, because we collected very few chinook on the open shelf in northern regions in 1998 & 1999 (1 and 5 chinook, respectively).  In 2000 we began exploratory sampling for juvenile chinook in the inland waterways of SE Alaska and caught large numbers; in 2001 we extended this sampling to intensive sampling within the fjords on the west coast of Vancouver Island and also found large numbers of chinook within the inlets there.  However, the bimodal distribution observed in 2000-2001 for chinook, in years when large numbers of young fish were caught in inlets, may be primarily the result of the two major life-history types segregating between areas (ocean type in Southern BC and stream type in Northern BC and SE Alaska). DNA Analysis of the stock composition of these chinook has not yet been undertaken for the large samples of chinook caught in the inlets in October 2001, but the DNA analysis (discussed below for the earlier, more limited, chinook samples) suggest substantial differences in the stocks that comprise the chinook present in these areas of high and low growth.
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 In contrast to chinook, analysis of the collected coho scales provides no evidence that coho that have spent one or two years in freshwater have different ocean distributions between the southern and northern study regions (Figure 9).   As a result, we focus below primarily on the coho in our comparison of the relative influence of ocean conditions on salmon growth and survival between the two regions, because the simpler life history characteristics of coho and our more consistent sampling of their overall distribution over time make it more straight-forwards to interpret size differences in terms of growth. 
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We also have some evidence that the trend to larger size for salmon caught farther north shown in Figure 8 holds at least as far west as Kodiak, Alaska when sampling over several earlier field seasons (1995-97) is combined (Figure 10). Although the results for Prince William Sound and Kodiak are for different calendar years, there is some evidence that the farther north and west along the continental shelf the salmon forage, the better their growth.  This is an important issue, because stock-specific survival will therefore differ between stocks depending upon the areas that they migrate to.  
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Proximate analysis also indicates that coho found off southern BC in 1998 had lower stored energy in October than animals foraging farther north (Figure 11), and that in 1999 not only were animals in different regions able to grow to the same size, but that they also had roughly equal amounts of stored energy when animals of equivalent size are compared. 
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As an aside, the energetic status and condition of fish has frequently been assessed with Fulton’s condition factor (i.e. the ratio of weight over length cube, multiplied by a constant). It is usually assumed that lipid and total stored energy are positively related to condition factor. However, when fish are nutritionally stressed, they use fat stores to supply energy and may replace the lost fat with water (Hartmann and Brandt 1995). As a consequence, at a given length, fish having different energetic status could have the same mass, indicating that condition factor may be a poor proxy for lipid or energy contents. Our analyses indicate that lipid and energy contents of coho and chinook salmon were poorly correlated with condition factor (Figure 12). Thus, the energetic status of salmon should be assessed with direct measurements of lipid and energy contents, rather than with the condition factor.
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A comparison of the measured fat content (g/kg), total energy content of the salmon (MJ/kg; measured from bomb calorimetry), and wet weight on a subsample of the collected animals showed (Figure 13) that fat content largely determined the total energy reserves of the chinook and coho salmon.  As expected, we found that stored energy content of the chinook and coho was poorly correlated with the wet weight of the animals, explaining the poor relationship between condition factor and stored energy. 

In summary, there is good evidence that stocks of coho and chinook remaining off Vancouver Island by autumn were both smaller and had lower energy reserves than those stocks migrating out of this region and further north (Figure 14).
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The differences in mean size attained by the autumn indicate that growth rates vary greatly between regions.  These differences were large in 1998 and appear to have been substantially reduced in 1999-2001.  As discussed later, conditions in 1998 appear to be similar to those holding throughout the 1990s, with depleted nutrient levels and high ocean temperatures.  In contrast, conditions in 1999-2001 appear to be similar to those in the early 1970s, when the marine survival of salmon stocks resident in southern coastal regions was higher.  The differences in growth could be due to differences in feeding rates (consumption), differences in basal metabolic rates coupled to regional temperature differences or life history type, or different activity rates related to foraging and food abundance, or to differences in prey quality (i.e. energy contents).
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To evaluate the cause of these differences in growth it is necessary to directly measure consumption rates of fish in the wild.  We used a mass balance model of cesium accumulation to estimate food consumption rates of salmon (Forseth et al. 1992, 1994; Rowan and Rasmussen 1996).  Cesium accumulates in fish tissue as a result of ingestion, and provides an integrated measure of food consumption that has been used to derive consumption rates for a number of salmonids in freshwater systems (Forseth et al. 1992, 1994, 1999; Rowan and Rasmussen 1996; Tucker and Rasmussen 1999; Trudel et al. 2000, 2001). 

This method was initially developed for radioactive cesium (137Cs) and gives similar results to those obtained using a mercury (Hg) mass balance model that has been validated (Trudel et al. 2000).  It should also be applicable to other isotopes of cesium, as fish are not expected to be capable of discriminating between different cesium isotopes (Forseth et al. 1999).  In this study, we used stable isotopes of cesium (133Cs), as 137Cs concentration was too low in fish and their food to be accurately and rapidly determined by gamma spectroscopy (< 0.01 Bq·kg-1).  In contrast, 133Cs concentration can be accurately measured using inductively-coupled plasma mass spectrometry (ICPMS) with a detection limit of 0.001 g·g-1.  In addition, 133Cs concentrations in both plankton and stomach content samples were constant between regions, indicating that even if we do not know exactly how much time salmon spent in any area of the continental shelf, they were consuming food that had similar 133Cs concentration.

The application of the isotope method to estimating consumption rates requires the determination of 133Cs concentrations in whole fish and their prey, specific growth rates of fish, the rate of 133Cs elimination from fish, and the assimilation efficiency of 133Cs from food (Forseth et al. 1992; Rowan and Rasmussen 1996; Trudel et al. 2000).  A sample of skinless dorsal muscle was removed below the dorsal fin, dried, ground, and muscle 133Cs concentration was measured by ICPMS.  Whole fish 133Cs concentration were obtained by multiplying muscle 133Cs concentration by 0.76 (this conversion factor was empirically derived on a subset of 30 coho salmon).  Specific growth rates (G; g·g-1·d-1) were estimated for juvenile salmon following Ricker (1979).  The elimination rate is species-independent in fish, and was estimated using body size and water temperature (Rowan and Rasmussen 1995).  The assimilation efficiency of 133Cs from food varies between prey types and was estimated using published values obtained for salmonids (Forseth et al. 1992; Rowan and Rasmussen 1996).  Summer feeding rates (C; g·g-1·d-1) of juvenile coho salmon in northern and southern areas were then estimated using the average 133Cs concentration in fish collected from these regions during spring and fall and their stomachs.  Standard errors for growth and consumption rates derived by age-class means were determined from Monte Carlo simulations (Trudel and Boisclair 1993).

Consumption rates of juvenile coho salmon were similar across regions and years (range: 7-10% of their body weight per day) (Figure 15).  Thus, differences in growth rates observed for juvenile coho salmon could not be attributed to differences in consumption rates.  Rather, it suggests that metabolic costs or prey quality varied between years and areas.  

In summary, our findings to date therefore suggest that coho resident in different parts of the shelf ecosystem reach different sizes and attained different levels of energy reserves by October in some years. These differences, clearly seen in 1998, do not appear to be due to consumption rate differences.  The regional differences appear to have almost disappeared in 1999 with the climate shift occurring then; they seem to have then been re-expressed to a smaller degree in 2000 and 2001.

The improved growth conditions for coho in 1999 appear to have resulted in large improvements in coho returns in 2000 and chinook, steelhead and chum returns to the Columbia River in 2001.  Because of the low chinook catches made in the northern survey area until October 2000 & 2001 (when a directed effort was made to sample inlets in addition to the open shelf), it is not possible for us to directly assess the impact of these ocean climate changes on chinook; however, we anticipate that the growth differences seen for coho probably also apply to chinook resident in the same areas.

Overwinter Conditions

Beginning in March 2001, we began end-of-winter surveys to examine over-winter growth and energy reserves of the smolts.  These were the survivors from the cohort we had examined in October of 2000.  (Funding for the vessel time for this aspect of our surveys was provided by DFO, but analysis of these samples was done in conjunction with our BPA-funded fall surveys; we are including this work here for completeness).

It appears that both the chinook and coho did manage to increase in length over winter, so some growth occurred.  Although proximate analysis of these collected samples is not yet complete, using the inverse relationship between water content and fat or energy level (Hartman and Brandt 1995: lower water content means higher stored energy content) as an index of stored energy reserves, it appears that this growth occurred at the expense of energy reserves.  In all comparisons, water content at a given size increased at winter’s end (Figure 16).  
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In our experience, salmon with water contents approaching 80% have little stored fat left, so a substantial fraction of these animals may be near the limits of energy depletion.  It will be of considerable interest to assess the stored energy reserves for these smolts directly. Beamish and Mahnken (2001) have suggested that salmon not reaching a critical size before the start of winter may not survive the over-winter period.  There seems considerable likelihood  that a significant fraction of a cohort may fail to survive due to starvation if stored energy levels at the start of winter are insufficient.

From a more strategic perspective, it will also important to compare energy reserves in the autumn and following spring following ocean conditions similar to those holding in 1998 and earlier years if ocean conditions revert to their previous poor conditions. 
DNA Analysis of Stock ID 

There have been important improvements in the ability to discriminate stocks of chinook and coho off the West Coast of North America using DNA techniques. Primers amplifying 13 highly variable microsatellite loci have been applied in the PBS molecular genetics laboratory to examine population structure of chinook salmon in British Columbia, as well as selected stocks in Washington and the Columbia and Sacramento rivers. Approximately 22,000 chinook salmon from 140 stocks in BC, Washington, and the Columbia River have been analyzed at 13 microsatellite loci.  Substantial genetic differentiation has been observed among stocks, and regional structuring of the stocks sampled is apparent.  Analysis to date has centered on estimating stock composition within major river drainages such the Fraser River, and in marine fisheries on the west coast of Vancouver Island.  Results to date, when applied to Fraser River mixed-stock fishery samples, suggest that, in many cases, accurate and reasonably precise estimates of stock composition are possible on an individual tributary basis.
The DNA technique and existing baseline already allows an accurate assessment of the relative abundance of different stocks in samples of animals of known origin (Table 1), and will therefore permit us to identify the source populations for both the hatchery and wild stocks collected in our surveys.  

Table 1.  Estimated stock composition of US-origin stocks** in a sample of 330 coded-wire tagged chinook salmon caught in British Columbia fisheries in 1997.  The stock composition estimates are based on DNA analysis of tissue samples at the original six microsatellite surveyed.  Note that the major US contribution is from Columbia River chinook, and that about 2% of the total CWT-tagged chinook caught are of Snake R origin, a high proportion given the low abundance of this stock grouping.

Region
True % 
Estimated %

CANADIAN ORIGIN (Total)*
63.64
70.71

U.S. ORIGIN (Total)
36.4
29.3

Puget Sound
11.82
10.83

Juan de Fuca
0.00
0.00

Coastal Washington 
1.21
2.80

Total Columbia R.
16.68 
14.19

 (Snake River Stock) 
1.82 
1.40

Sacramento R. 
2.73 
1.09

Coastal Oregon 
3.94 
0.00



* The current baseline underestimates the total US Origin salmon because it is incomplete; however, the estimated contribution for stocks already in the baseline is highly accurate.



** American stocks included in the current baseline and used to estimate stock compositions are:



Columbia: Abernathy, Coweeman, Chewack, Twisp, Silmilkameen, Wenatchee, Chiawa, Naches, Snake, Lyon’s Ferry, Tucannon


Puget Sound:  Skagit, White, Kendall (Nooksack hatchery), Soos (Green River hatchery), Kendall (Green River hatchery), Skykomish, Stillaguamish 


Juan de Fuca:  Elwha


Coastal Washington: Solduc, Quinault, Hoh, Queets


Sacramento River:  fall and late fall samples

We have worked with Terry Beacham’s DFO lab to look at the stock composition estimates for the juvenile chinook collected on our summer cruises for the northern area.  

The results (Fig. 17) show that there are very large changes in stock composition between the southern study area in the summer and fall.  There are also large spatial differences evident between the northern & southern regions in the summer, suggesting that different stock groupings have different marine distributions (and thus different movement patterns).  For example, chinook from the East Coast Vancouver Island (ECVI), Strait of Georgia and Fraser River are in high abundance in the northern region but not the southern region, suggesting rapid migration to the north.  Significant numbers of upper Columbia and Snake River chinook are also seen in both areas and in both the summer and fall.  The abundance of Snake River chinook in the southern region in summer, and its subsequent disappearance, is particularly intriguing.  The migration patterns of these fish need to be better understood in order to understand how ocean climate changes will [image: image18.emf]-2
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 Application of Hg as a tracer of ocean residency
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Although cesium concentrations did not vary systematically within our survey area, mercury concentrations measured by ICP-MS did show significant geographic differences, particularly for coho (Figure 18). Mercury bioaccumulates in a manner similar to Cs (Trudel et al 2000; Trudel and Rasmussen 2001), but regional differences preclude its use as a measure of feeding differences.  Hg concentration in water shows a gradation from high in the South to low in the North (Cutshall et al 1978). This regional pattern in Hg water concentrations and consequently prey and fish concentrations has been well documented for several species of fish (Hall et al. 1976a, 1976b; Cutshall et al. 1978) and is reflected in our preliminary isotope analysis (Figure 19).  The variations in tissue mercury levels for juvenile salmon suggest that the animals appear to remain in specific areas of the continental shelf, particularly in the case of coho. 
Effect of Growth on Survival

As a general rule, smaller fish have higher mortality rates. Reduced growth therefore results in animals remaining smaller for longer periods of time, exposing them to greater total mortality.  Across a wide range of aquatic ecosystems instantaneous natural mortality M varies with size (weight) as 

M(W) = a W-b,

where a=3.0 and b=0.288  (Lorenzen 1996). This relationship also included Pacific salmon in the analysis.  Furthermore, there is good empirical evidence showing that ocean survival is related to size in salmon (e.g. Holtby et al. 1990; Healey 1982; Ward and Slaney 1988; Ward et al. 1989). 

Assuming that body weight increases linearly with time (a good approximation for our field data) and integrating this mortality relationship from the weight at ocean entry, Wo, to subsequent times leads to the relative survival for coho or chinook remaining in the areas of high and low growth rates of: 
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where, for example, (High is the more rapid rate of growth in weight with time, t.  Figure 20 shows relative survival to various times for the two-fold difference in growth rates which we found for coho in the 1998 study.  The approximately two-fold difference in growth (body mass) achieved by October, 5 months after ocean entry, would result in a 2.6 fold difference in survival.  In other words, for each salmon surviving to October while foraging off the West Coast of Vancouver Island, 2.6 would survive to the same age if they foraged in northern British Columbia or south-east Alaskan coastal waters.  To put this relative survival in context, the combined British Columbia commercial and sports fisheries for coho formerly had a harvest rate of ca. 70%, or caught 2 out of 3 returning coho.  The differences in survival between northern and southern areas through to October of the first year in the ocean is equivalent to a harvest rate of 60%.  It would be necessary to almost completely terminate all fisheries to compensate for the effect of these differences in growth rate during the first summer in the ocean alone on relative survival.  
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The effect of this growth differential would be even larger if continued on into the second year of ocean life.  This effect is therefore of considerable importance because most studies have assumed that year class strength is determined during the first few months after ocean entry.  These calculations suggest that recruitment success may in fact be established over a much longer period in the ocean than previously considered likely.  The relative survival ratio of 9:1 by 18 months after ocean entry is quite similar to the 10 to 1 ratio of marine survival of coho holding two decades ago relative to current ocean survival rates.  This suggests that the growth rate changes in southern regions could be behind the reduced ocean survival seen over time for many stocks of coho, chinook, and steelhead, if they spend significant time in the region of poor growth.  The depleted fat reserves of the animals in southern regions is an additional factor that is of some importance, as Beamish and Mahnken (2001) have made the suggestion that over-winter survival of salmonids may be dependent on reaching a critical size.  Since smaller fish within a given region have lower energy reserves, it may be that the critical size occurs because fish smaller than this do not have sufficient energy reserves to successfully over-winter.  The further reduced energy level of juvenile salmon of the same size (Figure 11) foraging in the southern area would likely result in additional mortality from such a mechanism.  

As Figure 8 demonstrates, the farther north salmon are sampled, the larger their body size, so the lower the mortality that would result.  The regions that specific stocks of salmon forage in will therefore have an important influence on their ocean survival.  If the growth rate difference between northern and southern BC persists over the full 18 months coho spend in the ocean, nearly a ten-fold difference in survival might result, and the difference would be even greater when growth-related survival is compared for stocks feeding further to the north.  For chinook, which spend more time in the ocean, the differences in survival would be even larger.  Our May and June 1999 surveys indicate that the difference in body size has carried through until at least the end of June, or 12-13 months after ocean entry.  Our results therefore suggest that the greatest effects of reduced ocean productivity or elevated sea temperatures on growth and survival will be for those stocks of Columbia River coho or chinook salmon stocks that remain for the longest periods in regions of low growth.

[image: image25.wmf]Juvenile Coho Growth

100

150

200

250

300

Day of Year

100

200

300

100

200

300

Fork Length (mm)

1995-98

1999-2000

Central Alaska

Dixon Entrance

Inside S.E. Alaska

Kodiak Island

S.E. Alaska

South Central Alaska

Hecate Strait

Inside B.C.

Johnstone Strait

Queen Charlotte Sound

Queen Charlotte Strait

Vancouver Island

Washington

Oceanographic context of shelf changes during 1998 and 1999

[image: image26.wmf]Condition factor

0.9

1.0

1.1

1.2

1.3

1.4

1.5

Energy density (MJ/kg

dry

)

18

20

22

24

26

Condition factor

0.9

1.0

1.1

1.2

1.3

1.4

1.5

1998

1999

Coho

Lipid (mg/kg

dry

)

0

50

100

150

200

250

300

Chinook

[image: image27.wmf]Fork length (mm)

200

240

280

320

360

400

Mass (g)

100

200

300

400

500

600

700

Age 1.0

Age 2.0

2000

W-L of coho by year and age (all scales)

Mass (g)

100

200

300

400

500

600

700

Mass (g)

100

200

300

400

500

600

700

1999

1998

Fork length (mm)

200

240

280

320

360

400

Mass (g)

100

200

300

400

500

600

700

Age 1.0

Age 2.0

2000

W-L of coho by year and age (preferred)

Mass (g)

100

200

300

400

500

600

700

Mass (g)

100

200

300

400

500

600

700

1999

1998

Preliminary analyses show that both oceanographic conditions and zooplankton assemblages have undergone substantial change between 1998 and 1999. During spring and summer of 1998, mixed-layer temperatures at 51°N (Triangle Island, northern tip of Vancouver Island) were 2-3°C warmer than in 1998 (Figure 21). Similar warming was seen north to 56°N (Baranof Island, Alaska). The mixed-layer was more strongly stratified during 1998 (Figure 22), indicating less favourable conditions for renewal of nutrients in surface waters. Average mixed-layer depth on the shelf did not appear to be significantly different between years (14.0 m in 1998 vs. 15.3 m in 1999), but it did appear to differ between regions (14.1 in the south vs. 16.1 in the north; see Figure 22). 

Nitrate and silicate, two nutrients important for primary productivity, were completely depleted on the shelf in June 1998 but occurred in some areas on the shelf during 1999 (Figure 23). Initially, the increase in stratification and decrease in nutrients would tend to support the component of Gargett's (1997) hypothesis which states that a warmer ocean creates stronger stratification with decreased nutrients in the mixed layer, which theoretically lead to less biological productivity. However, analyses of all transects need to be completed before a conclusion may be reached regarding the extent and strength of increased stratification on the shelf. 
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In contrast to the physical data, phytoplankton distributions show that despite physical oceanographic conditions theoretically favouring less biological productivity, the extent and intensity of phytoplankton blooms may not have changed substantially between 1998 and 1999 (Figure 24). The species assemblages responsible for these blooms are unknown, however. It is possible that changes in the community composition of phytoplankton occurred.

Zooplankton community changes
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Nonmetric multidimensional scaling (hereafter, NMDS) was used to reduce the complexity of pairwise comparisons of community composition (i.e. relative species abundance) among net tows to a two-dimensional similarity plot. In this type of plot, samples whose community compositions closely resemble each other are represented by points placed close together on the plot, while samples that are very different from one another are placed farther apart. The 1998 samples (red symbols) cluster separately from 1999 samples (blue symbols), which is a clear indication that the species composition in the plankton changed significantly between 1998, a warm-ocean condition, and 1999, a cool-ocean condition (Figure 25), the time of the major climate shift that has affected salmon growth.
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There was also evidence that the effect of community change was different for the southern BC shelf than for the northern BC/SE Alaska shelf. A similar NMDS plot (Figure 26) showing data from a southern transect (Triangle Island, 51ºN) and a northern transect (Dixon Entrance, 54.5ºN) revealed that not only did 1998 and 1999 cluster together, but southern and northern regions also clustered together. This is evidence for a regional difference in plankton community change.

The main effect causing the difference between 1998 and 1999 zooplankton assemblages was the appearance of California shelf copepods (Paracalanus, Ctenocalanus, and Clausocalanus) off the coast of BC and SE Alaska in 1998 (compare 98 vs. 99 pie diagrams for relative species abundances, Figure 27). These copepods are not normally found during summer off the BC or Alaska shelf. Net tow data show that these species then disappeared from the BC/Alaska shelf by May 1999.

The main effect causing the regional difference between northern and southern BC shelf samples was the difference in numbers of California copepods relative to the normal dominant shelf copepod, Pseudocalanus (Figure 27): In the south during 1998, Pseudocalanus was represented by 11% and California species by 18% of all individuals, whereas in the north Pseudocalanus represented 41% and California species 7% of all individuals. This result indicates that the community change in zooplankton had a larger impact on the southern BC shelf than on the northern BC/SE Alaska shelf.
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Spare picture– This figure shows the mean shelf plankton biomass in June. 
David requested these figures for IOS tomorrow. DAVID: YOU WANT THE FIRST THREE SHEETS.

I have included plots of the average biomass (dry weight), by both total zooplankton and by size classes. Measurements are in mg per cubic meter, dry. Triangle means JUNE TRIANGLE SHELF only; SE Alaska means Dixon in 98 and 99 and Forrester in 2000 and 2001 (we only have a consistent 4-yr record for Triangle).

A quick and dirty set of Kruskal-Wallis tests shows that there are, for the Triangle data, statistical differences in median biomass  among years in total biomass, and within all size classes except for the 0.25 to 1 mm size class (the smallest). All this says is that there is significant interannual variability. 

With SE Alaska, the simple KW test shows no significant interannual variability in total biomass or the > 8mm or 1-1.7 mm size classes. There is some significant variation within the smallest size class (< 0.25 mm) and the 1.7-8 mm size class. 

This isn't a very sophisticated analysis of 98 to 2001 comparisons, but it give us some clue there might be a lot more variability in the Triangle region than in SE Alaska shelf.
Jen Z

Summary of our BPA funded work to date

Our work showed that different stocks of coho and chinook salmon appear to be using different areas of the ocean, and that ocean conditions were not uniformly suitable for salmon growth and survival along the west coast and between years. The calculated impacts on survival are very large, and could explain much of the differences in ocean survival and stock productivity seen along the west coast if the weakest stocks can be shown to consistently migrate to, and take up residence in, these areas of poor expected survival. Calculations of relative survival using literature values for size-dependent mortality in fish (Lorenzen 1996) indicate that there should a 3-fold difference in survival by the end of the first summer in the ocean, and that there would be an 9-fold (900%) or greater survival advantage for coho or chinook at the end of 18 months in the ocean if these growth differences persist.

Our work also provides the puzzling result that the reduced rates of growth and energy storage in 1998 do not appear to be the result of lower rates of food consumption in the southern region off British Columbia.  This suggests that the fish had poorer growth efficiencies in the south because of a lower-caloric value diet, which in turn implies perhaps a qualitative shift in the species composition of the prey.  Our analysis of plankton data provides some support for this view. 

These findings indicate that the massive changes in ocean survival recently occurring could be largely explained by differences in growth between different regions of the coastal ocean, and by differences between years.  Those stocks of salmon that remain in the regions of poor growth should have much poorer survival as a result.  The stocks with the poorest productivity might also have smaller body size and reduced fat stores as returning adults as a result, and this may compromise their ability to complete long up-river migrations relative to other stocks that feed more successfully in the ocean. Whatever the specific causes of the reduced productivity, the decreases in marine survival over time for many stocks appear to be much greater than the changes taking place in freshwater survival.  This suggests that it may not be possible to manipulate the freshwater environment for affected stocks sufficiently to compensate for what is occurring in the ocean.
Current Limitations

Our results to date demonstrate that the ocean habitat of salmon, and the response of salmon to that habitat, is neither homogeneous nor constant. However, there are some outstanding issues that need to be addressed to better understand the effect of ocean conditions on salmon growth and survival and will be examined in the proposed research. These issues include: 

1. Quantifying the extent to which there is regional, seasonal, and interannual variability in life history-specific and stock-specific use of (and response to) ocean habitat

2. Quantifying the extent to which regional, seasonal, and interannual variability in ocean conditions, prey base and food web structure are linked to changes in salmon growth, habitat use, and trophic position

3. Evaluating the size-specific survival hypothesis by examining over-winter marine habitat use, growth, and energetic status

4. Establishing baseline data in British Columbia-SE Alaska for comparison with future change in ocean conditions

Addressing these issues will require appropriate data from not only salmon but also the environmental conditions they experience over the course of several years. We are requesting funding to provide these data. All objectives will require regional, seasonal, and interannual components to the survey design and data collection. Objectives 1 and 3 will require salmon-specific data such as life-history identification from scale and otolith data, stock ID from DNA analyses, food consumption and energetic status measurements from body composition and stomach contents. Objective 2 will require measurements of physical and biological oceanography. Objective 4 specifically requires a multi-year commitment of shiptime and funding.

c. Rationale and significance to Regional Programs

Our work indicates that, in 1999, the North Pacific Ocean has undergone a sudden and dramatic shift in ocean conditions to one that is more favourable to Columbia River salmon.  It is important to measure these improved conditions now, while they persist, because they are likely to be short-lived; greenhouse gas forcing is likely to drive ocean climate back towards a more extreme version of the warmer climate holding through the 1980s and 1990s.  As the 1980s and 1990s appeared to be a time of progressively poorer marine survival for salmon– with many populations becoming unsustainable even in the absence of all fishing– direct measurement of the degree to which the ocean affects various salmon populations needs to be made.  Given the unexpectedly rapid shift in ocean conditions between 1998 and 1999– and their persistence following the shift–it is important that the effect of the ocean be measured directly, as it may be larger than the variability in freshwater survival.  If this is so, then variation in ocean conditions may obscure improvements following from the extensive efforts focussing on freshwater to rebuild Columbia River salmon stocks.  It seems appropriate to re-state the quote we made at the beginning of our proposal: 
“In spite of these investments, the salmon continue to decline and additional listings under the federal Endangered Species Act have been proposed… Against this background of apparent failure, it is logical to ask whether there is some basic qualitative flaw in the recovery and mitigation efforts”.

(Independent Scientific Review Panel, 1997)

Although direct “modification” of ocean conditions is not possible, the research proposed here could potentially identify a basis for improving juvenile salmon survival.  Reduced survival may be related to declining ocean productivity and consequently poorer marine growth.  Actions taken in freshwater to increase salmon size at ocean entry (by fertilisation of freshwater rearing habitats, or releasing hatchery-raised fish at a larger size) might be possible compensatory strategies.  Alternatively, focussing future restoration efforts explicitly on stocks whose migratory behaviour moves them rapidly out of regions of poor survival might improve the overall success of such efforts, as well as reduce competition in the sea with threatened stocks.  Our October 2001 survey results raises the intriguing possibility that chinook may move into the quite restricted areas of the inlets by fall.  This raises the tantalising possibility that specific stocks may consistently go to specific inlets.  Attempts to buttress populations by increasing hatchery production could have potentially severe negative effects on specific wild stocks if significant inter-specific competition should develop within these quite restricted marine environments.

However, the most important contribution that the research will make is to developing a more informed public policy —by identifying conditions that are leading to worsening ocean habitat for salmon, by focussing scientific and public attention on the enormous changes in ocean survival relative to freshwater survival that have already happened, and by providing a baseline of information by which to gauge how much worse ocean conditions for salmon could become if ocean climate continues to deteriorate. The ocean effects that have already occurred may have masked successful mitigation measures in freshwater.  A broader understanding of ocean growth conditions throughout the coastal region is necessary to better understand the relative survival of salmon stocks that reside in different areas of the coast.  This information will also provide a rational basis for assessing how much of the “delayed mortality” identified in the PATH study is the result of direct ocean effects and how much is attributable to possible delayed effects of transport or passage through the hydrosystem, as has been assumed.  Finally, there are reasons for believing that further climate deterioration due to global warming could far outweigh potential compensatory strategies applied by management agencies in freshwater.  The baseline data necessary to assess these issues needs to be collected before informed assessment is possible.

There are persistent resource conflicts in the Pacific Northwest between salmon and other resource uses (hydropower, forestry, and agriculture).  Salmon are affected by many factors in both freshwater and the ocean. Because the number of smolts entering the ocean are monitored in very few salmon populations, it has been the norm to assume that when the number of adults returning drops that it is the result of events happening in freshwater.  Informed debate about the effect of impacts from these alternative resource sectors on salmon declines requires a direct assessment of the effect of ocean conditions on salmon populations; otherwise the effects of ocean conditions on salmon population declines are confounded with events occurring if freshwater.  This proposal is intended to address this problem over a wide range of the coast of direct relevance to all stocks of Columbia River salmon. Recent NMFS analysis of 11 listed Basin “evolutionarily significant units”  (excluding Snake River sockeye) showed that nine had declining growth  rates.  The Upper Columbia spring chinook and Middle Columbia, Upper  Columbia and Upper Willamette steelhead ESU’s were (formerly)  decreasing at a rate of at least 10 percent per year.  The ocean work we are proposing will sample all of these stocks, and help to establish the effect of ocean conditions on their survival & productivity.  This will allow progress to be made in identifying for how long and in what regions the various stocks of Columbia River salmon are exposed to poor coastal conditions, and which stocks are being exposed to these conditions.

d. Relationships to other projects 

Apart from the research described here only limited ocean research on salmon has developed (See review by Brodeur et al 2000).  Much of this work suffers from the problem that the research involves very focussed and intensive studies in small geographic areas of the coast, such as specific estuaries or the Columbia River plume.  The evidence presented here shows that juvenile salmon have also much broader geographic regions of residence and that recruitment of juvenile salmon stocks may be determined on these larger-scales as a result of differences in growth, bioenergetic status, and resultant survival.  The work we have completed since 1995 indicates that there are potentially large differences in survival as a result of these regional-scale processes, and that sudden shifts in survival may occur in a single year (e.g. 1999). 

The proposed research described here will be carried out collaboratively with the NMFS study “Ocean survival of salmonids relative to migrational timing, fish health, and oceanographic conditions” off Washington-Oregon, and will complement studies conducted under the U.S. West Coast GLOBEC programs in the Pacific north-west, northern California, in Alaska, and the NMFS “Ocean Carrying Capacity Study” (NMFS, Auke Bay, Alaska).

Tissue samples for genetic stock ID and fish health studies on chinook and coho have been provided to NMFS, who have an extensive genetic baseline for chinook (Teel et al 1999).  Tissue samples for genetic stock ID of pink and chum can also be provided to Auke Bay scientists (subject to protocols being established that do not compromise the scientific goals of this proposal).  Oceanographic data (temperature, salinity, nutrients) will be quality checked and processed at the Inst. of Ocean Sciences (DFO) and forwarded to the NODC archives following established guidelines, where they will be available to all investigators. These large-scale surveys will complement the DFO Line P survey and the U of Alaska Seward/GAK-1 line, both of which involve a single cross-shelf transect.  DNA analyses for salmon stock ID and measurements of proximate analysis and bomb calorimetry of the collected salmon and plankton samples will be done collaboratively with DFO investigators working in these areas.  The DNA stock ID work will be co-ordinated with the NMFS protein electrophoresis stock ID work to compare the power of the two techniques and to examine the possibility of combining the two approaches to provide for greater stock discrimination.

Apart from our 1997-1999 cross-shelf transects, and the 1998 to present GAK-1 line, almost no useful information exists on nutrient dynamics for the shelf region north of Vancouver Island.  The proposed cross-shelf CTD transects will, for the first time, provide a detailed oceanographic picture of shelf dynamics for the West Coast of North America when combined with similar data being collected in Washington, Oregon, and northern California under US-GLOBEC programs.  The data being collected in this program will supplement and greatly extend the existing GAK1-Seward line being run in Alaska since 1998.  Our survey will complement these studies, and provide detailed information on the size and growth of juvenile salmon for an area of the shelf of critical importance to many stocks of Columbia river salmon.

e. Project history
 (for ongoing projects) 

BPA funding to pay for ship time for the 28 day Autumn cruise and assist with sample processing began in 1999.

f. Proposal objectives, tasks and methods

Objectives of the proposed research-2003

Our survey is intended to map ocean conditions determining the growth and survival of Pacific salmon along the West Coast of North America from the British Columbia-Washington border to South East Alaska, and to identify which stocks of Columbia River salmon forage in these areas. 
This proposal is intended to: 

(1) identify the extent of the region of poor growth and survival, 

(2)  measure the growth and feeding conditions of the salmon within these areas, 

(3) identify the physical and biological changes in the ocean that lead to reduced ocean survival through changes in growth, and 

(4) identify the identity of the fish occurring in this region of poor growth using DNA.
An expanded research program is needed that will build on the results of the past sampling program, which included the region from the west coast of Vancouver Island to Baranof Island in SE Alaska (Figure 6; Lines 1-4).  These surveys need to be repeated in the fall and again at the end of winter. The autumn survey will establish growth and energetic conditions achieved by the end of the growing season.  The end of winter survey will establish the energetic status of the salmon after over-wintering (size, bioenergetic status), whether specific stocks have moved since the previous autumn, and the oceanographic conditions holding at the start of the next growing season.  A mid-summer survey of the region should be repeated in 2002 and later years in order to establish oceanographic conditions determining salmon growth, and mid-summer salmon status; however, since sampling at this time will capture a mixture of transient salmon stocks simply migrating through the region as well as resident stocks, the primary focus will be on defining the oceanographic conditions determining the condition of the salmon that will be measured in the autumn and the specific stock-composition of the mixture of transient and resident salmon stocks for chinook and coho salmon.  

By the fall (October-November), migratory juvenile salmon will have moved to either reach their coastal areas of residence, or will have continued on to the Aleutians and eventually to the offshore North Pacific.  The results from previous surveys show that the abundance of sockeye, pink, and chum salmon is much lower by October and the proportion of chinook and coho in the catches is much higher than in the summer.  Calculations indicate that the vast majority of migrating salmon will have moved along the continental shelf and out of the proposed study area by October leaving a relatively pure  sample of non-migrating coho and chinook upon which measurements may be based.  Our results show that the mercury concentration present in the tissues of juvenile salmon captured in specific areas of the coast in October differs between regions, with the greatest concentrations found in animals from the southernmost areas.  As there is a north-south gradient in mercury found along the west coast of North America  (see above), this is indirect evidence that the juvenile salmon captured in specific areas are resident in those regions and do not range over large regions of the coast.

For example, a salmon migrating along the shelf that entered the ocean off the Columbia River in mid-May at 11 cm would have attained a size of 25 cm by the time it reached the continental shelf around Kodiak, Alaska, by mid-October, 5 months after ocean entry.  This would require migration at an average speed of 13.8 cm/sec, or about 0.75 body lengths per second.  We have recovered marked coho and chinook after several months in the ocean that were migrating at average swimming speeds of 1.5-2.2 BL/s.  Thus the majority of the salmon remaining on the shelf by the fall are expected to be coastal resident stocks that that have remained largely within their marine feeding areas.  Sampling these fish will provide a direct measure of their growth and bioenergetic status to the end of the summer growing season, and an estimate of the stock composition (from DNA and protein electrophoretic measurements).

Resampling of these animals in March-April will provide a second opportunity to augment sample sizes for stock ID work and to look at bioenergetic status at the end of the winter.  Coho sampled in the fall of 1998 off Vancouver Island were smaller and had lower fat (energy) reserves than animals found farther north.  Beamish and Mahnken (2001) have suggested that salmon not reaching a critical size before the start of winter may not survive the over-winter period.  As the coho found off southern British Columbia in October 1998 were substantially smaller and had lower energy stores than animals found off northern British Columbia or SE Alaska, it is important to gauge the degree to which these animals may deplete their energy reserves over-winter, as this may further exacerbate the level of mortality in southern coastal regions.  

It has been assumed that coastal resident stocks of chinook are predominantly ocean-type while the offshore resident stocks of chinook are predominantly stream-type chinook (Healey 1983, 1991; Healey and Groot 1987).  Healey (1983) reviewed previous work and noted that although both stream-type and ocean-type smolts entered the ocean at approximately the same time in April and May, first ocean year stream-type chinook were still present in Juan de Fuca Strait in September. Healey (1983, 1991) noted that stream-type chinook were still present off Juan de Fuca Strait (southern B.C.) in September, and Orsi and Wertheimer  (1995) found stream and ocean type chinook present in the inside waters of SE Alaska in February.  Thus the supposedly open ocean stream-type chinook will be exposed to coastal ocean conditions for extended periods of time. Mark Stopha (SE Alaska Chinook troll Biologist for the Alaska Department of Fish and Game, pers. comm.,) reports that although concentrations of chinook are known to occur in SE Alaskan waters in winter, the biology of these animals is not well-known.  (Many appear to be of Columbia River or British Columbian origin however).

Healey’s conclusion that ocean-type chinook may spend their first ocean year in sheltered inside waters or very close to shore while stream-type chinook may be most abundant along the open coast is therefore questionable.  It is important to specifically evaluate this conclusion because of the need to address the population status of both stream and ocean-type chinook salmon (spring-summer vs fall run timing) within the study by establishing where they reside, and therefore what aspect of the regional-scale changes in ocean climate are relevant to their growth and survival.  

Our previous work has focussed almost entirely on the open shelf.  Sampling therefore needs to be conducted in both the sheltered inshore waters of the fjords and inland waterways and in the open outer shelf in order to establish the relative abundance of salmon in the two regions, and the relative abundance of ocean and stream-type chinook within each region. 

Ocean Sampling Regions:
Additional sea time (28 ship-days) is requested to fund work to repeat DFO’s summer sampling locations with a BPA-funded survey in October. 

The proposed transect locations have been chosen to sample major open shelf “bioregions” extending from the west coast of Vancouver Island  to northern regions of SE Alaska and the associated inshore fjord systems. Sampling will assess the biogeography of specific stock groupings from DNA (see below), migration patterns observed from CWT marine recoveries for coho, chinook, cutthroat, and to a lesser extent steelhead, and the associated physical environments. 

Sampling along each transect will provide the baseline oceanographic data and raw biological data on juvenile salmon and their prey.  CTD (Conductivity-Temperature-Depth) profiles will be used to determine the vertical and horizontal structure of the ocean on each cross-shelf transect, and water sampling will be used to determine concentrations of nitrate and silicate.  The CTD profiles will be used to determine mixed layer stability and buoyancy flux, and to provide the baseline data necessary to test the theory that changes in water column stability are driving the differential productivity of northern and southern regions of the Gulf of Alaska (Gargett 1997). Water samples will also be collected to measure chlorophyll-a concentrations, and a fluorometer will be used to establish vertical profiles of chlorophyll in the water column.  Plankton samples will be collected to determine zooplankton concentrations, and to provide archival samples for stable isotope and bioenergetic analysis.  

DNA analysis and otolith examination will allow establishing what stocks of each species are found along each transect and (with repeat sampling through the year) establish which stocks remain in an area and which stocks rapidly move through the region and eventually enter the open North Pacific.  Fishing to collect salmon samples will be consistent with our previous sampling strategy: half-hour tows will be separated so that over a 12 hr fishing period these tows will be evenly spaced from near-shore to just beyond the 200 m isobath approximately delimiting the outer limit of juvenile salmon on the shelf.  Beyond the salmon distribution, only oceanographic properties will be measured during night-time periods.  In areas where the shelf is too wide to effectively sample across its width in one day, sampling will be extended over two days to ensure that measurements across the full width of the shelf and offshore region are obtained.  In sheltered inshore waters a linear transect consisting of multiple stations is infeasible, so sampling will consist of individual tows and the same set of associated oceanographic measurements as the vessel moves along the waterways.  These sampling locations and specific sampling plan is designed to, where possible, match our previous work to facilitate inter-comparison, and to complement studies now occurring off the Washington and Oregon coasts by NMFS.

Biological Sampling:
Initial biological and oceanographic sampling at sea and subsequent processing in the laboratory will determine the following for the collected salmon:  

(a) Species identification of all salmon collected;

(b) Length, weight, and sex of each individual (to a maximum of 30 salmon per species per tow).

(c) Water content (to a maximum of 30 salmon per species per tow); this is a proxy for fat content and drying is a necessary precursor to most other measurements.

(d) Stomach contents, measured as a percent of body weight; (to a maximum of 30 salmon per species per tow).

(e) Determination of stock of origin based on DNA analysis (chinook and coho), and CWT and PIT tags (coho and chinook). 

(f) Estimation of total food consumption and trophic position that feeding occurs at for a sub-sample of coho and chinook based on 133Cs measurements using ICPMS mass-spectrometry and stable isotopes of carbon and nitrogen (13C and  15N) using a C-N mass spectrometer.  Mercury will also be measured to evaluate the degree of movement between regions.

(g) Proximate analysis of lipid, protein, and ash content plus caloric content to directly establish nutritional status for a sub-sample of salmon.
(h) Determination of stream vs ocean-type life history for the chinook, in order to determine how long stream-type chinook remain resident in the study area.  This is being undertaken using laser ablation ICPMS, with a 5 micron beam width (cooperative with Dr Kevin Telmer, University of Victoria).
Oceanographic sampling will involve collection of the following data at each trawl station:

(a) CTD measurements for temperature, salinity, and transmissivity to bottom or 500m;

(b) Surface nutrient collection (NO3, PO4, SiO3);
(c) Continuous underway measurements of surface temperature, salinity and nitrate between stations (nitrate only on some cruises, depending upon availability of instrument);
(d) Zooplankton collection using an oblique Bongo tow from surface to either 150m or 5m off bottom; one sample preserved for taxonomic analysis in formalin, the other sample split into four sizes fractions, weighed and dried for potential chemical analyses.

Details

Determination of Stock Origin:

(i) Thermal Marks in Otoliths (Coho, Pink, and Chum Salmon)

Identification of the stocks of salmon remaining for extended periods in the regions of poorest growth is of particular interest because these stocks should experience the greatest reduction in survival.  Thermal marking of hatchery reared coho, pink, and chum salmon is now established and allows ready identification of the stocks of interest. Thermal marks are being applied to some coho and chinook stocks in Washington and Oregon.  The Alaska Dept. of Fish and Game has extensive experience in processing these samples to a high standard and will be sub-contracted to conduct the analysis on all coho and chinook otoliths, and a subsample of chum otoliths.  This will provide us with migration rates of known origin stocks along the coast, and an idea of the rate at which different species and stocks migrate along the coastal corridor towards the Aleutians.  

(ii) Protein Electrophoresis & DNA Analysis (Chinook and Coho Salmon)

The National Marine Fisheries Service has developed an extensive database of protein electrophoretic patterns for North American chinook salmon (Teel et al 1999).  The identification of the residence areas of specific stocks of chinook salmon is a critical aspect of this proposal.  We will continue to supply tissue samples to NMFS that are needed for their identification methods, which use protein electrophoresis.  Eye, heart, liver, and muscle samples will be dissected from freshly caught chinook and flash frozen at sea for analysis NMFS staff in Seattle at their request. 
There have been important improvements in the ability to discriminate stocks of chinook and coho off the West Coast of North America using DNA techniques. Primers amplifying 13 highly variable microsatellite loci have been applied in the PBS molecular genetics laboratory to examine population structure of chinook salmon in British Columbia, as well as selected stocks in Washington and the Columbia and Sacramento rivers. Approximately 22,000 chinook salmon from 140 stocks in BC, Washington, and the Columbia River have been analyzed at 13 microsatellite loci.  Substantial genetic differentiation has been observed among stocks, and regional structuring of the stocks sampled is apparent.  Analysis to date has centered on estimating stock composition within major river drainages, and in marine fisheries on the west coast of Vancouver Island.  Results to date, when applied to mixed-stock fishery samples, suggest that accurate and reasonably precise estimates of stock composition are possible on an individual tributary basis in many cases, and that Snake River chinook can be identified with high precision. 

The DNA technique and existing baseline already allows an accurate assessment of the relative abundance of different stocks in samples of animals of known origin (Table 1), and will therefore permit us to identify the source populations for both the hatchery and wild stocks collected in our surveys.  This will permit us to identify migration pathways of specific stocks and stock groupings, and to establish which stocks and species are remaining in the regions of lowest growth potential.  This work will be done by Dr Terry Beacham of DFO’s Pacific Biological Station, with whom we also have close working relationships.  Stock composition estimates using the DNA data can be compared with the NMFS electrophoretic data to provide an independent check on the validity of the stock composition estimates.  In addition, it should be possible to then combine the two data sets to provide an even finer level of resolution for the stock identification component of the study.
(iii) DNA Sub-Proposal (Chinook and Coho Salmon)

Part 1:  Use the existing baseline to estimate stock compositions of juvenile chinook and coho salmon caught along the west coast.  It is anticipated that up to 750 juveniles will be sampled in each of five years.
Part 2:  Enhance existing baseline of Columbia River stocks by  adding more stocks to the baseline used to estimate stock compositions.  The emphasis would be on expanding the baseline for Snake River and other upper Columbia stocks, but middle and lower Columbia stocks would also be added to the survey.  Adding more stocks will allow for identification of regional components within the Columbia River with greater accuracy and precision.  It is proposed that an additional 2,000 fish be screened at 13 microsatellite loci in year two of the proposal.  It is anticipated that existing samples previously collected for allozyme analysis be the source of DNA for the microsatellite survey.  Analyses of microsatellite variation in Pacific salmon has indicated that variation among stocks is roughly 10 times greater than variation among years within stocks, allowing for historical samples to be used to characterize current genetic structure in populations.  Previously collected scales can also be used as a source of DNA for microsatellite analysis.  Allozyme/scale samples would be available from Washington Department of Fisheries and Wildlife, as well as the National Marine Fisheries Service. 

Part 3:  Coho salmon will also be assayed for stock structure, in the same manner as the chinook.  Because of cost considerations these baseline samples will receive secondary priority and will be assayed only after the chinook baseline has been strengthened.
Food Consumption from Cesium Bioaccumulation:
Our sampling indicates that measuring feeding rates based on stomach content analysis provide a poor basis for measuring food intake in juvenile salmon (M. Trudel,  unpublished).  Measured rates of feeding (daily ration; stomach contents expressed as a percentage of body weight) are highly variable between salmon collected in a given location, and obscure any differences in feeding rates between regions.  As a result, we propose the extension of the use of cesium as an indicator rates of food consumption and growth, in order to expand on the preliminary results we report on earlier in this proposal.  

Our results indicate that baseline cesium levels in different regions of the coast studied to date are equal, allowing us to compare tissue cesium concentrations as a measure of food consumption rates for juvenile salmon foraging in different regions.  In contrast, as we have shown, mercury concentrations in the same animals vary substantially between regions, providing the basis for a marker to determine the degree to which individual animals remain within specific regions of the coast.

Cesium and mercury levels will be measured by ICP mass spectrometry in a subsample of the chinook and coho salmon collected along each transect within the expanded study area to establish directly rates of feeding, and for use in a bioenergetics model to establish the relative impacts of temperature and food availability on salmon growth, and (in the case of mercury) to act as a marker of ocean residency.  The data so generated will allow measuring potential changes in feeding rates between areas in any given year, and will also provide an important baseline for determining whether further ocean climate changes may significantly change feeding success in future years.  

Although it is clear from CWT recoveries of maturing salmon in the commercial fisheries that some important stocks of salmon, such as the Snake River and Hanford Reach chinook, are differentially distributed along the coast, it is unclear how much the first ocean-year juveniles move between regions. Tissue mercury concentrations are unusable for feeding studies because of their spatial gradient, but are useful for this reason because they act as a marker of the degree to which juvenile salmon may range along the coast.  

1. Whole body 133Cs and Hg levels will be measured for a subset of the coho and chinook juvenile salmon and compared across sampling transects.

2. 133Cs levels will be measured for stomach and hindgut contents in order to determine 133Cs concentrations in dietary items and estimate prey 133Cs concentrations and assimilation efficiencies directly. 

3. 133Cs levels will be measured in zooplankton from a sub-sample of the plankton tows in order to measure and verify baseline environmental levels in different areas of the continental shelf.  These measurements will be based on ICPMS on air-dried samples.  

4. Each animal measured for 133Cs will be aged and a “most likely” stock of origin established from the DNA analysis, in order to allow an individual fish approach to be taken (as outlined in Tucker and Rasmussen 1999). Each fish then will contribute an individual data point to augment overall sample sizes and also provide us with estimates of individual growth rates relative to 133Cs bioaccumulation levels.  

Proximate Analysis of Body Composition:
Salmon derive most of their dietary non-protein energy from fats (nonpolar lipids; chiefly triacylglycerols and wax esters).  The stores of fats in the red and white muscle, in the liver, and along the intestine and mesentery are influenced by several factors. Some of the most important of these include species and its size and sex, level of food (digestible energy) intake, and the proportions of the total available (digestible) dietary energy originating from protein and lipid (Higgs et al 1995). The body protein content of growing salmonids is determined by fish size whereas the ash content is homeostatically controlled and the level of body moisture is inversely related to body lipid content. During prolonged periods of very low food (energy) intake or starvation, it is known that salmonids have reduced stores of lipid and enhanced body moisture content (Hartman and Brandt 1995; Shearer 1994).  

Even comparing salmon of equal size, those found in northern regions appear to be capable of gaining and storing more fat than those found farther south, as well as growing faster.  There is some evidence that the higher growth rate achieved by the coho feeding in the northern region in 1998 may have been achieved at a lower-than expected rate of food consumption (Figure 15).  This may reflect a change in nutritional composition of the prey towards a more energy-rich source, possibly as a result of a greater fat concentration in the tissues.

The levels of proximate constituents in the chinook and coho salmon from different regions along the coast used in the ICPMS measurements of Cs and Hg, and their stomach contents, will be determined using standard procedures (Higgs et al 1979), whereas gross energy contents will be determined by bomb calorimetry.

Identification of stream- versus ocean-type chinook salmon: 
Limited information from tagged and recaptured chinook salmon suggests that stream-type and ocean-type fish use different parts of the ocean during their ocean phase (Healey 1991).  Stream-type chinook are believed to spend a relatively short period of time in estuaries followed by a fast north-westerly migration along the continental shelf out to the Aleutian islands, after which they move to the open ocean.  In contrast, ocean-type chinook, are thought to spend their marine phase in coastal waters.

Understanding what regions of the North Pacific specific chinook stocks and life history types use is important.  Both winter chinook fisheries and our own research surveys provide some information on what regions of the North Pacific Snake River fish use; disproportionately large numbers of fish have been caught in shelf regions and PIT-tagged Snake River chinook have also been caught moving rapidly up the coast past Vancouver Island.  Although this information suggests where Snake River chinook are, it does not distinguish between stream- and ocean-type chinook; furthermore, although DNA or enzyme electrophoretic techniques can identify Snake River chinook, these methods do not adequately discriminate between life-history types.

An important issue to resolve hinges on reliably distinguishing between life-history types in chinook, as some published information suggests that coastal resident stocks are exclusively ocean-type.  If this was true, research in the coastal zone would only be relevant to ocean-type chinook.  However, for reasons discussed this partition of ocean- versus stream-type chinook in the ocean is unlikely to be true.

Stream-type and ocean-type fish collected from a mixed-stock fishery can be accurately identified from the growth pattern on their scales (Yole 1989; Schwartzberg and Fryer 1993).  However, many trawl-caught salmon have significant scale loss due to abrasion within the codend, requiring a different approach.  Otolith microstructure has been used to provide a range of information on chinook salmon, including age (daily and annual), growth rates, and the identification of life-history type (stream versus ocean type) (Neilson and Geen 1982, 1986; Neilson et al 1985; Zhang et al 1995; Zhang and Beamish 2000).  As a result, for ocean-caught chinook salmon with no preferred area scales available, otolith microstructure can be used to distinguish between stream- and ocean-type life-history strategies.

In order to determine the presence or absence of annuli formed during freshwater growth, it is necessary to first distinguish between freshwater and marine otolith growth increments.  Generally, increments formed during freshwater growth are less prominent and wide compared with increments formed during marine growth. However, we have found in our preliminary work that the microscopic changes described by these authors are subtle and rather difficult to assess, and need to be verified by independent means, particularly given the importance of resolving Healey’s suggestions concerning the stream-type versus ocean-type marine migration patterns. The Sr/Ca ratio shows a very large change because of the differing abundances of strontium in freshwater and marine environments, and has been used to clearly identify when a number of anadromous salmonids enter and leave the ocean (Radtke et al 1996, 1998; Townsend et al 1995).  We will use the ratio of Sr/Ca along the otolith using laser ablation spectroscopy to determine the point of transition to the marine environments in order to verify the visual characteristics described by the various authors above, and to confirm the presence of first ocean year stream-type chinook in the fjords of SE Alaska in late winter (reported by Orsi and Wertheimer, 1995, and this proposal).  

Oceanographic Analyses:
The coastal region through which Columbia River salmon migrate has seen substantial ecosystem changes in the 1990s, and is likely behind the reasons for the reduced growth and fat content of the shelf-resident stocks of salmon that we document in the following sections of this proposal.  However, an important aspect of this proposal is to gather the oceanographic data needed to understand why ocean survival has changed so dramatically, as the available evidence suggests that it is a change in the structure of the ocean that reduces nutrient availability in the upper ocean and disrupts the food chain in certain areas of the coast.  This information needs to be systematically collected over a broad region of the Gulf of Alaska in order to fully understand why these shifts from a nitrate-limited to nitrate-replete ecosystem are occurring.

There has been a substantial reduction in biological productivity off the West Coast of Vancouver Island in the 1990s as a result of an ecosystem shift to a nitrate limited ecosystem.  Whitney et al (1998) estimate that the reduced nitrate input from the deep ocean in 1994 reduced primary productivity by 40% in this region relative to the 1980s.  (Data from earlier periods, such as when the Snake River hydrosystem was being built in the late 1960s and early 1970s is very sparse).  In addition, ocean temperatures in the 1990s have increased by 0.5-1.0ºC, mirroring the global trend to warmer temperatures, and reducing potential growth rates by increasing metabolic costs for resident salmon.

The widespread declines in end-of-winter nitrate concentrations appear to set the stage for progressively greater reductions in total primary production in recent years. These reductions in biological production at the base of the food chain as a result of nitrate limitation appear to parallel the sharp declines in ocean survival of Pacific salmon.

These decreases in productivity are apparently occurring as a progressive intensification of conditions move up the coast of the Gulf of Alaska.  These included (in 1997 and 1998) an almost complete loss of nitrates from the surface mixed layer.  Our hypothesis is that a large scale shift in the atmospheric circulation for the Northern Hemisphere that occurred in 1989/90 (Watanabe and Nitta 1998, 1999) has resulted in enhanced warming and increased precipitation.  This results in warming and increased freshwater input to the coastal ocean, stabilizing the mixed layer and making it more difficult for nutrients in deep water to be mixed up into the surface mixed layer.  As a result, biological production is capped when the nitrate present in the surface layer at the end of the winter is used up, reducing productivity.  

The results from the earlier coastal salmon surveys have been used to show that the reversion in 1999 to much colder ocean temperatures, higher salinities (Whitney and Welch in press) and improved juvenile salmon growth (this proposal) were associated with a substantial deepening of the surface mixed layer and a resulting increase in nitrate concentrations and the concentration of chlorophyll-a in the surface layer.  The zone of depleted nutrients appeared to extend to ca. 100 kms offshore, thus defining the width of the near-shore zone that needs to be surveyed for variation in nutrient concentrations.

Our previously collected zooplankton samples (1996-2001) have been partly processed and have not been fully analyzed yet.  Work off California demonstrates that plankton productivity has dropped substantially since the 1970s (McGowan et al 1998).  More recent work indicates that there has been a sharp drop in the export of organic material from the surface layer to the deep ocean during the 1990s (Smith and Kaufmann 1999).  These observations suggest that the decline in ocean productivity from the 1970s to the 1990s continued off California, at least until 1999.  It is imperative that we establish clearly the physical basis for the reduced productivity of the surface layer, and develop a predictive understanding of how different regions of the coastal ocean may change as a result of either general climate change or global warming because the improved salmon survival seen in 1999 appears to be related to the changes in oceanographic structure determining nutrient availability.  To date, although the consequences have been documented, the precise physical description of the underlying process has not been developed.

Preliminary analysis of the data collected to date from our surveys, plus the Line P monitoring line, suggests that the nitrate depletion is occurring primarily because of a greater degree of freshwater input to the surface layer, augmented by the general warming experienced in the 1990s, and that this is deepening the mixed layer (Whitney and Welch submitted).  (In the subarctic Pacific, mixed layer dynamics are primarily determined by salinity variations, and secondarily by temperature changes). The increase in mixed layer depth provides a larger volume of nutrient rich water to fuel the food chain that provides the prey that the salmon are feeding upon.  In addition, the concentration of nitrate in the surface mixed layer has also increased, further changing the mixed layer dynamics.

Funding is needed to collect and assemble the physical and chemical data defining the structure of the ocean and analyze the physical causes underlying the reduction in nutrient supply to the northeastern Pacific.  The specific goals will be to develop a calculation of how changes in freshwater input and sea temperature affect mixed layer depth and nitrate concentrations in late winter, and to project what effect future increases in greenhouse gas levels may have on ocean productivity.  This will be done by assessing how the changes in density across the pycnocline have changed with depth, in different regions and time periods and then develop a predictive model of how changes in freshwater input or temperature would further change nitrate dynamics.  (The region of the continental shelf around the coast of the Gulf of Alaska where a mixed layer can persist in the presence of tidal mixing can be calculated from Hunter’s h/(3 criterion).  We will establish whether nutrient can become limited from these conditions and, in combination with a calculation of compensation depth from light extinction data, evaluate Gargett’s stability hypothesis.

If Gargett’s hypothesis is correct, then juvenile salmon resident in the southern areas of the continental shelf should experience significantly different productivity conditions from those resident on the northern continental shelf. 

· Nitrate levels above the pycnocline will be significantly lower in the area of poorer salmon growth

· Phytoplankton biomass will be significantly less in the south (as measured by chl-a content from particulate organic matter, POM, filters)

· The amount of regenerated production will be greater in the south (as measured by (15N in POM)

· Zooplankton biomass will be significantly less on the southern continental shelf

We will test these predictions by analyzing archival samples collected on our previous standardized transects, and by extending this data collection to the shelf region from Vancouver Island to SE Alaska.  Sampling methods will follow our existing protocols, which are designed to maximize comparability with samples collected by other programs.  These samples will be analyzed for temperature-salinity-nitrate relationships and Chlorophyll a (collected on ashed glass fibre filters), and related to plankton abundances from our oblique zooplankton net tows. Because current hypotheses on the causes of differential salmon survivorship assume bottom-up processes are driving the dynamics of upper trophic levels, it is important to test whether northern vs. southern shelf habitats do in fact differ in measures of relative productivity within the same years, and whether these can be related to differences in salmon growth.  If nitrate supply, primary, and secondary production do not significantly differ between areas of good and poor growth, then other processes influencing ocean survivorship will need to be more closely examined (e.g. advection of offshore zooplankton onto the shelf feeding areas).  The cross-shelf transects will be extended as far out to sea beyond the continental shelf as feasible so that CTD, plankton, and nutrient measurements can be made to characterize the shelf break and offshore region, since these areas force the continental shelf ecosystem and may determine the on-shelf growth conditions of juvenile salmon.

g. Facilities and equipment

DFO will provide facilities for this proposal, as the work is combined with the High Seas Salmon program’s other ship surveys using the Ricker.  Ship time for FY 2003 will not be determined for approximately one year, but in recent years DFO has funded the ship time for our June and July cruises (two weeks duration each), plus a 28 day cruise at end of winter, March 2000.  All scientific facilities are of high standard.
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Responsible for the direction, supervision, and delivery of Canada’s West Coast research program on the ocean biology of salmon.  In particular, the program is focused on determining (1) the long term effects of climate change on Canadian salmon productivity and (2) determining the limits to ocean productivity (carrying capacity) for Pacific salmon.  Welch developed the High Seas salmon research program for DFO, and has been active in developing new research areas to establish the mechanisms determining how climate changes affect salmon.
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My work focuses on the growth and bioenergetics of freshwater and marine fishes. In particular, I am currently examining the effects of climate change and ocean conditions on the distribution, growth, and survival of Pacific salmon in coastal waters and in the open ocean. To assess these effects, I am comparing the energetic performance of wild Pacific salmon under various ocean conditions by estimating food consumption rates of salmon using a contaminant mass balance model that I validated in my doctoral dissertation. I have recently applied this approach to determine the effects of the 1997-98 El Niño on the growth and bioenergetics of juvenile coho salmon on the continental shelf off the west coast of British Columbia, and showed that salmon were feeding close to their maximum physiological capacity and that their feeding rates were not affected by the changes in water temperature and plankton biomass associated with the El Niño event. We also applied this approach to compare the energetic performance of wild and hatchery origin coho salmon, and showed that growth and growth efficiency of juvenile coho salmon at sea were lower for hatchery origin fish. I am also collaborating with scientists from the National Marine Fisheries Science in Oregon, United States, to assess the effects of parasite infestation on the growth and survival of juvenile coho and chinook salmon in the Columbia River plume. Thus, the experience I gained in these studies, as well as during my graduate work, is critical for the proposed research, as the end point that we propose to examine are based on that experience.
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Figure 1.  Changes in marine survival of Oregon Production Index (OPI) coho (bars) and British Columbia steelhead (line).  The horizontal lines and numbers show the average ocean survivals in successive regime periods.





Figure 2.  Comparison of sea temperatures in November 1997 and 1999.  The sharply reduced temperatures (blue) experienced in 1999 brought coastal ocean temperatures back to levels not seen since the mid-1970s, about the time the  Snake River hydrosystem was completed. Cool ocean conditions have continued in 2000 & 2001.





Figure 3.  Comparison of changes in freshwater and ocean survival for Black Creek coho.  Ocean survival dropped by a factor of 3 in only 10 years while freshwater survival remained virtually constant.  The recent increase in freshwater survival is likely a density-dependent response to the much lower number of adult spawners now returning.





Figure 4.  Known ocean distribution of Washington-Oregon chinook based on returns to coastal zone of salmon tagged at various points in the open ocean.  Columbia River chinook range far from the Pacific Northwest.





Figure 5.  Relative marine distribution of CWT returns for two key Columbia River chinook stocks. Although some overlap between Hanford and Snake River chinook is evident, the centers of marine distribution are very different, and place the Snake River stock in the region of poorest ocean growth & survival conditions that our research has identified.
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Figure 6.  DFO’s 1998 high seas ocean salmon transects (Lines 1-4).  These locations were surveyed in June, July, August and October of 1998 and May, June, and October 1999.  The location of Line P, where extensive nutrient depletion has been found, is also indicated.. More recent work has added significant sampling in fjords and inlets.





Figure 7.  Long-distance recoveries (circles) of chinook, coho, and chum salmon of known origin.  All of these juvenile salmon were recovered in their first year of ocean life, while moving rapidly along the shelf. The shelf break (200 m isobath) is shown.  The most southerly release points (squares) are all from the Columbia River.  Many other recoveries show the same direction of movement.





Figure 8. Size frequency distributions of coho (left) and chinook (right) collected off the west coast in October. Only one chinook was caught in the northern region in 1998 (~500g) and five in 1999.  These initial years saw sampling effort focussed only on the open shelf.  Starting in 2000 some sampling of the inlets of SE Alaska was made, in a successful attempt to increase chinook sample sizes.  This was followed by a major effort to sample the fjords on the west coast of Vancouver Island and inland waterways of SE Alaska in October 2001. The bimodal distribution observed in 2000-2001 may be the result of two life-history types (ocean type in Southern BC and stream type in Northern BC and SE Alaska), and confounds efforts to compare chinook sizes between regions.





Figure 9. Weight-length relationship of collected juvenile coho salmon in 1998-2000 separated by age-class. The first number indicate the freshwater age, while the second number indicate the ocean age. Coho that spent two years in freshwater had similar size to those who spent a year in freshwater. The age was determined using (left) both all scales and (right) restricted to only those scales collected from the preferred area.





Figure 10.  Changes in relative size of juvenile coho salmon during the first year of ocean life (samples taken from the years 1995-98). At any given age, animals found farther to the north and west are larger (note that the legend is ordered from north to south) As Kodiak samples were collected in 1996 and 1997, the effect of area on size is confounded with the sampling year. By the spring of the second year, the survival difference would be five-fold.
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Figure 11.  Region-specific comparison of estimated energy content (J/g wet weight) of coho salmon in 1998 (left) and 1999 (right).  Dry matter content, measured on all collected animals, was converted to energy equivalents based on the bomb calorimeter measurements made on a subset of the animals (see Figure 13).  Energy content increases with increasing body size but, for a given size, northern animals accumulated more energy in 1998.  In contrast, animals from all regions had similar energetic status in 1999.  Results for 2000 & 2001 are not yet complete.





Figure 12. Relationship between lipid contents, energy density, and condition factor (calculated as 105·W÷L3) of juvenile coho and chinook salmon collected off the west coast of British Columbia during the month of October. This graph shows that condition factor is a poor proxy for lipid and energy contents.





Figure 13.  Comparison of three measurements of energy status in juvenile coho and chinook salmon. Open symbols indicate animals from southern regions; closed symbols northern regions.  There is a close relationship between fat content and total energy but energetic status of a given animal was only poorly related to body weight (size).





Figure 14. Energy density of juvenile coho salmon collected off the west coast of British Columbia during the month of October. Caloric content was lower for coho collected in Southern BC in 1998. The error bars represent 2 x SE.





�
Figure 15. Summer feeding rates of juvenile coho salmon collected during the shelf surveys.  Error bars represent 2 x SE.





Figure 16. Relationship between water content and fork length of juvenile coho and chinook salmon collected off the west coast of British Columbia during October 2000 and March 2001. Coho tended to be bigger at the end of the winter than in the fall. At a given size, water content (a proxy for lipid content) tended to be lower in March than in October for both coho and chinook salmon, indicating that salmon used a fraction of their energy reserves during winter to meet their energy requirement.





Figure 18.  Regional comparison of mercury (Hg) and cesium (133Cs) tissue concentrations in juvenile salmon caught in October 1998.  The differences in mercury concentrations suggest that coho remain resident in specific areas of the coast.





Figure 19.  Box and whisker plot to clarify the regional variation in tissue concentrations of mercury (Hg) in juvenile salmon caught in October 1998.  The differences in mercury concentrations suggest that coho remain resident in specific areas of the coast.  It is unclear whether the lack of apparent difference in mercury content for chinook caught in SE Alaska and Vancouver Island waters is a result of the small sample size of chinook caught off Alaska.
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Figure 20.  Comparison of relative survival for salmon feeding in the regions of high and low growth.  By October three times as many coho are predicted to survive in northern waters relative to the waters off Vancouver Island.  This calculation is based on an assumed two-fold difference in growth rate persisting over time.  If the growth difference was mainly restricted to younger ages, the predicted survival difference would be greater.





Figure 22. Mixed layer depths vs. latitude, May-August, shelf stations. The mixed layer depth was calculated as the depth at which sigma-t (density) first exceeded surface density + 0.1 sigma units. Red symbols are from 1998 stations, blue from 1999 stations.





Figure 21. Temperature profiles for May and June of 1998 and 1999, Triangle Island. Reds, oranges, and yellows are warmer waters (> 11°C), blues and purples cooler waters (<9°C).





Figure 24. Water transparency during May 1998 and May 1999, Triangle Island. Transmissivity is directly related to phytoplankton standing stock in ocean areas away from sediment plumes. Red indicates less transparent water and higher phytoplankton content; purple indicates very transparent water with low phytoplankton content. The depth and seaward extent of the phytoplankton bloom are very similar in both 1998 and 1999.





Figure 25. 1998 vs. 1999, NMDS plot of sample relationships, zooplankton community composition on the continental shelf. Shelf stations were considered to be all stations with water depths < 200m. Red symbols represent samples from 1998; blue symbols represent samples from 1999. Different shapes come from different transects. The lack of overlap between symbols of different color indicates a change in species composition of the plankton. 
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Figure 26. North vs. south, NMDS plot of sample relationships, zooplankton community composition. Interpretation is the same as for Figure 5, except the emphasis in this plot is on the relationships between the shapes of symbols. Triangles represent samples from the southern half of the BC shelf; stars represent samples from the northern BC and SE Alaska shelf. The minimal overlap between triangles and stars indicates a difference in the community response in southern vs. northern areas.





Figure 27. Relative abundances of zooplankton taxa on a single shelf transect, 1998 vs. 1999 and north (54.5°N) vs. south (51°N). Abundances from all shelf stations for a single transect were pooled (that is, summed) together to generate pie diagrams; taking mean or median abundance did not change the relationships of relative abundance.
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Fig. 17.  Comparison of stock composition estimates for juvenile chinook salmon caught on the open shelf.  By Autumn, the southern region is largely composed of West Coast Vancouver Island (76%), upper Columbia River (9%), and Snake River chinook (2%).  Because of limited chinook catches in 1998-99, a stock composition estimate is not possible for the northern area in the Autumn.  The large chinook catches made in this region in 2000 and 2001 have not yet been analyzed.
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