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a. Abstract

A great deal of work has been conducted within the 12 freshwater provinces of the Columbia River watershed on the ecology of Pacific salmon stocks.  However, despite half of total salmon mortality occurring in the ocean (Bradford 1995), and large declines in the ocean survival of many salmon stocks occurring over the last three decades, very little is known about the ocean ecology of these salmon.  New technology makes the tracking of juvenile or maturing salmon over the vast distances of the Pacific Ocean possible.  When combined with new information from recent research on the ocean migration pathways of juvenile salmon, it should be possible to design a program to track individual salmon out from their rivers of origin and establish migration pathways for individual fish and specific stocks (rates and direction of movement), and to identify their ocean foraging grounds.  It may be possible to develop stock-specific estimates of mortality and rates of movement for salmon in regions such as the lower Columbia River and in the ocean to complement PIT-tag studies previously used in the upper Columbia River to measure rates of mortality.  This information would also allow an assessment of how much time salmon spend within the estuary or plume environments.  It is likely that this research can be done in a cost-effective and scientifically credible way that will complement the extensive freshwater studies that have been done in the Columbia River.  Co-ordinated properly, it will allow simultaneous monitoring of juvenile salmon during the first few months of sea life from stocks in all regions of the West Coast of North America.  This will provide critically needed information on how salmon use the ocean during their extensive migrations, and insight into how current and anticipated future climate change will affect individual stocks of Pacific salmon from the Columbia River.

b. Technical and/or scientific background

In 1997, the Independent Scientific Review Panel for the Columbia River Basin Fish and Wildlife Program concluded that: “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” (ISRP 1997).  Given the important changes in ocean survival occurring for many stocks of salmon, it is reasonable to ask if the problem lies in the sea.

Because of the size of the ocean it has been impossible to track the movements of Pacific salmon in the sea until recently.  Seawater is electrically conductive and therefore prevents radio signals from being sent underwater.  Detection of radio-tagged smolts is therefore not possible, and other technologies which allow detection of specific tagged animals (PIT tags) have too small a detection distance to be used in the ocean.  Existing technologies allowing detection of individuals from a given stock or release site (CWTs, thermally marked otoliths, branding) do not permit identifying individual fish and capture of such tagged animals in the ocean inevitably results in their death.  This precludes multiple recaptures and therefore establishing the movement pattern of animals in the ocean (direction, rate of movement, and areas of residence).  These technical problems made it impossible to establish a meaningful understanding of the movements of young salmon in the ocean.

This situation has now changed.  The development of two new types of electronic tags permits tagging and tracking of individual salmon over the vast distances of the Pacific Ocean.  Archival (data storage) tags record and archive in a non-volatile memory information on the depth, temperature, and ambient light level experienced by the animal.  Because the time these measurements are recorded is precisely known because of an accurate clock, it is possible to use the recorded light data to estimate the daily position of a tagged salmon to within ca. ±0.5º latitude or longitude (Welch and Eveson 1999 and In Press).  This is equivalent to determining the daily position of the salmon to within ca. 50 kms.  Such accuracy is sufficient for basin-scale studies of salmon movements, such as are undertaken by large salmon in their second or later years of life in the sea.

Unfortunately, resolution of salmon movements to such accuracy is still insufficient for use in studying salmon movements in near coastal regions.  Juvenile salmon remain resident on the shelf for their entire first summer and fall of life in the sea (Hartt and Dell 1986, Welch et al. 1998 and In Prep.). As the shelf zone is only 20-30 kms wide for most of the region from California to the Aleutians, light-based estimates of position are not of sufficient resolution to identify movements along this narrow coastal strip.  In any case, the current generation of archival tags are too large to be used on salmon smolts.

Because the continental shelf off the West Coast of North America is very narrow (less than 20 kms wide in most places), the narrowness of the shelf lends itself to a broad-scale monitoring program using sonic tags for animals such as juvenile salmon that remain on the shelf.  Recently developed technology allows detecting uniquely identifiable sonic tags using low-cost passive receivers ($1K US per receiver).  These receivers can detect sonic tags within an ca. 1 km diameter circle centered on the receiver, recording the date and time that individual tags are detected for up to 1 year, with a maximum recording capacity per receiver of 300,000 detections (about 800 per day, on average).  The sonic tags are small enough to be surgically implanted in salmon smolts.  They have a lifetime of ca. 3 months for the smallest size tags.

A chain of 20-30 receivers submerged on the bottom of the continental shelf should therefore be capable of detecting all individual animals crossing the monitoring line, recording the exact time each animal was detected, the identity of the individual, and fix the position of the animal relative to the shore to within 600 m.  A series of listening lines would make it possible to establish migration speed and direction of travel for each tagged individual, and either define the areas of coastal residence or confirm which animals leave the continental shelf at the start of the Aleutians, and identify whether they enter the Bering Sea or remain in the North Pacific Ocean.  It would also allow a determination of which populations of salmon move south in contrast to the general tendency for most salmon populations to move north along the continental shelf, and establish rates of movement out of the Columbia River estuary and plume environments (see below).


This proposal describes the developmental work necessary for a feasibility study to develop a Pacific Ocean Salmon Tracking (POST) program.  Such a program would permit simultaneously tracking multiple stocks of salmon out from their rivers into the sea from central California to Alaska, and to relate the collected information on migration paths, rates of migration and mortality, and ocean feeding areas to both individuals and to specific stocks of salmon.  

Vemco (www.vemco.com) has developed a line of low cost “stand alone” acoustic receivers and miniaturized acoustic tags small enough to be implanted in salmon smolts (See Appendix A in the References section).  The Vemco VR-1 receiver and sonic tags have been field tested in a small scale study in the North Atlantic, and sonic tags with a 3 month lifetime have been successfully implanted in 16 cm salmon smolts and subsequently tracked in the Bay of Fundy (Voegeli, LaCroix, and Anderson 1999).  This work suggests that these tags are detectable from a distance of at least 400 m.  Larger tags with much longer working lifetimes (18 months to several years) are also available which could be implanted into either immature or returning adult salmon migrating back along the shelf to their rivers of origin. The proposal being put forwards here is to establish basic measurements necessary to evaluate their use in tracking salmon smolts through the mainstem of the Columbia River and then out at sea. This involves:

· Measuring the probability of tag detection as a function of depth in the water column, tag-receiver separation distance, and receiver orientation;

· Evaluating how these performance criteria change in different environments (in-river, estuary, and coastal ocean);

· Identifying the appropriate location of in-river, estuarine, and coastal monitoring stations and monitoring lines (number, cost of moorings, siting design, and making them reasonably invulnerable to damage from boats or fishing activities, preferably by putting them close to the bottom);

· Determining minimum size criteria and surgical protocols for implanting tags in the gut cavity;

· Establishing the likely participants in the program (experts in fish and marine mammals, US & Canadian Coast Guard, advisors from the various trawler groups to co-ordinate receiver siting in the ocean);  

[image: image1.wmf]Concept– The Shelf Study

[image: image2.wmf]After entering the ocean from freshwater, Pacific salmon smolts generally move up and around the West Coast of North America following the continental shelf (Fig. 1).  Earlier work had speculated that juvenile salmon began to move off the shelf by early fall and move directly into the Gulf of Alaska (e.g. Hartt and Dell 1986).  However, in 5 years of fall sampling (October-December 1995-99), all juveniles were found to remain over the continental shelf until the start of the Aleutians, at the end of the Alaskan Peninsula (at the head of the final arrow in Fig. 1; Welch et al 1998 and In Prep.).  Because the continental shelf, shown in light blue, is very narrow along the West Coast of North America the migration corridor for the juveniles restricts them to a long thin region which can be monitored at many locations at relatively low cost.
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CWT, PIT-tagged, and thermally marked juveniles captured during these surveys indicate that most salmon swim rapidly northwards along the continental shelf (Fig. 2).  However, some stocks of coho and chinook smolts remain as year-round residents of the coastal zone, while others migrate at least as far as the Aleutian Islands before moving offshore. There are some populations of Pacific salmon which also move south along the continental shelf, opposite to the general pattern of movement (e.g. Weitkamp et al 1995); at present, it is uncertain why or which groups do so.  Identifying which groups do so is an important management issue, because this may partially determine which groups experience poor marine survival.  


During the feasibility study, a number of technical measurements need to be made in order to allow the rigorous definition of the characteristics of the monitoring network.  A key aspect of this work is to establish the effective detection range of the receivers under field conditions in-river and in coastal ocean locations.  These measurements will be conducted by measuring the probability of successfully detecting acoustic pingers at different spatial separations and orientations.  (For example, the effect of pinger and receiver depth or the degree to which a well-developed surface mixed layer reduces tag detection).  In addition, the effect of receiver location relative to hydropower dams needs to be assessed to determine how close to the tailrace or inflow ducts of hydrodams receivers can be placed without degrading performance.  

These measurements will be made by drifting V8SC acoustic tags past moored VR-2 monitors in the river and in typical coastal locations, and by mooring both tags and receivers at fixed locations and orientations for periods of time in order to accurately estimate the probability of tag detection under realistic field conditions and receiver orientations.  These tests will establish the detection distance and required spacing of receivers to monitor the smolt migration.

Tag implantation and retention tests using dummy transmitters will also be conducted to establish the minimum size that smolts can successfully be implanted. Results for Atlantic salmon indicate nearly 100% survival for 15 cm smolts in a small study completed in the Bay of Fundy (Voegeli et al. 1997). 

A West Coast study centered on Columbia River salmon will require identifying a series of locations upstream of dams in the Columbia River where receivers can be sited without significant acoustic impairment from noise produced by the generating facility.  Effective detection distances also need to be established in the lower Columbia River and its estuary, and in tidally active regions of the coastal ocean in order to calculate detector spacing. From these measurements, proper siting of the receivers can be established, and the cost of achieving different levels of sampling determined.

The basic principle underlying the proposed smolt tracking program in the lower Columbia River and along the continental shelf is newly developed technology from Vemco Ltd.  The V8SC miniature pinger is 24 mm long and has an operational life under continuous operation of ca. 3 months (it is also possible to program “silent periods” into the transmission to lengthen the lifetime; see Appendix A).   Field tests of the VR-1 receiver in the Bay of Fundy indicate that the receiver can reliably detect these pingers from distances of between 0.6-1.0 kms.  [The VR-1 receiver has now been updated to the VR-2 with double the memory (2 MB)].  As the shelf on the West Coast is usually less than 20 kms wide, a string of 20-30 receivers laid across the shelf and down the slope region to a depth of roughly 500 m should be capable of detecting all tagged animals crossing its path.  The approximate cost of a single acoustic monitoring line would be on the order of $50K, so for roughly $2M a network of 20 or so acoustic listening lines could be deployed that would stretch from California to the Aleutian islands, which would be capable of detecting individual animals as they crossed the monitoring lines.  

c. Rationale and significance to Regional Programs

This acoustic network would provide the basis for reconstructing the movements of any salmon present on the continental shelf that was tagged with a uniquely identifiable sonic tag, in particular smolts or immature shelf-resident salmon stocks in their second or third year of life.  It also provides a technical method to allow tracking salmon smolts through the lower Columbia River and estuary at low additional cost, in an area where current PIT-tag technology cannot be used and the fate of migrating salmon smolts has not been studied in any detail.

A significant issue for current Columbia River research programs is that it has not been possible to evaluate what proportion of a given stock reaches the sea, or to evaluate their residence times in the lower river or estuary.  Many freshwater programs in these regions are based on the assumption that individual salmon smolts remain in these regions for significant periods, so that these environments may be critical habitats.  It is unclear to what degree this is true and, if so, what stocks remain as residents.
If the initial field experiments and design phase indicate that a credible program can be developed, the scientific objectives that a full-scale research program should be able to address include:

· Determine the ocean migration pathways of multiple Columbia River salmon stocks and rates of migration in the lower river and along the continental shelf; 

· Establish which specific stocks move to the offshore open Pacific or remain as coastal residents (stream-type (spring-summer) chinook are thought to be open ocean residents while ocean-type chinook are thought to remain as coastal residents (Healey 1992));

· Establish the geographic feeding grounds in the ocean for coastal-resident stocks;

· Establish rates of ocean mortality while in the coastal zone;

· Determine the period of time the stocks remain as coastal residents in various sections of the coast expected to be significantly affected by climate change and global warming.

· Establish movement patterns for immature and maturing salmon by tagging these animals in the ocean one or more years prior to return to their natal rivers.  This would also allow tracking their movements up-river during the return migration.

The following sections outline some of the major types of studies that establishment of an ocean monitoring network could answer for Columbia River salmon.

[image: image5.wmf]1.  Establish Migratory Pathways

Ocean sampling demonstrates that juvenile salmon remain on the continental shelf at least as late as early December and as far west as the end of the Alaskan Peninsula and the start of the Aleutians, six months after initial ocean entry (Fig. 3, after Carlson et al 1997; Morris et al 1997; Welch et al 1998 and In Prep).  Migration speeds for marked salmon indicate that many animals (including Snake River chinook) moved along the continental shelf at ground speeds of 1.5-2 body lengths per second (BL/sec) continuously for many months in order to reach the areas where they were eventually caught, yet never left the continental shelf.  As the sustained swimming speed of salmon is >1 BL/sec (Brett et al 1958) and the animals could cross the narrow shelf and enter the open ocean within four days from virtually anywhere along the West Coast, these animals must be both actively migrating to remain over the shelf and taking advantage of oceanographic features to sustain migration speeds above the theoretical maximum.  Virtually all of the marked salmon captured were found to the north and west of their freshwater origin (Fig. 2); thus most salmon move towards the Aleutians and only then out to the open ocean.  

Steelhead trout provide the one major exception to this finding.  There is evidence of two major migration routes for steelhead:  The majority of steelhead (especially Columbia River stocks) appear to move directly offshore after entering the ocean from the river (Burgner et al 1992); however, there is also evidence that some steelhead take the coastal migration route to the Aleutians by moving along the continental shelf (Welch et al 2000).   Steelhead populations are at endangered or threatened status over much of their range in the Pacific Northwest and southern British Columbia (Busby et al  1996; Ward & McCubbing 1998), and demonstrate geographically coherent patterns of decline that may be the result of their marine migration pathways (Welch et al 2000).  Directly establishing the ocean migration routes of this species would do much to improve our understanding of their population dynamics.  The initial direction of movement could be established by bounding the Columbia River with a series of three monitoring lines to establish whether the animals turn north or south or move straight out to sea.  However, because the Columbia River plume extends well beyond the shelf break, it is likely that additional cross-shelf monitoring lines will need to be set up farther away from the plume.  These will be needed  in order to detect salmon that may initially move beyond the shelf break while still in the plume but then subsequently return to the continental shelf before migrating along it.  

2.  Establish Coastal vs Offshore Residence

Identifying which migration behaviour and life history types predispose salmon to have potentially lower ocean mortality rates is an important issue to resolve.  There is evidence for chinook and coho salmon of both coastal and offshore life history migration patterns.  Some of the most critically endangered stocks of Pacific salmon in the Columbia River appear to be amongst the coastal resident stocks.  The offshore resident stocks of coho and chinook appear to migrate along the continental shelf at high rates of speed to at least the start of the Aleutians before eventually migrating to the offshore (Carlson et al 1997; Morris et al 1997; Welch et al 1998).  Coastal resident stocks of coho and chinook also must move along the continental shelf but appear to take up residence in specific areas of the continental shelf which differ between at least some stocks.  Differences in growth and survival conditions between the offshore and coastal zones, or in different areas of the coastal zone, would lead to different productivities depending upon the migration route and final foraging ground selected by the salmon. 

Coastal vs offshore residency can be established directly, by determining whether animals from a specific stock and life history type reach the end of the Alaskan Peninsula and the start of the Aleutian archipelago (Figs. 1 & 2).  Establishing a series of acoustic monitoring lines that stretch from near-shore to ca. the 300-400m isobath (well down the continental slope) should allow detection of virtually all migrating juveniles as they reach each monitoring line.  Migration rates will be established by determining the elapsed time each smolt takes to move between detection arrays. 

To determine coastal vs offshore residency for specific stocks of Columbia River steelhead, some of which are known to move directly offshore, cross-shelf monitoring lines can be set up north and south of the Columbia River, and a third monitoring line set along the outer edge of the continental shelf to form a three-sided box enclosing the mouth of the Columbia River.  The proportion of steelhead directly leaving the continental shelf versus those following the shelf north or south can then be identified.

3.  Establish Coastal Feeding Grounds

Areas of coastal residency for specific stocks can be established by demonstrating the maximum distance north or south that a particular stock migrates, and then by the persistent detection of animals from a given stock along specific areas of the coastline.  The appropriate geographic separation for these monitoring lines needs to be determined during the feasibility phase of the project along with the stocks of major interest for the tagging program.  

4.  Establish Rates of Mortality

Different stocks of salmon have different mortality rates either in the ocean or the lower Columbia River.  This is the essence of the “delayed mortality” debate.  For example, the endangered Snake River chinook stock has an ocean survival that is only one-tenth that of some other upriver Columbia River chinook, such as the Yakima or Hanford Reach stocks.  Differential rates of mortality in-river and at sea can be determined by determining the rate of disappearance of tagged smolts with time as they migrate along the continental shelf, or while they remain in specific areas of coastal residence.  For example, Snake River chinook have a marine survival rate of about 1%, whereas the Yakima stock’s survival is ca. 10%.  Differences in relative survival of this order are likely to be measurable at sea from a monitoring network (Fig. 4); starting with 100 tagged smolts of both stocks, after 100 days (3 months) 28 Yakima River chinook should still be detected, whereas only 15 Snake River chinook would still be alive.  Increasing the initial number tagged would further increase the reliability with which specific rates of mortality could be measured.

This calculation of relative survival assumes that the difference in survival is spread equally throughout the first year at sea.  If differences in mortality are mainly expressed during the first few weeks or months after ocean entry, as frequently suggested (e.g. Pearcy 1992; Botsford  et al In Press), then the timing and intensity of mortality should be more readily detected as the mortality difference should be greater.  Work during the feasibility phase will include quantifying the desired sampling precision likely to be achieved for a given number of smolts tagged per stock, based on the anticipated performance of the acoustic network, and identifying target stocks for inclusion in the study.  

It is likely that most smolts that die at sea are consumed by predators.  Predators that consume and retain sonic tags will be acoustically indistinguishable from tagged salmon smolts.  So long as the tags (which are smooth and roughly ellipsoidal in shape) are only retained for a few days before evacuation, little effect on the overall analysis is anticipated. As a consequence, feeding studies will be conducted during the planning phase to examine the amount of time which potential predators retain these tags in their guts after consuming tagged smolts.  Smolts used in the surgical tests will be fed to typical marine predators at an aquarium facility to evaluate retention times.

Field trials during the feasibility study will include measurement of the likely probability of non-detection of a tagged smolt for a given receiver spacing, as the detection probability directly affects the number of smolts that need to be tagged in order to achieve a specific accuracy in measuring mortality.  Previous work indicates that all salmon smolts (except steelhead) appear to remain confined to the continental shelf until they reach the start of the Aleutians (at the end of the Alaskan Peninsula).  Detection of an animal as it reaches the Aleutians will therefore establish which stocks are migrating to the Aleutians and eventually on to the open Pacific, and establish their rate of mortality while on the continental shelf.  

5.   Determine residence periods. 

The sonic tags that can be put into small smolts in freshwater prior to ocean entry have a maximum lifetime of approx. 3 months.  There is evidence that in subsequent years of life Snake River chinook salmon move farther to the north, overlapping to a greater degree with the Hanford Reach chinook found off SE Alaska (Norris and Hyun In Press). 

Later work could involve tagging juvenile salmon at sea on their feeding grounds in late summer or early fall using purse seines.  These animals weigh between 200-400 g by October (20-35 cms), and can therefore be tagged with larger, longer-lived transmitters (life times of 18 months).  Movement patterns over winter for individual salmon can therefore be more clearly established.  Although a tissue sample can be taken at this time for DNA analysis, it is unlikely to yield an unequivocal determination of the population that the animal belongs to.  The information gained by this study should therefore be considered secondary to the primary study, which will tag smolts while still in their rivers of origin, as it will not provide information on population-specific movements.  Tagged animals that migrated back along the continental shelf and into the Columbia River would, of course, provide clear evidence of their origin.

Ancillary Issues

For the salmon smolt tracking segment of this proposal, currently available sonic tags are sufficiently small to successfully place in the gut cavity of smolts of ca. 15 cm length.  Steelhead and some (stream type) chinook smolts are of approximately this size when they migrate to the ocean, so a pilot study following on from a successful feasibility assessment in this project can use these species to establish tag-induced mortality and establish the feasibility of tracking smolts in the field.  However, a number of stocks of interest in both the United States and Canada enter the ocean at a size too small to be implanted with these tags, so it will be necessary to rear these smolts under controlled conditions and accelerate their growth (by increased feeding, higher temperatures, and possibly modified photo-period).

For example, coho smolts normally enter the ocean at ca. 10 cm, as do ocean-type chinook salmon.  It is generally assumed that ocean-type chinook are coastal residents (e.g. Healey and Groot 1987) whereas the stream-type chinook migrate to the open ocean.  There is an assumed one-to-one relationship in chinook between smolting pattern (ocean vs stream type) and marine migration strategy (e.g. Healey 1983, 1991; Healey and Groot 1987).  However, recent work has demonstrated that the age at smolting is under simple Mendelian control by a single major gene with dominant and recessive alleles (Clarke et al 1992, 1994).  The stream-type smolting pattern is homozygous recessive, with parr growth decreasing as a result of secondary control by photoperiod, resulting in the parr overwintering before smolting under natural conditions.  The ocean-type smolting pattern is dominant, and uninfluenced by photoperiod, so that rapid parr growth continues uninterrupted and results in smolting occurring during the first summer in freshwater.  Hybrids between the two life history types follow the ocean-type pattern of rapid growth and smolting in the first summer uninfluenced by photoperiod.  

It seems unlikely that Healey’s (1992) characterization of all stream-type (spring-summer) chinook as long-distance migrants and ocean-type (fall) chinook as coastal residents can be correct.  This would require that the same gene that controls the smolting pattern must also control the ocean migration behaviour (or that the genes are very closely linked).  Even in the unlikely event that these genes did assort in such a fashion, it raises the question of what the ocean migration pathway is for hybrid crosses of ocean x stream type chinook.  It seems much more likely that genetic control over ocean migrations and the determination of stock-specific ocean feeding areas is independent of the smolting pattern.

Smolt tracking using sonic tags provides a direct method of establishing the migration pathway and coastal versus offshore residency for the two major life history types of chinook.  A number of endangered stocks such as stream-type Snake River chinook are assumed to be open-ocean migrants because of their smolting pattern.  However, Snake River chinook are caught in surprisingly high proportion in winter fisheries off the west coast of Vancouver Island operating on coastal resident stocks of chinook (Norris and Hyun In Press).  By tagging known hybrids of stream- and ocean-type matings it will also be possible to establish what migration strategy the hybrids also use.  This is useful information because many stocks of Columbia River salmon have been affected by cross-breeding, either in hatcheries or possibly through natural hybridization along suture zones between major life history types.

Summary 

The population status of different salmon stocks generally shows geographic clustering (Busby et al 1996; Myers et al 1998; Weitkamp et al 1995; Wood, Unpublished), with populations farthest to the south in the most threatened condition, and those species of salmon with the most extended freshwater life history most frequently identified (coho, chinook, steelhead; Nehlsen et al 1991).  A common assumption is that this pattern is mainly the result of greater freshwater habitat disruption from competing land uses (agriculture, forestry, transportation, hydropower) in the Columbia River.  Yet many salmon stocks in relatively untouched rivers in the Pacific Northwest also show similar population declines, which raises troubling questions about how much of this intuitively appealing classification is really correct.  In 1997, the Independent Scientific Review Panel for the Columbia River Basin Fish and Wildlife Program concluded that: “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” (ISRP 1997).

Many Columbia River salmon restoration efforts are based on the assumption that the cause of the salmon declines is primarily the result of freshwater impacts, and that ocean effects were either small or did not mask the effect of freshwater modifications (e.g. manipulation of flow rates to improve smolt survival in-river).  Although there is no question that the freshwater habitat in the Columbia River has been degraded, the degree that this is limiting salmon populations relative to ocean impacts is unclear.  The same pattern of “good versus poor” predicted population status identified by Nehlsen et al could be generated by assuming that climate change in the coastal ocean has reduced marine survival in southern regions.  In this scenario the species having most extended residence in the coastal ocean (coho or chinook) would be exposed to the greatest decline in productivity.  We know, for example, that the marine survival of many stocks of coho is now only 1/10th that of only two decades ago, a far greater decline than that which can be attributed to either fishing or land use effects.  This decline may be because the affected stocks remain in regions of poor survival.  Steelhead, which are also in serious trouble in southern regions, are believed to move directly offshore (Burgner et al 1992), which would take them directly into a region of depleted nutrients and sharply reduced ocean productivity that has been documented in the 1990s (Freeland et al 1997; Whitney et al 1998; Whitney and Freeland 1999; Welch et al 1999).  

It is important to directly establish the stock-specific migration patterns of salmon because the stocks foraging in southern areas are likely to experience the severest impacts of climate change (Welch et al 2000).  Salmon migrating to genetically determined marine feeding areas will have different marine survival patterns if these regions have different climates.  After the 1977 and 1989 regime shift the coastal zone warmed sharply while the offshore North Pacific cooled (Mantua et al 1997; Hare et al 1999; Hare and Mantua In Press), possibly leading to a reversal in fortunes of salmon from the Pacific Northwest and northern British Columbia or Alaska.   Many stocks of coho salmon from the Pacific north-west and southern British Columbia have had sharply reduced marine survivals since 1977, with ocean survival now only 1/10th that of two or three decades ago.  Directly establishing that stocks with different rates of marine survival go to different ocean feeding grounds would go a considerable way toward addressing the question of whether or not the delayed mortality factor identified in the PATH process was caused by stress from the hydrosystem or a differential effect of the ocean on these stocks of salmon.  At present, there is no way to distinguish between these alternatives.

d. Relationships to other projects 

At the present time, there are no Columbia River projects developing an ocean tracking network.  The in-river applications of this proposal would have relevance to current PIT & radio tagging studies if the feasibility evaluation is successful.  

e. Proposal objectives, tasks and methods

Objectives
 

1. Measure acoustic detection probabilities of Vemco “Rcode” V8SC smolt tags and VR-2 receivers under appropriate field conditions.

a. Define experimental design to measure detection as a function of distance and tag/receiver orientation.  Following initial ocean measurements to establish the probable effective detection distance of a smolt tag from the receiver, the basic experimental design will be finalized.  The basic elements will be to site a series of VR-2 receivers on a vertical mooring anchored to the bottom in 150-200m of seawater and held vertically by a surface float.  Receivers will be fixed to the mooring at depths of bottom, 1, 2, and 5m off bottom, and one at 5m below the surface.  Smolt tags will be placed on a second mooring (separated from the first mooring by a measured distance), with 10 tags placed at depths: bottom, 1, 2, 5m off bottom, and 1, 2, 5, 10, 20, & 100m below the surface.
b. Design and build ocean moorings for detection experiments.  Specific construction details will require an assessment of the best way to attach the VR-2 receivers and V8SC tags to the moorings.  The tags in particular need to be lightly attached to the mooring by monofilament nylon in a way to minimize sympathetic resonances in the attachment reducing the effective power output of the  tag while allowing recovery of the mooring.  An effective attachment technique needs to be developed.  The VR-2 receiver also has a protruding steel mounting strut which acts as a partial protection for the transducer head.  This may need to be cut back to prevent an “acoustic shadow” from sporadically interfering with the measurements.  (This issue would not be a problem with a free-ranging tagged fish).  Moorings may be constructed of either ¼” galvanized steel cable (for strength) or ½” braided nylon (for ease of handling).  If steel cable is decided on this will limit the types of vessel capable of retrieving the test moorings.
c. Identify and characterize ocean, estuary, and freshwater sites for experimental deployments; charter vessels for use in experiments.  Ocean sites will require consideration of the location of the thermocline and halocline as these density interfaces attenuate the sound signal from the tag.  (Because of mid-water trawlers the preferred siting location for the receivers is on the sea bed; however, the tagged salmon smolts are in the near-surface).  Estuary locations will require consideration of the effect of the salt wedge for the same reason.  Freshwater sites will require consideration of whether smolts travelling very near to the river bank can be detected by a receiver located in mid-channel because of potential canceling of reflected acoustic signals.  Oceanographic properties of coastal and estuarine test sites will need to be measured with a CTD to establish temperature and salinity profiles for each experiment and subsequently relate these to measured detection probabilities in Part 2, below.  In addition to the fixed moorings, additional tags will be drifted past the receiver moorings using a differential GPS system to continuously establish relative tag position.  This will be done to establish if potential isotropy of the acoustic signals in the horizontal plane is a concern (e.g. detection distance may be greater along the river axis rather than perpendicular because of sound channeling).  

d. Deploy equipment and make short and long term measurements (hours to days) of detection probability as a function of site, distance, and tag/receiver orientation.  The measurements will initially need to be made on short-term deployments to establish rough detection probabilities on the basis of the key issues.  However, the mooring experiments will then need to be repeated using deployment durations of several tidal cycles (i.e. days) in order to establish the effect of tides.  Moorings also need to be deployed ahead of storms in the open shelf in order to see if these conditions significantly degrade detection probabilities.

2. Design West Coast monitoring network on the basis of measurements in Part 1.
a. Analyze data collected from Part 1(d) to establish probability of detecting an acoustically tagged smolt as a function of distance ("detection radius"), tag/receiver orientation, and elapsed time under different environmental conditions.  Key measurements will be the proportion of potential signals that are actually received (detection probability) for different deployment geometries (i.e. receiver on sea-bed or near surface) and an analysis of how this detection probability changes with tag separation and how it is degraded by environmental conditions (density gradient, storms, tides, etc.).

b. Design receiver spacing necessary to achieve given probability of detecting a tagged animal anywhere along a monitoring line.  On the basis of the measurements in 2.a, receiver spacing will be evaluated.  In essence, for a given detection radius r (in meters), the question to be resolved is what linear separation between a series of receivers will give sufficient acoustic overlap so that, in the worst case scenario of a smolt travelling perpendicular to the monitoring line, the smolt remains near enough to a receiver for sufficient time to be certain of its detection.  This analysis will also resolve the question of what time interval between acoustic pings of the smolt tag is appropriate; longer delay between pings lengthens tag life.  (The answer is probably on the order to 60 to 120 seconds).

c. Identify # of monitoring lines and siting locations to meet tracking criteria; estimate cost of this network.  Co-ordinate with US & Canadian trawler organizations to discuss siting locations to minimize equipment loss to trawlers.  Initial identification of the location and number of monitoring lines will need to be established with reference to questions concerning how to best discriminate areas of coastal residence for particular stocks and determine rates of migration along the coast.  From this siting design the basic cost of developing a monitoring network will be determined.  Monitoring lines need to be placed in regions where they will be least disrupted by bottom trawlers.  This will involve the active participation of US and Canadian trawler organizations to ensure that equipment loss is minimized.  Discussion with Columbia River authorities to develop tentative in-river siting locations is also needed.

d. Develop charts of specific deployment locations on seabed and siting orientation for each monitoring line.  Locations need to be developed with reference to sea-bottom characteristics and local tides and currents.  (Rocky untrawlable bottom will minimize damage from trawlers but may result in significant snagging of gear during retrieval).
e. Develop a preliminary receiver deployment design that will allow efficient retrieval of data and redeployment of receiver.  Efficient deployment and recovery of monitoring lines will likely involve the use of a groundline similar to that used in commercial fishing.  Ideally, receivers will be placed on the seabed or just off it in a way that allows trawlers to pass over the monitoring equipment without damage, but connected in to the groundline to allow rapid recovery and redeployment of the receivers.  This design is not trivial because of the extent of the network contemplated and needs careful consideration.
f. Develop estimates of cost for acoustic monitoring networks of different sizes and evaluate their expected performance criteria.  Based on 2.a-e, a series of cost estimates will be established for a short-list of potential networks.
3. Evaluate sonic tag implantation techniques for Columbia River smolts

a. Design surgical protocol.  Suture material, needle size, and anaesthetics and antibiotics will be determined for use in salmon smolts with reference to literature and prior experience of principal investigators in salmon surgery.  Dummy (non-working) acoustic tags will be built with an embedded PIT tag to allow individual identification of each experimental animal. Surgical implantation in the gut cavity has been shown to be preferable to alternative tagging techniques, such as gastric implantation, for long-term tagging studies in sub-yearling Columbia River chinook (Martinelli et al 1998).  We have prior experience using abdominal surgery for tagging salmon with electronic tags, and analyzing the results of these experiments (Eveson and Welch 2000).  Dr Gilles LaCroix of the St Andrews Biological Station, Dept. of Fisheries & Oceans, has pioneered the use of the new Vemco tags on Atlantic salmon smolts of the target size (Voegeli et al 1997), and we propose hiring him on sub-contract to assist with developing the technique for use on Pacific salmon smolts.  

b. Surgically implant dummy tags in Columbia River hatchery smolts of different sizes.  Dummy tags will be surgically implanted in 100 smolts ranging in size from ca. 14-17 cms.  Control fish will be anaesthetized following the same protocol and implanted with a PIT tag following standard Columbia River procedures.  The two groups will be held together in a hatchery holding tank (or tanks) in order to eliminate tank effects on the analysis.

c. Establish minimum size guidelines for implanting tags in smolts.  Analysis of the effect of surgical implantation will be determined by visually evaluating healing of the incision after several weeks as a function of initial body size, and comparing growth of surgically tagged versus control fish in different size classes.  (Basically, this involves calculating growth increments for each fish over the duration of the experiment and plotting versus initial body size.  ANCOVA will be used to identify possible differences in intercepts and slopes between the two groups.  A difference in intercept would indicate one group consistently grew better than the other and a difference in slope would indicate that surgery had a greater effect on some size classes than others, suggesting minimum acceptable sizes to be used in future tagging studies).
d. Evaluate residence times of acoustic tags in predator’s gut after eating tagged salmon  Salmon smolts will be fed to likely marine mammal and fish predators (seals, sea lions, dogfish) at the Vancouver Public Aquarium.  Evacuation times will be determined from the elapsed time until tags are recovered from the tank bottom.  
4. Develop funding proposal for a West Coast acoustic tracking network. 

a. Write proposal specifying network design, cost, and expected scientific outputs. Experience and results from completing Objectives 1-3 will be used to develop this proposal, assuming test measurements on performance of the component issues are satisfactory.

b. Identify components to be tested during one year pilot phase.  Based on results from the first year of the study, a pilot field program involving the release of tagged salmon smolts could be started in the following year.  This would involve siting acoustic receivers in various sections of the Columbia River to verify downriver movements of salmon to compare efficacy relative to PIT tag results (by tagging juvenile salmon with both a PIT and acoustic tag).  Receivers in the lower river would monitor salmon movements below the hydrosystem, where current tracking technology is ineffective. It is anticipated that an initial series of ocean monitoring lines would also be established bounding the Columbia River on three sides (north, south, and at the outer margin of the continental shelf) in order to establish detection rates and initial direction of movement after salmon enter the ocean. Time lines depend on the delivery of hardware for experiments and success in making the initial experimental measurements.  However, based on the experience gained during this phase of the study it is expected that accurate time and cost estimates necessary for establishing the large-scale study will be obtained.

c. A workshop will be organized to review these results with West Coast scientists, identify appropriate stocks for inclusion in the tagging study, and describe the surgical techniques in order to identify qualified members of the various Columbia River fisheries agencies as representatives and involve their agencies in the research program and to identify candidate stocks for tagging.

f. Facilities and equipment

Major requirements are for hatchery space to conduct experimental surgeries, lease of truck and open boat for freshwater work, and the charter of commercial groundfish vessels for deployment of ocean moorings.  (These vessels cost $2,000-$3,000 per day to charter).  Personnel will need to be housed in hotels while away from home.  In addition to the purchase of VR-2 receivers and V8SC acoustic smolt tags, a portable Seabird SBE-19 CTD with pump for measuring ocean properties at experimental sites must be acquired (ca. $9K) as well as 2-3 acoustic releases for ocean moorings (ca. $3K/unit) and deck unit (ca. $2K, depending on manufacturer).  Two waterproof differential GPS units capable of being affixed to surface mooring float or use in boat will be required for measuring relative positions over time ($1.5K/unit), as well as a pair of range-finding binoculars ($1K).  A low-cost laptop computer will be used for data downloading from the VR-2s and CTD in the field ($1.8K).
g. References– Appendix A.  Summary of performance characteristics of Vemco equipment.
<!DOCTYPE HTML PUBLIC "-//W3C//DTD HTML 4.0 Transitional//EN"><!-- saved from url=(0032)http://www.vemco.com/vr1data.htm -->


VEMCO LIMITED

Nova Scotia, Canada
VR1 Single Channel Monitor

DESCRIPTION:

The VR1 Single Channel Monitor is a dedicated remote monitor used to detect RCODE coded transmitters. The VR1 Monitor is approximately one fifth the cost of a VR20 Monitor because it can detect multiple transmitters on a single frequency rather than having to scan multiple frequencies.
FEATURES:

PRIVATE "TYPE=PICT;ALT=VR1 Photo 45 kbyte"


The VR1 includes a hydrophone, receiver, microprocessor controlled ID detector, data logging memory and an internal battery all housed in a submersible case. The VR1 keeps track of date and time and records each passing transmitter's ID in non-volatile memory. Data can be downloaded without opening the case, using a magnetically coupled probe interface. The interface connects the VR1 to a personal computer serial port and is used to check for and download data. Being able to download data without opening the case allows the user to retrieve information more quickly from the VR1 while in the field.
The VR1 Monitor extends automated monitoring to offshore applications where multiple units can be deployed in lines to determine if and when migrating fish cross the monitoring line. For example if a pinger type is chosen to give approximately 500 metres detection distance, the VR1 Monitors can be spaced at 1000 metre intervals on a long line.
SPECIFICATIONS:

DIMENSIONS:<SPACER SIZE="157">205 mm (length) X 60 mm (diameter).

RECEIVE FREQUENCY:<SPACER SIZE="93">69 kHz (standard).

POWER SUPPLY:<SPACER SIZE="138">1 - 3.6V lithium "C" cell (user replaceable).

BATTERY LIFE:<SPACER SIZE="150">180 days.

MEMORY:<SPACER SIZE="185">1 megabyte flash memory, 150,000 detections.

ATTACHMENT:<SPACER SIZE="148">305 mm stainless steel mounting bar through two 9 mm holes.

SMART LED:<SPACER SIZE="170">Indicates operational status of VR1.


SMART LED FUNCTION

PRIVATE
 <TBODY>LED
VR1 STATUS

No flashes
Not initialized

2 flashes every 5 seconds
Record mode

2 flashes every 10 seconds
Memory full

1 short flash (dim)
Receiving acoustic pulses

1 long flash (bright)
Writing to memory</TBODY>

TRANSMITTER DETECTION: 

The VR1 Single Channel Monitor can detect RCODE coded transmitters in one of three modes; 256 Mode, 4096 Mode or Combination mode.

· 256 Mode allows the VR1 to decode up to 256 unique ID codes assigned to coded pingers. 

· 4096 Mode allows the VR1 to decode up to 4096 unique ID codes assigned to coded pingers. 

· Combination Mode allows the VR1 to decode 4096 Mode coded pingers, CHAT Tags and coded telemetry transmitters (i.e. temperature or depth).

SOFTWARE FOR DATA REDUCTION:

The software provided is used to setup and download data from the VR1. The software also contains some powerful and time saving data reduction features. If data has been downloaded from multiple monitoring sites, the software automatically names and dates the data files to prevent confusion between data sets. A sort routine will examine multiple data sets to find the appearance of each ID number and form a separate transmitter file showing the time and date of appearances at each monitoring site. The software is compatible with Windows 95, Windows 98 and Windows NT.
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VEMCO LIMITED

Nova Scotia, Canada
V8SC "Single Chip" miniature transmitters

V8SC SERIES - 8.5mm diameter

Our smallest length pingers. Frequencies available: 65.5, 67.3, 69.0, 72.0, 75.0, 76.8, 78.0, 149.5 kHz. For implant in pre-smolts. Used with V10 directional hydrophone and VR60 receiver, or the new VR20Monitor submersible automatic pinger detector.

· Rounded ends for better implant retention. 

· Cut to start activation wires, or shipped activated. 

PRIVATE "TYPE=PICT;ALT=V8SC Specifications table (8K)"

The V8SC-1L has been field proven as an Atlantic salmon smolt implant in fish between 150 - 180 mm fork length. Refer to Voegeli, LaCroix & Anderson "Development of miniature pingers for tracking Atlantic salmon smolts at sea", proceedings of the Second Conference on Fish Telemetry in Europe, La Rochelle, France April 1997. (In print)
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VEMCO LIMITED

Nova Scotia, Canada
RCODE - Coded transmitters

CONVENTIONAL PINGERS

Conventional pingers transmit a fixed rate acoustic ping, usually once per second. An example of a typical pinger transmission is shown below. The acoustic ping lasts for approximately 10 msec with 990 msec of silence (off time) before another ping is transmitted.

<SPACER SIZE="100">| ping (10 msec) | off time (990 msec) | ping (10 msec) | off time (990 msec) |.........

If the off time is varied, individual pingers can be identified on the same frequency. This simple method of coding is useful for studies that require precise positioning or continuous tracking of individuals. These simple fixed rate pingers can also be used in automated detection studies using sophisticated scanning receivers such as the VR20 Monitor. This method of coding has an upper limit of 30 pingers per frequency.

RCODE PINGERS

Unlike conventional pingers that transmit a single ping, RCODE coded pingers transmit a burst of six pings followed by an off time. The burst of six pings encodes an ID number and error checking data that can be interpreted by a variety of VEMCO's receivers and takes approximately 3 seconds to transmit. The RCODE coded pinger uses a pseudo-random number generator to vary the length of the off time, hence RCODE for Random Code. The random off time is important because if RCODE pinger transmissions overlap each other and cause acoustic collisions the random off time will bring the transmissions out of collision. An example of the transmission pattern for an RCODE coded pinger with a random off time of 25 to 45 seconds is shown below.

<SPACER SIZE="30">| 6 pings (3 sec) | off time (28 sec) | 6 pings (3 sec) | off time (41 sec) | 6 pings (3 sec) | off time (34 sec) |........


RCODE FEATURES

256 MODE:<SPACER SIZE="5">Pingers with one of 256 unique ID codes.

4096 MODE:<SPACER SIZE="5">Pingers with one of 4096 unique ID codes.

CODED TELEMETRY TRANSMITTERS:<SPACER SIZE="5">Transmitter with telemetry data, such as depth, encoded along with one of 14 unique ID codes.


NOTE:

The new V8SC-6L and V8SC-1L  RCODE pingers have extended battery life and a total of 65,536 unique ID codes.  VEMCO has provided the following operational characteristics, not yet listed in their catalogue or web page:

V8SC-6L
V8SC-1L
V8SC-2L

Size
24 mm
27 mm
32 mm

Start-Up Delay
Effective Lifetime of RCODE Pinger

0 d
170 d
343 d
572 d

30 d
196 d
368 d


60 d
220 d
392 d


90 d
245 d
418 d


120 d
271 d
443 d


150 d
297 d
468 d


182 d
321 d
493 d


365 d (1 yr)
–——
644 d
873 d

ADVANTAGES OF RCODE TRANSMITTERS

Can be used with low cost single channel automated monitors such as the VR1 Monitor. Extends the battery life of transmitters allowing multiple year monitoring programs. Provides greater immunity to false detections from other sound sources such as seal scarers, or depth sounders.


FREQUENTLY ASKED QUESTIONS ABOUT RCODE TRANSMITTERS

Q.<SPACER SIZE="5">How much longer will coded transmitters last compared to conventional transmitters?
A.<SPACER SIZE="5">Typically 3 to 10 times longer depending on the output power level.

Q.<SPACER SIZE="5">Is the detection range for RCODE transmitters smaller than for conventional pingers?
A.<SPACER SIZE="5">No, the the detection range for transmitters with similar output power is the same for both RCODE and conventional transmitters. However, because all six pings in the data train for the RCODE transmitter must be reliably detected to make a positive identification, the RCODE transmitter must remain within detection range longer than a conventional transmitter. Single channel automated receivers are about 1/5 the cost of the type required for fixed rate transmitters, so it is more affordable to put more of them in the water spaced more closely together to ensure valid detections.

Q.<SPACER SIZE="5">What happens if a large number of RCODE transmitters show up in the same place at the same time?
A.<SPACER SIZE="5">VEMCO can provide up to 4096 different ID codes for RCODE pingers but it is not possible to detect all of these at the same time and place . The random repeat interval can be adjusted to suit a particular study. Typically the random repeat interval would be between 60 and 90 seconds for migration studies. This allows for simultaneous detections of about ten transmitters at the same location.

 3g.  References (Part B:  Scientific Citations).
Auditor General of Canada.  2000.   Pacific Salmon: Sustainability of the fisheries.  Chapter 20 In: Report of the Auditor General of Canada.  Report available at: http://www.oag-bvg.gc.ca/domino/reports.nsf/html/9920aa_e.html
Bartsch, J., Brander, K., Heath, M., Munk, P., Richardson, K., and Svendsen, E. 1989. Modelling the advection of herring larvae in the North Sea. Nature (Lond.), 340: 632–635. 

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

Bennett, J.R., and Clites, A.H. 1987. Accuracy of trajectory calculation in a finite-difference circulation model. J. Comput. Phys. 68: 272–282. 

Block, B.A., Dewar, H., Farwell, C., and Prince, E.D. 1998. A new satellite technology for tracking the movements of the Atlantic bluefin tuna. Proc. Natl. Acad. Sci. U.S.A. 95: 9384-9389.

Block, B.A., Dewar, H., Williams, T., Prince E., Farwell, C. and Fudge, D. 1997. Archival and Pop up Satellite Tagging of Atlantic Bluefin tuna, Thunnus thynnus tyhnnus. In; Proceedings of the 48th Annual Tuna Conference. Pp. 10. Lake Arrowhead, CA: Inter-American Tropical Tuna Commission, National Marine Fisheries Service.
Block, B.A., Dewar, H., Williams, T., Prince, E.D., Farwell, C., and Fudge, D. 1998. Archival tagging of Atlantic bluefin tuna (Thunnus thynnus tyhnnus). MTS Journal. 32: 37-46.

Block, B.A., H. Dewar, T. Williams, S.B. Blackwell, A. Boustany, D. Dau, E. Prince, and C. Farwell. 1999. Comparison of Acoustic, Archival and Pop-off Satellite Tag Data and the Movements of Atlantic Bluefin Tuna. In: Proceedings of the 50th Annual  Tuna Conference, Lake Arrowhead, California, May 24-27, 1999. Inter American Tropical Tuna Commission, 8604 La Jolla Shores Drive, La Jolla, CA 92073-1508. 

Blumberg, A.F., and Mellor, G.L. 1987. A three-dimensional coastal ocean circulation model. Coastal Estuarine Sci. 4: 1–6. 

Boehlert, G.W. (Ed.) 1997. Application of acoustic and archival tags to assess estuarine, nearshore, and offshore habitat utilization and movements by salmonids. NOAA Technical Memorandum. NOAA-TM-NMFS-SEFSC-236. 62 pp.

Bourque, M-C., LeBlond, P.H., and Cummins, PF.  1999. Effects of tidal currents on Pacific salmon migration: results from a fine-resolution coastal model.  Can. J. Fish. Aquat. Sci. 56: 839–846.

Bradford,MJ (1995): Comparative review of Pacific salmon survival rates. Can. J. Fish. Aquat. Sci. 52 No. 6, 1327-1338.

Bradford, M.L. and J.R. Irvine. 2000.  Land-use, fishing, climate change and the decline of Thompson River, British Columbia coho salmon.  Can. J. Fish. Aquat. Sci. (In Press).

Brett, J.R., Hollands, M., and Alderdice, D. 1958. The effect of temperature on the cruising speed of young sockeye and coho salmon.  J. Fish. Res. Bd. Canada 15:587-605.

Burgner, RL; Light, JT; Margolis, L; Okazaki, T; Tautz, A; Ito, S.  1992. Distribution and origins of steelhead trout (Oncorhynchus mykiss) in offshore waters of the North Pacific Ocean.  Int. North Pacific Fish. Comm. Bull. No. 51, 91 p.

Busby, P.J. et al.  1996.  Status review of West Coast steelhead from Washington, Idaho, Oregon, and California.  U.S. Dept. of Commerce, NOAA Tech. Memo. NMFS-NWFSC-27, 261 p.

Carl, L.M., and M.C. Healey.  1984. Differences in enzyme frequency and body morphology among three juvenile life history types of chinook salmon (Oncorhynchus tshawytscha) in the Nanaimo River, British Columbia. Can. J. Fish. Aquat. Sci. 41:1070-1077.

Carlson, H.R., E.V. Farley, R.E. Haight, K.W. Myers, and D.W. Welch.  1997.  Survey of salmon in the North Pacific Ocean and southern Bering Sea--- Cape Saint Elias to Attu Island July-August 1997.  North Pacific Anadromous Fish Commission Document No. 254.  24 Pages and 6 Figs. 

Clarke, W.C., Withler, R.E., and  Shelbourn, J.E.  1992. Genetic control of juvenile life history pattern in chinook salmon (Oncorhynchus tshawytscha). Can. J. Fish. Aquat. Sci. 49:2300-2306.

Clarke, W.C., Withler, R.E., and Shelbourn, J.E. 1994. Inheritance of smolting phenotypes in backcrosses of hybrid stream-type x ocean-type chinook salmon (Oncorhynchus tshawytscha).  Estuaries 17:13-25.

Crawford, W.R., Huggett, W.S., Woodward, M.J., and Daniel, P. 1985. Summer circulation of the waters in Queen Charlotte Sound. Atmos.-Ocean, 23: 393–413. 

Cummins, P.F., and Oey, L.-Y. 1997. Simulation of barotropic and baroclinic tides off northern British Columbia. J. Phys. Oceanogr. 27: 762–781. 

Dat, C., LeBlond, P.H., Thomson, K.A., and Ingraham, W.J. 1995. Computer simulations of homeward-migrating Fraser River sockeye salmon: is compass orientation a sufficient direction-finding mechanism in the north-east Pacific Ocean? Fish. Oceanogr. 4: 209–216. 

deAngelis, D.L., and Gross, L.J. 1992. Individual-based models and approaches in ecology. Chapman and Hall, New York and London. 

DeLong, R.L., B.S. Stewart, and R.D. Hill. 1992.  Documenting migrations of northern elephant seals using day length. Marine Mammal Science 8: 155-159.

DFO. 1999a.  Rivers and Smith Inlet Sockeye.  DFO Science Stock Status Report D6-04. 

DFO. 1999b.  Coho Salmon in the Coastal Waters of the Georgia Basin.  DFO Science Stock Status Report D6-07. 

DFO. 1999c.  Upper Fraser/Thompson River Coho Salmon.  DFO Science Stock Status Report D6-08. 
DFO. 1999d. Fraser River Chinook Salmon.   DFO Science Stock Status Report D6-11. 
DFO. 1999e.  Lower Strait of Georgia Chinook Salmon.   DFO Science Stock Status Report D6-12.

Eveson, J.P.  and D.W. Welch.. 2000. Evaluation of techniques for attaching archival tags to Salmon: Influence on growth and survival.  Fish Telemetry: Proceedings of the 3rd Conference on Fish Telemetry in Europe (Edited by A.Moore and I. Russell), MAFF Technical Report, 2000.

Eveson, J.P., and D.W. Welch. (In Press). “Evaluation of techniques for attaching archival tags to Salmon: Influence on growth and survival”. Fish Telemetry: Proceedings of the 3rd Conference on Fish Telemetry in Europe (Edited by A. Moore and I. Russell), MAFF Technical Report, 2000.

Fiksen, O., Giske, J., and Slagstad, D. 1995. A spatially explicit fitness-based model of capelin migrations to Barents Sea. Fish. Oceanogr. 4: 193–208. 

Freeland, H., Denman, K., Wong, C.S., Whitney, F., Jacques, R. 1997.  Evidence of change in the winter mixed layer in the Northeast Pacific Ocean. Deep Sea Res. 44:2117-2129.

Gill, A. 1982. Atmosphere–ocean dynamics. Academic Press, San Diego, Calif. 

Groot, C., Simpson, K., Todd, I., Murray, P., and Buxton, G. 1974.  Movements of sockeye salmon (Oncorhynchus nerka) in the Skeena River estuary as revealed by ultrasonic tracking. J. Fish. Res. Board Can. 32: 233–242.

Hartt, A.C., and Dell, M.B. 1986. Early Oceanic Migrations and Growth of Juvenile Pacific Salmon and Steelhead Trout. Int. North Pacific Fish. Comm. 46:1-105.

Healey, M.C. 1983. Coastwide Distribution and Ocean Migration Patterns of Stream-and Ocean-Type Chinook Salmon, Oncorhynchus tshawytscha. Canadian Field Naturalist 97(4):427-433.

Healey, M.C. 1991.  Life history of chinook salmon (Oncorhynchus tshawytscha). In: Pacific Salmon Life Histories. (Eds: Groot, C; Margolis, L) University of British Columbia Press, Vancouver, p. 311-394.

Healey, M.C., and C. Groot.  1987. Marine Migration and Orientation of Ocean-Type Chinook and Sockeye Salmon.  American Fisheries Society  1:298-312.       

Hermann, A.J., Hinckley, S., Megrey, B.A., and Stabeno, P.J. 1996.  Interannual variability of the early life history of walleye pollock near Shelikof Strait as inferred from a spatially-explicit, individual-based model. Fish. Oceanogr. 5(Suppl. 1): 39–57.

Hill, R.D. 1994. Theory of geolocation by light levels. Pp. 227-236. In: B.J. Boeuf & R.M. Laws (ed.) Elephant seals, population ecology, behavior and physiology, Uni. Calif. Press, Berkeley California.

Hinckley, S., Hermann, A.J., and Megrey, B.A. 1996. Development of a spatially explicit, individual-based model of marine fish early life history. Mar. Ecol. Prog. Ser. 139: 47–68.<!DOCTYPE HTML PUBLIC "-//W3C//DTD HTML 4.0 Transitional//EN"><!-- saved from url=(0032)http://www.vemco.com/vr1data.htm -->
Holtby, L.B., and Kadowaki, R. 1997. A risk assessment for north coastal coho fisheries in 1998, with commentary on risk in southern inside and outside fisheries. PSARC working paper S97-12.

ISRP.  1997. Report of the Independent Scientific Review Panel Review on the Columbia River Basin Fish and Wildlife Program as directed by the 1996 amendment to the Power Act for the Northwest Power Planning Council.  

Itoh, T., S. Tsuji, and A. Nitta. 1999.  Trans-Pacific Migration of Bluefin Tuna Observed with Archival Tags. In: Proceedings of the 50th Annual  Tuna Conference, Lake Arrowhead, California, May 24-27, 1999. Inter American Tropical Tuna Commission, EFSC-357. 31 pp.

Martinelli,TL; Hansel,HC; Shively,RS (1998): Growth and physiological responses to surgical and gastric radio transmitter implantation techniques in subyearling chinook salmon (Oncorhynchus tshawytscha). Hydrobiologia 371/372, 79-87.

McKinnell, S.M., C.C. Wood, D.T. Rutherford, K.D. Hyatt, & D.W. Welch.  1998. The collapse of the Rivers Inlet sockeye fishery:  the case against a freshwater cause. North Pac. Anadr. Fish Comm. Workshop on Climate Change and Salmon Production. Technical Report.  p. 8-10.

McPhail, J.D., and Lindsey, C.C. 1986.  Zoogeography of the freshwater fishes of Cascadia (The Columbia system and rivers north to the Stikine).  In: The Zoogeography of North American Freshwater Fishes.  C.W. Hocutt and E.O. Wiley, (Eds.)  John Wiley and Sons.  P. 615-637.

Metcalf, J.D. and Arnold, G.P. 1997.  Tracking fish with electronic tags. Nature. 387: 665-666.

Metcalf, J.D. and Arnold, G.P. 1998.  Tracking migrating fish with electronic tags. EEZ Technology 2, 199-206.

Morris, J.F.T.,  D.W. Welch, J.P. Eveson, B. Van Hardenberg,  E.R Carmack, and A. Münchow.  1997.  Results from the CCGS W.E. Ricker Gulf of Alaska Salmon Survey, October 1996.  North Pacific Anadromous Fish Commission Document No. 288.  61 Pages and 15 Figs.

Myers, J.H. et al 1998. Status review of chinook salmon from Washington, Idaho, Oregon, and California.  NOAA Tech. Memo NMFS-NWFSC-35, 443 p.

Nehlsen, W., Williams, J.E. and Lichatowich, J.A.  1991.  Pacific salmon at the crossroads: Stocks at risk from California, Oregon, Idaho, and Washington.  Fisheries 16(2):4-21.

Nelson, K., and Soule, M. 1987.  Genetical conservation and exploited fishes, In: Population Genetics and Fishery Management, Eds: N. Ryman and F. Utter, Univ. of Washington Press, p. 345-368.

Norris. J. and Hyun, S.-Y.  In Press.  Ocean Distribution of Columbia River Chinook.    N. Pac. Anadr. Fish. Comm. Bulletin No. 2

Peterman, R.M., Marinone, S.G., Thomson, K.A., Jardine, I.D., Crittenden, R.N., LeBlond, P.H., and Walters, C.J. 1994. Simulation of juvenile sockeye salmon (Oncorhynchus nerka) migrations in the Strait of Georgia, British Columbia. Fish. Oceanogr. 3: 221–235. 

Quinn, T.P. 1990. Current controversies in the study of salmon homing. Ethol. Ecol. Evol. 2: 49–63. 

Quinn, T.P., and terHart, B.A. 1987. Movement of adult sockeye salmon (Oncorhynchus nerka) in British Columbia coastal waters in relation to temperature and salinity stratification: ultrasonic telemetry results. In Sockeye salmon (Oncorhynchus nerka) population biology and future management. Edited by H.D. Smith, L. Margolis, and C.C. Wood. Can. Spec. Publ. Fish. Aquat. Sci. No. 96. pp. 61–77. 

Small, M.P., Withler, R.E., and  Beacham, T.D. 1998a. Population structure and stock identification of British Columbia coho salmon, Oncorhynchus kisutch, based on microsatellite DNA variation. Fishery Bulletin 96:843-858.

Small, M.P., Beacham, T.D., Withler, R.E., and Nelson, R.J. 1998b.  Discriminating coho salmon (Oncorhynchus kisutch) populations within the Fraser River, British Columbia, using microsatellite DNA markers.  Molecular Ecology 7:141-155.

Smith, B.D., B.R. Ward, and D.W.Welch.  2000. Trends in wild adult steelhead (Oncorhynchus mykiss) abundance in British Columbia as indexed by angler success. Can. J. Fish. Aquat. Sci. 57:255-270.

Stasko, A.B., Horrall, R.M., and Hasler, A.D. 1976. Coastal movements of adult Fraser River sockeye salmon (Oncorhynchus nerka) observed by ultrasonic tracking. Trans. Am. Fish. Soc. 1: 64–71. 

Thomson, K.A., Ingraham, W.J., Healey, M.C., Leblond, P.H., Groot, C., and Healey, C.G. 1994. Computer simulations of the influence of ocean currents on Fraser River sockeye salmon (Oncorhynchus nerka) return times. Can. J. Fish. Aquat. Sci. 51: 441–449. 

Thomson, R.E. 1981. Oceanography of the British Columbia coast. Can. Spec. Publ. Fish. Aquat. Sci. No. 56. 

Tyler, J.A., and Rose, K.A. 1994. Individual variability and spatial heterogeneity in fish population models. Rev. Fish Biol. Fish. 4: 91–123. 

Voegeli, F.A, Gilles L. Lacroix, and John M. Anderson (1999)  Development of Miniature Pingers for tracking Atlantic Salmon Smolts at sea. Proc:Second conference on Fish Telemetry in Europe. Special ed Hydrobiologia & Developments in Hydrobiology., pp 35 – 46.

Wada, K., and Y. Ueno. 1999.   Homing behaviour of chum salmon determined an archival tag. NPAFC Doc.425

Walker, V.R., Myers, K.W., Davis, N.D., Aydin, K.Y., Frieland, K.D., Carlson, H.R., Boehlert, G.W., Urawa, S., Ueno, Y. and Anma, G. 2000.  Temperature data tag records of thermal habit of migrating salmonids in the North Pacific Ocean and Bering Sea in 1998. Fish. Oceanogr.

Ward,BR; McCubbing,DJF 1998. Adult steelhead and salmonid smolts at the Keogh River during spring 1998 in comparison to the historical record. Prov. of British Columbia, Fisheries Technical Circular 102, 23 p.

Weitkamp, L.A., et al 1995.  Status review of coho salmon from Washington, Oregon, and California.  NOAA Tech. Memo NMFS-NWFSC-24, 258 p.

Welch, D.W. 1997.  Ocean Studies using “Smart” and Hydroacoustic Tags. P. 13-14. In: Boehlert, G.W., ed. 1997. Application of acoustic and archival tags to assess estuarine, nearshore, and offshore habitat utilization and movement by salmonids. NOAA Technical Memorandum. NOAA-TM-NMFS-SWFSC-236. 62 p.

Welch, D.W. 1997.  Progress on Geoposition Estimation and Assessing Archival Tag Accuracy. P34-35. In: Boehlert, G.W., ed. 1997. Application of acoustic and archival tags to assess estuarine, nearshore, and offshore habitat utilization and movement by salmonids. NOAA Technical Memorandum. NOAA-TM-NMFS-SWFSC-236. 62 p.

Welch, D.W. et al. 1998.  A Proposal for an International Salmon Research Program using Archival Tags. North Pacific Anadromous Fish Commission Doc. No. 307 8 p. & 4 Figs.

Welch, D.W.,  J.F.T. Morris, E. Wittke, V.I. Smorodin.  1998.  CCGS W.E. Ricker Gulf of Alaska Salmon Survey, November-December, 1997. North Pacific Anadromous Fish Commission Doc. No. 308  10p., 8 Figs, and 4 Tables.
Welch, D.W. 1999.   New Developments in Ocean Salmon Research. EEZ Technology 4: 203-210.

Welch, D.W. & J.P. Eveson. 1999.   An assessment of light-based geoposition estimates from archival tags. Can. J. Fish. Aquat. Sci. 56: 1317-1327.

Welch, D.W., Whitney, F., Bertram, D., Harfenist, A., and Tucker, S. 1999.  Ocean Climate Change and Growth and Survival of Pacific Salmon & Seabirds on the West Coast of North America. Presentation at PICES VIII, 12 October 1999, Vladivostok, Russia. 14p. 

Welch, D.W.,  B.R. Ward, B.D. Smith, and J.P. Eveson.  2000. Temporal and Spatial Responses of British Columbia Steelhead (Oncorhynchus mykiss) Populations to Ocean Climate Shifts.  Fisheries Oceanography 9(1):17-32.

Westerberg, H., J.P. Eveson, D.W. Welch, L. Karlsson, and E. Ikonen. 1999.  Data Storage Tag study of Salmon (Salmo salar) Migration in the Baltic: The performance of tags. ICES CM 1999/AA:07, 13p.

Whitney, F., and Freeland, H.J. 1999.  Variability in upper ocean water properties along Line P in the NE Pacific Ocean. Deep Sea Res. 46:2351-2370.

Whitney, F., Wong, C.S., Boyd, P.W. 1998. Interannual variability in nitrate supply to surface waters of the northeast Pacific ocean. Mar. Ecol. Prog. Ser. 170:15-23.

Wood, C.C.  Manuscript. Defining Assessment Units for the Conservation of Wild Coho Salmon in the Pacific Region.  Unpublished White Paper prepared for the Dept. of Fisheries and Oceans, Nanaimo, B.C.

Section 4. Key personnel

David Warren Welch, B.Sc., Ph.D.


President, Kintama Research Corporation

321–2815 Departure Bay Road · Nanaimo, British Columbia · 

Canada  V9S 5P4   Tel: (250) 714-3526

Professional Affiliations

ADVANCE \d8American Fisheries Society

American Geophysical Union

American Association for the Advancement of Science
Education

University of Toronto
B.Sc., Biology & Economics, 1977
Dalhousie University 
Ph.D., Oceanography,  1985.  “A Study of the Effects of Density-Dependence and Age-structure on the Dynamics of Marine Fish Populations”.

Areas of Expertise


Welch has conducted ocean research on Pacific salmon since 1990.  He has extensive experience in working off commercial fishing vessels and in deploying equipment in the ocean (see references).  He has published extensively on evaluations of the potential use of archival tags for offshore tracking of Pacific salmon and is involved in several national and international scientific committees and steering committees for developing such approaches in the open ocean (i.e. away from coastal waters, where they are too inaccurate for use).  He has published evaluations of surgical implantation techniques for electronic tags, and statistical comparison of the use of such tags for tracking the movements of salmon in the open ocean.  His previous marine salmon research has won several awards for both innovative statistical analysis and the biological findings.


Welch will co-ordinate and run most of the field work, arrange vessel charters, and will supervise and direct the statistical analysis of the results. He will sub-contract the development of the ocean siting analysis (evaluation of sea bottom type & trawler activity) & construction of charts identifying potential siting locations.  He will participate in and supervise the surgical evaluation tests and plans to sub-contract to Dr Giles LaCroix for additional expertise in implanting the V8SC acoustic tag in smolts.
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Fig. 1.  Migration path of juvenile Pacific salmon.  All species (excluding steelhead) were found to remain strictly over the continental shelf (depths<200m, shown in light blue).  The only juveniles we have found off the shelf were at the far end of the Alaskan Peninsula on Dec 7th, at the start of the Aleutian Islands.





Fig. 2.  Release (squares) and recovery (circles) locations for tagged juveniles.  Many of these animals travelled continuously at 1-2 BL/sec to reach the recapture points, and thus moved very rapidly out of the estuary or coastal zone around their rivers of origin.





Fig. 4.  Expected number of smolts remaining alive with time.  The comparison is for two Columbia River chinook stocks that have a ten-fold difference in survival, and assumes that the mortality difference is spread out over a year.  








Fig. 3.  Catch locations for juvenile Pacific salmon.  Red circles indicate locations where 1-hr surface trawls caught juveniles, an “x” indicates no catch.  All salmon were caught on the continental shelf.  The shelf break is indicated by a dotted line.  Many sampling locations are overplotted.  
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