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Abstract

For most of history the ocean has remained nearly opague to study, and mankind has
been unable to understand where salmon or other marine animals go or how they make use of the
ocean in any detail. This greatly limits the ability of oceanographers and fisheries biologists to
improve the management of many marine resources. The technical basis now exists to track the
ocean movements of individual marine fish for months or years at a time, potentially allowing
their study over thousands of kilometers at seain a cost-effective and scientifically credible way.
In this article we review how new technologies might be applied to salmon in particular. Our
conclusion is that animals as small as juvenile Pacific salmon can be followed for months to
years at sea, and thus over great distances. By identifying the migration pathways for individual
salmon and specific populations of Pacific salmon, we can establish their ocean foraging
grounds. In this paper we outline the approaches and initial results from the Census of Marine
Life program POST to improve our understanding of the oceanic life history of Pacific salmon.
The research program involves two distinct aspects: (1) the development of an acoustic array for
tracking the movements of Pacific salmon during their shelf resident phase of the life history and
(2) the use of archival (data storage) tags to measure aspects of their local environment and to
delineate their open ocean migration pathways off the shelf. Aspart of this effort, the planning
phase will focus on tagging steelhead using both acoustic and archival tags. We report here on

some of the preliminary findings from the first year of the field project using acoustic tags.

Keywords: Salmon, Archival tags, Acoustic tags, Biotelemetry, Migration.
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Introduction

Where do sailmon go? What do they do when they get there? How do they return to
spawn in their home rivers? How do changes in the ocean environment affect their survival?
Underlying these questions is the belief that salmon may have "two zip codes'— or postal
addresses— homing not only back to their rivers of origin, but also to specific feeding grounds in
the ocean. Given the remarkable ability of Pacific salmon to return precisely to the vicinity of
their own birthplace (e.g. Quinn 1993; Quinn et al 1999), these feeding grounds and the ocean
pathways taken to get to them may be as population-specific as their rivers of origin, but as yet
undiscovered. Accepting the possibility that marine animals such as Pacific salmon may shuttle
between two postal addresses- their well-defined and long accepted freshwater spawning
grounds, and their as yet undiscovered ocean migration pathways and marine feeding grounds,

project " POST" — the Pacific Ocean Salmon Tracking project, was initiated.

The marine ecology of the North Pacific, particularly as applied to salmon, can be broken
down into three ecological zones- the pelagic offshore overlying the abyssal plains (water depths
of 3-4 kms), the continental shelf (depths £200m), and the narrow continental slope region
separating the two (depths ranging from 200m at the shelf edge down to the abyssal plain).

Often, groups of pelagic and planktonic organisms may be broken into offshore and coastal
assemblages with the transition near the shelf break (Richardson et a. 1980; McGowan 1993) or
even closer to shore (Peterson et a. 1979). As water depths increase rapidly in the slope region,
with an average gradient of just over 4° in most regions of the world (Emery 1980, Khan 2000,
Wiseman and Ovey 1953), the 1,000m isobath is typically found only some 10-11 kms seaward

of the edge of the continental shelf. Shoreward of the shelf edge, the shallow shelf region can be
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very wide in many parts of the world's oceans. However, off the west coast of North and South
Americathe shelf is frequently only 15-30 kms wide, making this area one of the narrowest (and
longest) continental margins in the world. Because most marine animals consistently occupy
specific depth zones, efforts to monitor the movements of animals remaining in the shelf or slope
water regions are perhaps simplest to implement off the west coast of the Americas. Partly for

this reason, the shelf tracking component of POST is focussed in the Pacific.

Pacific salmon provide an excellent prototype organism for studying marine movements
because there is great social and economic interest in these animals and they occupy both shelf
and offshore regions of the North Pacific for extended periods of time. The oceanic phase of the
life history is also vastly understudied relative to the great body of freshwater research
undertaken in the past. In general, the migratory movements of all species of juvenile Pacific
salmon (excluding steelhead) are confined to the shelf-slope region for many months. Some
stocks eventually migrate to the open ocean after reaching the Aleutians, while other stocks
appear to take up permanent residence on the shelf (Hartt and Dell, 1986; Welch, in prep.). Once
past their first year of life in the ocean, most species of Pacific salmon take up a pelagic
existence in the offshore, while two species (coho and chinook) appear to have both shelf-

resident and offshore variants (Groot and Margolis 1991).

As the marine movements of individual salmon are poorly understood, a concerted research
program using new electronic tagging technology offers the opportunity to make major
breakthroughs in our understanding of how salmon use the ocean: where they go, how they use

the structure of the ocean environment to accomplish these migrations, and what they experience
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when they reach their marine feeding grounds. POST is intended to address a number of major
research problems, whose eventual resolution would likely contribute significantly to the

improved management and conservation of Pacific salmon:

> Understand how Pacific salmon use the ocean environment

| dentify distribution and habitat use by key species and life stages.

» |dentify important oceanic features & critical habitats
Do salmon respond to sharp thermal boundaries?
Do salmon depend upon specific ocean structural features?

Do salmon use common migration pathways?

» Examine the coupling between biology and the physical environment— How do different

species respond to changing ocean conditions?

» Establish latitudinal patterns of movement and habitat utilization by steelhead

> Establish whether Pacific salmon have "two zip codes’, adding to the marine life history

information that is already widely known and accepted about the freshwater phase of the life

history

» Determine how longer-term changes in ocean conditions relate to changes in fish condition,

growth, survival, and distribution
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Classes of Electronic Tags

Animals migrating in the Pacific Ocean can be broken into two broad classes. those using
the continental shelf as a migration corridor (salmon in their first year of ocean life, many
whales, sealions, and groundfish), and those that use the open ocean (Pacific salmon at older
ages, tunas, elephant seals, marine turtles). For air-breathing vertebrates (marine mammals, sea
turtles) which remain at the surface long enough for satellite communications, animals can be
tracked using standard position fixing methods based on radio signals and satellites. However,
for the mgjority of animals— such as salmon— that are small or remain submerged in seawater, the
ocean remains opaque, and we have very little real sense of where these animals go or how they
use the ocean. The technology for monitoring salmonids in the continental shelf and offshore

realmsis different, and we describe the plans for the studies separately.

Archival Tags

Archival tags are internally recording electronic tags which can measure and store awide
variety of environmental data that detail the ocean environment that the salmon move through
and use for foraging. The most frequent types of information recorded typically include ambient
temperature or depth, but can aso include light-based estimates of daily position. Other, more
exotic sensors, such as heart rate, tail beat frequency, or swimming speed are also either on the

horizon or are now commercially available (review by Arnold and Dewar, 2002).

In the offshore Pacific larger salmon (>35 cm) can be tagged with the new generation of

internally recording archival tags (Welch and Eveson 1999). These tags allow an estimate of
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geoposition to be achieved to an accuracy of 0.5° of latitude and 0.25° in longitude, or a mean
error in position of about 40-50 kms (Welch and Eveson 2001). Positional estimates can be
further refined by comparison with oceanographic measurements, but improvements in position

fixing beyond this level are unlikely in the near future.

Accuracy on this scale is sufficient to track the basin-scale movements of animalsin the
open Pacific (Fig. 1). (The Pacific Ocean spans about 95° east to west, and roughly 40° north to
south, depending upon the area of interest). These tags also allow detailed recordings of vertical
movements and the water temperatures occupied by the tagged animals. The use of geoposition-
capable archival tags in the offshore would reveal the large-scale migrations of open ocean
salmon, and is of major interest for both “pure science” reasons, and as a basis for improving the

management of highly migratory pelagic species.

Most species of salmon only become large enough to successfully tag in the late spring of
their last year in the ocean, some 4-6 months prior to return. Because archival tags are internally
recording devices, they must be recovered from atagged fish, and then returned (typically, by a
fisherman) to the laboratory. The proportion of archival tags returned will therefore depend on
the fishing effort, mortality and tag shedding experienced after tagging, and the degree to which
recovered tags are returned (Walker et al., 2000). In large fish, such as tunas, sharks or
mammals, “pop-up” archival tags can be designed to release from a tagged animal and transmit

some or al of the recorded information via satellite (Block et al., 1998; L utcavage et al. 1999).

However, the current size of these tags makes their use on salmon infeasible. As aresult, the

cost and capability of these tags must then be balanced against the expected recovery rate;

80F 35



158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

expensive archival tags will only be applied in situations where their expected recovery rate will

be high.

i-Button Tags

For the foreseeable future, it is likely that archival tags will need to be recovered from
recaptured salmon. Because of the high losses that juvenile salmon experience after entering the
ocean (often only 1-10% surviving to return), archival tags applied to juvenile salmon must be
both small and low cost, to make the cost of studies economically feasible. One class of tags
being developed for use within POST for use on juvenile salmon is the “i-Button” tag, a small
and low cost tag that would record temperature only and perhaps cost on the order of $20 per tag.
These tags can be made at low-cost because they are commercially produced in large numbers
for the refrigeration industry, to provide a record of the temperature history of transported goods.
The POST component of this project will focus on developing a waterproof case for the tag, and

has applied these tags in an initia field trid.

Acoustic Tags

Because of the limited spatial resolution of archival tags, it seems unlikely that archival
tags will ever be of much use for determining onshore-offshore position on continental shelves,
since the width of these shelvesis often smaller than the best spatial resolution currently
possible. In the shelf-dope environment, however, the limited spatial scale can be used to
advantage, because animals tagged with active tags capable of detection from nearby sensors will

provide a useful position fix.
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Acoustic tags small enough to be carried by salmon cannot store environmental
information for later transmission, so a picture of the movement of tagged Pacific salmon and
their environmental conditions needs to be built up by having the position and current
environmental conditions for individual salmon logged by multiple receivers. Acoustic tags send
out information on the identity of the tagged animal and (for some types of tags) currently

experienced environmental conditions (depth or temperature).

Self-contained submersible acoustic receivers capable of detecting and logging the
movements of atagged juvenile are now available that can operate autonomously for over ayear
underwater (e.g. Voegeli et al 1998; Lacroix and Voegeli 2000). This allows the movement
patterns of individual animals to be reconstructed, essentially by “connecting the dots”: knowing
the date and time an individual is heard in the vicinity of each acoustic receiver, speed and
distance between each pair of receivers can be determined; in situ environmental conditions can
be estimated from regional data.

Recently developed technology offers the prospect of putting out many long-lived low cost
acoustic receivers on the seafloor, in a series of detection lines which can act asagrid over
which thousands of individually identifiable tagged animals might move at will, with their
movements passively recorded by the seabed array (Fig. 2). Because the detection technology is
relatively low-cost, the possibility of a continental scale acoustic tracking array for the shelf and
slope regions is economically feasible.

Because acoustic tags offer lifetimes of 4.5 months to severa years (e.g. Lacroix and
Voegeli 2000) and experimental studies demonstrate that they can be successfully implanted into

salmon smolts as small as 10.5 cms and retained long-term (Welch et a in review), the
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possibility now exists to tag and track the movements of many animals for most of their life
cycle. By building up adense array of low-cost receivers sited on the seabed, it is potentially
possible to reconstruct the movement patterns in great detail. Thisis perhaps the most ambitious
aspect of the POST project; to help demonstrate the feasibility of a continental scale acoustic
tracking array on the entire continental shelf. Curiously, despite considerable recent interest in
the possibility of seafloor observatories by the oceanographic community (e.g. National
Research Council 2000), almost all of the proposals to date have involved highly expensive
networks in the deep ocean consisting of a relatively few nodes cabled to land. While such a
network would provide a high bandwidth but relatively sparse network, project POST would
provide the complement: a broadly distributed but low cost and low bandwidth acoustic tracking
array that could be run off long-lived lithium batteries. In this paper we focus on describing the
fish tracking component, and defer most of the technical details of how the array would be

constructed for later consideration.

Continental Shelf Program

The narrowness of the continental shelf off the West Coast of North Americaisidea for a broad-
scale monitoring program using acoustic tags for animals such as juvenile salmon that remain on
the shelf. Recent developments in acoustic technology (e.g. Lacroix and Voegeli 2000) allows
reliably detecting uniquely identifiable sonic tags using low-cost passive receivers ($1,000 per
receiver). These receivers can detect sonic tags within an ca. 1-2 km diameter circle centred on
the receiver (depending on the acoustic power of the tag), recording the date and time that
individual tags are detected for ayear or more, and have a recording capacity per receiver of

300,000 or more detections (about 800 per day, on average).
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In principle, a series of autonomous receiverslaid in aline across the shelf perpendicular to the
long-shelf migration path of animals such as Pacific salmon would be capable of detecting and
recording the movements of each individual passing over the detection line. By placing separate
lines of cross-shelf receivers at appropriate spacing on the shelf, a detailed picture of the

movement patterns of tagged animals would be possible (Fig. 3).

Geometry of Detection

Simple calculations suggest that a staggered array of listening lines should be more effective
than a few densely instrumented lines. This arrangement would also provide more information
on movement (speed, direction) between each pair of detection points (nodes). For these
reasons, it is most fruitful to consider developing an extensive array of multiple lines, each
consisting of low cost acoustic listening nodes. Such a design would compensate for the
possibility that if the local environmental conditions alow atagged fish to pass undetected at one
listening line, then subsequent independent listening lines in the array will alow further chances
to detect an animal’ s passage.

To consider the geometry of the detection array, imagine atagged anima swimming in a

straight line somewhere in the vicinity of an acoustic receiver (Fig. 3). The animal will remain

within the detection radius of the receiver, r, for a chord length of L(x) meters, where

L(X)=2+r%- X
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Here x is defined as the minimum distance from areceiver. The expected value of L(x) is
= 17 P4
L =E(L(X)) =— R(r?- x%)"2dx

(L(x)) o 92( )

or,

r
r
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which reduces to:

I

I
N | T

-

In general, a migrating animal which swims within range of an acoustic receiver will have equal
probability of being located at any distance x from the receiver. Thus, on average, an animal

swimming in a straight line which is known to cross into the detection zone of areceiver will

remain within detection distance for an expected time period of L/s» %é minutes, where L is

the average chord length, and sis the swimming speed. For an animal crossing a detection line
consisting of multiple receivers, the minimum distance that the animal can swim while remaining
within the detection zone is located at

the half-separation distance of the receivers, D/2 (Fig. 3). The haf-separation distance D is

surprisingly close to the maximum detection radius r; if we assume that r=500m, and require that
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Lmin= 100 m, then this requires that the receivers be spaced at D=995m; given the errors inherent
in positioning receivers at sea and the changes in detection ranges under different westher

conditions, then specifying areceiver spacing of ~2r or 1 km seems quite reasonable.

Work is currently underway to precisely characterise the exact detection distancesin river,
estuary (i.e. river mouth), and continental shelf waters, and thus to determine the receiver
geometry for a single acoustic detection line across the continental shelf (Welch, unpublished).
To date, thiswork suggests that the receiver can detect these low acoustic power output (and
therefore long-lived) acoustic tags from distances of ca. r=400-500m, and that high acoustic

power output tags would have a detection range of perhaps 1,000m.

As the shelf on the West Coast is usually less than 20 kms wide, a string of 30 receivers laid
across the shelf and down the upper slope region should be capable of detecting most tagged
shelf and slope animals crossing each detection line. The costs of developing a broad scale
acoustic array are surprisingly modest. The current generation of receivers are commercialy
available for $1,000 so, taking into account the need for additional infrastructure to place the
receivers and recover the data, it may be possible to place and maintain each listening node on
the seabed for perhaps $5,000. As aresult, this leads to an approximate cost for asingle
monitoring line on the order of $150,000; thus for roughly 3 million dollars in capital costs a
network of 20 or so acoustic listening lines could be deployed that would stretch from California
to the Aleutian islands (Fig. 2). Such a network would be capable of detecting individual
animals as they crossed the monitoring lines. Overall costs for operating the array would need to

include the costs of operating ships to deploy the seabed nodes and periodically upload the stored
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data, as well as the costs of tagging live animals, so would be significantly higher than just the
capital costs; however, even at afina cost of 3-4 times the capital costs the array would be

surprisingly economical to operate.

The smallest uniquely identifiable acoustic tags operating at frequencies useful for detection at
hundreds of meters are capable of being surgically implanted into salmon smolts as small as 10.5
cms and retained for months or years (Welch et a in press). As these tags have operational
lifetimes under continuous operation of ca. 4.5 months, and dightly larger tags have lifespans of
years, it is potentially possible to expect to tag young salmon in-river or on the shelf and be able
to follow their movements for the rest of their life history. The shelf component of project POST
will focus on defining a“proof of principle” experiment to demonstrate the validity of putting

into place such a network.

Such amonitoring framework would provide the basis for tracking any animal present on the
continental shelf that was tagged with a uniquely identifiable sonic tag: smolts, immature shelf-
resident salmon stocks in their second or third year of life, or even whales and other marine
mammals. (A wide complement of other marine fish could aso be detected by such a
monitoring network, bringing in the possibility of building broad support for the monitoring
network and spreading costs by monitoring the movements of other high-valued fish such as

halibut, black cod, Pacific hake, and Pacific mackerel).

The advantage of afixed coastal array is that the geographic position of each array element is

known with precision, so the detection of uniquely tagged animals by the array elements allows
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reconstruction of the coastal movements (direction and rate of movement between array
elements, and time of occurrence in specific regions of the coast). Alternative systems generally
require the recovery of the tag from the animal; this means that many more tags must be used
than will be recovered. The great advantage of afixed array is that recovery of tagged animalsis

not required, and many species might be simultaneously studied by the same array.

Pilot Project

The goal of POST isto move in chronological sequence through three major stages:
Planning, Pilot, and then on to a mgjor international program. However, prior to the start of the
major pilot project, a demonstration of the feasibility of the methods is required even within the
planning phase.

Archival tagging of most species of Pacific salmon will generally require tagging the
animals at sea because the large size of these tags relative to young salmon precludes their use
before the salmon have spent several months at sea feeding and growing (see, for example,
Boehlert 1997; Walker et a. 2000; Tanaka et al. 2000). Thisinvolves a significant cost for ship
time and precludes studying the migration during the months prior to tagging.

Steelhead are an exception. A significant proportion (termed kelts) survive spawning,
leaving their natal riversin May as large animals capable of carrying an archival tag. They then
return to spawn in the same river 8 months later (December), with survival rates of roughly 20-

50% (depending upon river). Archival tags can be applied in freshwater to large steelhead after
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spawning is complete, and the entire migration track out to sea and back to the natal river then
determined for a significant proportion of these tagged animals (Fig. 4).

By double tagging kelts with acoustic and archival tagsit is possible to develop
some measurements on rates and direction of movements in the near coastal environment where
the resolution of archival tagsisinsufficient. Unlike archival tags, which are too large to be used
on smolts, acoustic tags can also be used on smolts. Since deployment of afull coastal array will
require information on where salmon are migrating relative to the shore, we chose in 2001 to
implant acoustic tags into steelhead smolts at the same time that the kelts are double-tagged, in
order to gain some short-term information on the near-shore movements of the smolts
immediately after ocean entry. Aninitial trial project was therefore run in 2001 to test the use of
acoustic technology for further developing a subsequent study. These baseline measurements
were intended to provide the basis for designing the full test study in the spring of 2002, which is
planned for British Columbia and Alaska.

The British Columbia study in 2002 will be focussed on steelhead from two adjacent
river watersheds (Keogh & Waukwass), whose rivers empty into the eastern and western coasts
of Vancouver Idland (Fig. 5). Despite their geographic proximity (the watersheds are adjacent to
one another on the same mountain), the marine survival of smolts from all rivers on the eastern
side of Vancouver Island is much lower than that of steelhead smolts exiting to the west coast of
Vancouver Island (Welch et a 2000). This difference may have a genetic basis, with steelhead
from the Keogh & Waukwass taking different marine migration routes and therefore being
exposed to different oceanographic regions.

In 2001, atotal of 15 receivers were deployed near the Keogh R site. One receiver was

placed in a small freshwater pool in the Keogh R, just above the tide line. Because the pool was
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only 20m across, and the tags were programmed to transmit at a mean interval of 60 seconds, it
was recognised that rapidly moving smolts would likely not be detected while within the pool.
In the ocean, the partia array was composed of aline of 12 receivers spaced 360 m apart (to
ensure high detection) in alinear array ca. 10 kms to the north of the Keogh R mouth and
extending perpendicularly from near the Vancouver Island shoreline towards the British
Columbia mainland, some 21 kms distant (Fig. 6). To the south, two receivers were placed near
the opposite shores of the 1.2 km wide channel between Vancouver Island and Malcolm Island
(The limited number of receivers available precluded placement of athird receiver in the centre
of the channel, which would have been necessary to obtain full coverage).

An important principle in the development of a continental scale array isthat all of the
equipment must eventually sit on the seabed and not involve surface floats that are vulnerable to
vessdl traffic or fishing activities. The deployment was thus planned to gain some experience
with this principle. Both detection lines were placed on the seabed using a horizontal
groundline, and vertical floats spaced 360m apart were used to position the receivers about 0.5 m
off the seabed. On the outer edge of the northern detection line, where a deep channel reached ca
350 m depth, the length of the vertical float lines was increased to position the receivers at or
above 200 m. All equipment was placed on the bottom, out of sight, and was retrieved by
triggering acoustic releases which brought the floats and the end of the groundlines up to the
surface. The groundline was then retrieved using a chartered seine vessel. A commercial fishing
vessel was used for the deployment both to develop involvement with the industry and to

maintain the principle of using low cost vessels for deploying the array.
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Results and Discussion

A tota of 26 smolts were surgically implanted in 2001 with acoustic tags set to broadcast
their serial number at an average transmission interval of one minute; smolts were tagged and
released on 29 May (6), 6 June (7), 7 June (7) and 8 June (6). Implanted smolts averaged 19.4
cms fork length (range 15.4-23.4 cms), and were randomly selected from the migrating smolts
captured each day at the Keogh River weir without respect to size. Insertion of these tags proved
extremely simple in these large smolts, and the majority were clearly capable of having been
tagged with larger tags that would have had lifespans well beyond one year.

Smolts were implanted during the daytime at the weir (afish barrier) and held until dusk
to reduce predation from birds and mammals (chiefly eagles and river otters), They were then
released to a pool just below the weir and about 200 m above the tide line. One kelt was also
tagged with a dightly larger acoustic tag with an expected lifetime of ca. 15 months; it was
detected leaving the river, but was not detected in the ocean and is not further discussed.

A total of 6 smolts were subsequently detected in the ocean, with 5 detected on the
acoustic detection line to the north of the mouth of the Keogh River, and one by the offshore
receiver to the south. Several aspects of the ocean detections indicate that the smolts were
neither orienting close to shore nor moving in a strongly directed fashion.

First, smolts were detected along the full length of the northern line (Fig. 7), with one
smolt detected on the outer edge of the northern line, some 4 kms offshore. On the southern line,
the single smolt detected to the south was recorded by the offshore receiver located close to
Malcolm Idand. Asthe northern line covered only the first 4 of the 21 km distance to the
mainland, and the main channel lying between the eastern side of Malcolm Island and the

mainland to the south was not covered at all in thistrial deployment, the detection of 6 of 26
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tagged smolts appears to be in rough proportion to detector coverage. Consequently, thereis
some reason to expect that smolt emigration out of Queen Charlotte Strait may be broadly
distributed across the width of the Strait, with at least some smolts initially moving south.

Second, rates of movement of the smolts were quite low. The distance between the
innermost receiver on the northern line and the mouth of the Keogh river was 8.5 kms, and the
offshore receiver was located 9.5 kms distant from the river mouth. The distance to the southern
receiver was 16.3 kms. The four of five smolts detected on the northern line took 16.25, 23.5,
36.5, and 109.8 hrs from last detection in the river pool until first detection on the detection line
(one smolt was not detected at the river mouth, but was subsequently detected on the array).
This tranglates into a range of surprisingly low swimming speeds when trandated into body
lengths per second (0.08, 0.11, 0.35, 0.46, and 1.06 BL/sec).

The data become especialy intriguing when the movement of one smolt (3751B) is
analyzed in greater detail. This animal was first detected by the receiver closest to shore, on
June 10" at 10:10 AM, 23.5 hrs after last detection in the river, and was detected by the two
receivers located within half akilometer of shore for approximately 1.5 hrs (Fig. 7). The smolt
was then re-detected on the array at a distance only dslightly farther offshore on the afternoon of
June 16, 4.5 days later, when it was recorded on the next four of the offshore array elements for
approximately 1 hour before disappearing again. The array was removed from the water on June
219,

These two detections provide a very different perspective on the behaviour of the same
smolt. In the first case the interpretation would be that this animal was migrating with
considerable focus while orienting close to shore; it was detected on the nearshore receiver after

moving at a mean speed of 0.46 BL/sec. However, the second detection four days later provides
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evidence for a different behaviour; the mean speed now drops to only 0.08 BL/sec and it was
located close to where it was had first disappeared. The latter observations suggest an animal
with little migratory focus. The resolution of this puzzling difference in behaviour will only

come with studies based on larger numbers of smolts, but demonstrates the potential value of

developing a dedicated long-term acoustic tracking array.

Conclusions

The small-scale acoustic tracking study in 2001 was developed primarily to make some
initial measurements on the movement of steelhead smolts in the ocean and gain some
experience that would improve the planning for the larger study in 2002. The results have
already provided some useful insight into the ocean biology of steelhead.

Prior to recovery of the acoustic array, an informal survey was made of the biologists and
fishermen involved in the program, as to the expected behaviour of the steelhead smoltsin the
ocean. All predicted that the smolts would be detected close to shore on the northern line soon
after ocean entry, and then vanish from the study area; that is, we all expected that the smolts
(and kelt) would turn sharply to the left and orient relative to the shore while moving north into
their new habitat. The results indicate, however, that steelhead smolts may be occupying the
inshore habitat of Queen Charlotte Strait for some significant period of time, and that their initial
migration movements may not be as well-focussed or as near shore as had originally been
suspected.

There is no prior information on the inshore movements of steelhead smolts after entering

the ocean, so it is difficult to put the biological findings from the current very limited study into a
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broader context at thistime. From tagging work using conventional numbered tags there is
evidence for steelhead moving north along the continental shelf migration path that the other
species of Pacific salmon all seem to use as juveniles; however, there is also some evidence that
at least some steelhead may move directly off the continental shelf to the open ocean (Hartt and
Dell 1986). The resolution to such questions awaits the development of a permanent continental -

scale acoustic tracking array.
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List of Figures

Fig. 1. Comparison of the known accuracy of daily position estimates from archival tags (Welch
& Eveson 1999, 2001) with a hypothetical path of salmon migration. For contrast, the shelf-

bound migration of most salmon smolts is also shown.

Fig. 2. Conceptual example of the monitoring network. Monitoring lines would be placed using
islands and straits as bottlenecks to minimize the length of monitoring lines. For example, all
tagged salmon migrating to or from the Fraser River or the East coast of Vancouver Island could
be monitored with two short lines in Johnstone and Juan de Fuca Straits. Detection north or
south of the straits would demonstrate which direction specific stocks move and their rates of
migration. Each line would actually consist of a series of autonomous |ow-cost receivers, or

nodes, placed so that their detection radii overlapped.

Fig. 3. Conceptual example of the cross-shelf monitoring array. The basic design goal isto
determine the detection radius, r, at which an acoustically tagged animal can be identified under
different oceanographic conditions. Knowingr, it is possible to determine the spatial separation,
D, for the receivers to ensure that an animal crossing the array at right angles has a high
probability of being detected. For a salmon smolt travelling at 15 cm/sec, assuming that the
minimum chord length is L=100m in the example given results in the animal travelling within

the detection zone for a minimum of 11 minutes.
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Fig. 4. Hypothetical migration pathways for steelhead from the 3 study sites planned for 2002
(Cdlifornia, British Columbia, and Alaska). These pathways are based on conjecture, as direct
work of the nature proposed here has never been performed. The archival tagging component of

this project is intended to provide clear resolution of the pathways.

Fig. 5. Location of the proposed British Columbia CoML study site. The steelhead from East
and West Coasts of Vancouver Idand have very different marine survivals (Keogh R steelhead
are near extinction after only 10 yrs of poor marine survival). Acoustic receivers will be
deployed near the mouth of the two rivers to detect the time of ocean entry and the proportion of
tagged smolts and kelts that survive to the ocean (stars). (These receivers will also detect the
presence and measure the time of return for acoustically tagged kelts in the following winter). In
2001 partia acoustic detection arrays consisting of two lines located north and south of the

Keogh River mouth measured initial rates of migration (lines).

Fig. 6. Close-up of the Keogh study site, showing the region to the north of the receiver at the
Keogh R mouth (star). The array to the north was deployed using a spacing of 360 m between
acoustic receivers, because work to fully characterise the detection capabilities of the equipment
had not been completed by the time of the pilot study. The full length of the acoustic line

extended 4 kms of the total 21 km to the mainland BC coast.

Fig. 7. Comparison of the pattern of detection of tagged smolts on the detection lines. The x-

axis shows the distance to the location of each array element relative to the Vancouver Island
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583 shoreline. The y-axis shows the number of discrete detections of each smolt recorded by the
584 individual array elements. With the exception of one smolt (2728B) all animals were detected
585 multiple times.
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