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Many salmon populations in both the Pacific and Atlantic Oceans
have experienced sharply decreasing returns and high ocean
mortality in the past two decades, with some populations facing
extirpation if current marine survival trends continue. Our inability
to monitor the movements of marine fish or to directly measure
their survival precludes experimental tests of theories concerning
the factors regulating fish populations, and thus limits scientific
advance in many aspects of fisheries management and conserva-
tion. Here we report a large-scale synthesis of survival and move-
ment rates of free-ranging juvenile salmon across four species, 13
river watersheds, and 44 release groups of salmon smolts (>3,500
fish tagged in total) in rivers and coastal ocean waters, including
an assessment of where mortality predominantly occurs during
the juvenile migration. Of particular importance, our data indicate
that, over the size range of smolts tagged, (/) smolt survival was
not strongly related to size at release, (ii) tag burden did not
appear to strongly reduce the survival of smaller animals, and
(iii) for at least some populations, substantial mortality occurred
much later in the migration and more distant from the river of
origin than generally expected. Our findings thus have implica-
tions for determining where effort should be invested to improve
the accuracy of salmon forecasting, to understand the mechanisms
driving salmon declines, and to predict the impact of climate
change on salmon stocks.

acoustic arrays | Pacific Ocean Shelf Tracking | mark-recapture

Existing knowledge about the marine movements of salmon is
primarily based on analysis of fish marked with simple me-
chanical tags (1-7). Such tags are recovered at very low rates
(typically <1%) and usually in fishing gear, so the species of in-
terest must generally be the target of a substantial fishery, and
many fish must be tagged to generate useful information. This
dependence greatly limits the range and size of species studied
and introduces bias as a result of the movements, techniques, gear,
and reporting behavior of the fishermen. Further, only release and
recovery locations are known, precluding detailed movement in-
formation of individuals. Electronic tags that transmit archived
data to satellites or cell phones transcend some of these limi-
tations but are limited to use on large animals (8-10). Of equal
importance, survival cannot be measured on fine temporal or
geographic scales by using archival tags.

Here we report direct in situ survival and movement estimates
for greater than 3,500 juvenile Pacific salmon (“smolts”) that
were tagged and released in British Columbia (BC), Canada,
during their migration downriver and a substantial portion of
their journey north along the continental shelf, for the years 2004
through 2007 (Table S1). These fish represent four of the six
North American species of Pacific salmon: coho (Oncorhynchus
kisutch), chinook (Oncorhynchus tshawytscha), sockeye (Onco-
rhynchus nerka), and steelhead (Oncorhynchus mykiss). Each fish
was surgically implanted with an individually identifiable acoustic
transmitter and the tags were detected with a large-scale acoustic
telemetry system, the Pacific Ocean Shelf Tracking (POST) array

8708-8713 | PNAS | May 24,2011 | vol. 108 | no. 21

(Fig. 1), which currently extends more than 1,500 km along the
North American continental shelf.

The overall POST array is formed from a series of regional
subarrays, with each subarray consisting of several acoustic
receivers (“nodes”) independently positioned above the sea (or
river) bed in a 3D spatial geometry that provided a high prob-
ability of detecting tagged animals passing over each subarray. By
successfully recovering the stored detection data on the majority
of these receivers, it is possible to describe both the early marine
movements of individuals and the survival of groups as they exit
rivers and migrate out along the continental shelf.

The POST array is part of a new generation of acoustic
technologies that are beginning to yield an understanding of fish
movement and behavior on a very large scale (11, 12). Telemetry
arrays sited on the continental shelf-slope are particularly well
suited for the study of juvenile salmon, as this period of their life
history is thought to be essentially shelf-limited (3, 5, 6, 13-15).
Continental shelves are also of key ecological importance: al-
though they cover less than 8% of the global ocean by area (16),
they contribute 69% of the world fish catch [89% if upwelling
zones are included (17)], and support high biodiversity and large
populations of marine mammals (18) and seabirds (19).

Results

Migration Routes. The unprecedented detail stemming from ex-
tensive telemetry arrays can most effectively be demonstrated by
animating the movements of the tagged animals (SI Materials
and Methods); from this, a general picture of the direction and
speed of movement for the salmon smolts immediately emerges.
Our data demonstrate two distinct species-specific patterns of
marine migration, with sockeye and steelhead undertaking sus-
tained long-distance migration and coho and chinook apparently
remaining resident in the Salish Sea for the duration of the tags’
batteries (>4 mo). Emigration from the Salish Sea occurred al-
most exclusively via the northern route through Queen Charlotte
Strait [QCS; Fig. 1; sockeye, 91%; steelhead, 81%; calculated as
a proportion of the total tags detected on either QCS or Juan de
Fuca (JDF) subarrays], a finding consistent with earlier studies
(2). However, some individual steelhead populations exited only
or predominantly via the southern JDF route whereas other
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Fig. 1. The POST array, showing the main continental shelf and river system
subarrays in the Pacific Northwest. We collectively refer to the internal water
bodies bounded by the JDF Strait and QCS subarrays (Puget Sound, Strait of
Georgia, Johnstone Strait, and QCS) as the Salish Sea. Letters beside yellow
dots refer to locations where tagged fish were released (Table S1). Receivers
are shown with red dots; marine lines extend across straits, or from near
shore to the edge of the continental shelf (shaded; <200 m depth).

nearby populations exited primarily via the northern route, with
some variability in the proportion of fish going north versus
south evident between years for some populations (Movies S1—
S3) (20). The reasons for these differences among and within
populations are unclear, but suggest that genetic and environ-
mental factors affecting migration direction may operate at rel-
atively fine scales.

Only one juvenile BC salmonid was detected on the Alaskan
subarray, located some 1,000 km north of QCS, although tagged
smolts from the Columbia River and other nonsalmonids were
detected there more commonly (21, 22).*

Steelhead, unlike other species of Pacific salmonids, are thought
to move directly offshore (15), so the failure to detect BC steel-
head in Alaska may reflect this migration pattern. In contrast,
genetic analysis of juvenile sockeye collected in research surveys
during the past decade provides ample evidence that BC sockeye
remain on the shelf and are caught beyond the location of the
Alaskan subarray (3, 5, 15). This suggests that the smolts swam off
the shelf around the Alaska receiver line, stopped their shelf mi-
gration before reaching it, or died before reaching it.

Migration Speeds. Despite their small size (13-25 cm), juvenile
sockeye and steelhead undertook strongly directed migrations
(Fig. 2), swimming as much as 400 km downriver and 400 km
through the Salish Sea in an average of 22 d after ocean entry.
These migration rates correspond to average straight-line speeds
of approximately 0.95 and 0.86 body lengths (BL/s) per second,
respectively (Table 1), consistent with the theoretically optimal
migration speeds of 0.8 to 2 BL/s calculated for small sockeye
(23-26). Juveniles of both species had virtually identical rapid
rates of travel over the marine components of the array. Similar

*At migration speeds of 20 km/d, the juvenile salmon should have covered the 1,000 km
distance from the QCS to Alaska in approximately 50 d, well within the remaining life-
span of the tags.
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Table 1 Marine migration speeds for four species of Pacific
salmon

Species N Mean Median SD

Chinook 5 0.33 0.15 0.44
Coho 87 0.96 0.29 4.93
Sockeye 128 0.95 0.89 0.38
Steelhead 189 0.86 0.79 0.54

Marine migration speeds are in BLes™". Sockeye estimates do not include
kokanee. Speeds were estimated for individual smolts as the time between
departure from the river mouth until arrival at QCS or JDF, divided by the
minimum migration distance between those two locations in BL/s at time of
tagging. Individual speeds were then summarized for each species.

marine travel speeds were observed for steelhead across a num-
ber of Puget Sound populations as well (27-29).

In contrast, juvenile coho and chinook showed outmigration
speeds similar to steelhead and sockeye while in freshwater, but
much slower and more variable rates of migration after reaching
the ocean. The few tagged coho and chinook detected on distant
marine subarrays took much longer to reach the subarrays than
sockeye and steelhead (Fig. 2), and had a strongly skewed distri-
bution of migration speeds relative to sockeye and steelhead,
suggesting that an initially rapid marine migration to nearby sub-
arrays was replaced by a much less directed movement pattern,
such that these species did not immediately migrate out of the
Salish Sea (Table 1). Supporting this, coho were often detected on
multiple nearby receivers over a period of several days, indicating
considerable milling. This was also consistent with recent evidence
that juvenile coho tagged in the marine waters of the Salish Sea in
late summer did not begin migrating out of the Strait until October
(30, 31), well beyond the rated lifespan of our tags.

Survival. Previous research on salmon survival has had limited
ability to partition the mortality occurring between the down-
stream migration of smolts and the return of adults, leading to
uncertainty as to when the major factors controlling salmon
populations exert their effects. Our results demonstrate substan-
tial interannual and interpopulation variation in survival during
both the freshwater and the early marine migration (Fig. 3). Year
effects varied from population to population; none of the 4 y
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Fig. 2. Average travel time (+1 SE) for individual populations from river
mouth to the marine subarrays [Northern Strait of Georgia (NSOG), Howe
Sound inner and outer lines, QCS, and JDF Strait] compared with minimum
migration distance to the lines. Population estimates for each of the years
2004 to 2007 are separated by species (see Fig. 1 for locations). Lines show
regression fits of travel time on distance, constrained to go through the
origin, for coho (upper line) and sockeye and steelhead juveniles (lower
lines); a regression line is not plotted for chinook because of sparse data, but
point estimates are shown. The reciprocal of the slope represents speed,
estimated at 5 km/d for coho and 14 km/d for sockeye and steelhead. More
than one data point may be presented for a given population, representing
different ocean lines encountered. Population estimates are not presented if
only a single fish was detected.
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showed consistently higher or lower survival across all populations,
and a population’s freshwater survival during the downriver mi-
gration did not appear to be related to its survival during the early
coastal ocean migration (Fig. 44). Further, the variation in sur-
vival within these environments appeared roughly similar.

Some differences between species were apparent. In general,
survival during the marine coastal migration was roughly com-
parable for sockeye and steelhead (Figs. 3B and 44). The ex-
tremely low early marine survival estimates of coho and chinook
are confounded with patterns of residency, as noted earlier,
preventing direct comparison. There were no consistent differ-
ences in survival among wild and hatchery-reared groups, al-
though only two populations (Keogh and Sakinaw) had fish
tagged from both rearing histories in the same year. In those two
cases, survival was similar for hatchery and wild groups.

Comparison of marine and freshwater survival rates is com-
plicated because survival may be measured relative to either the
time over which fish were observed or the distance they traveled
(22, 28). We estimated lower overall survival for sockeye and
steelhead during their early marine migration than during their
down-river migration (Fig. 44; all but three estimates lie below
the 1:1 line). However, when scaled by time, survival rates of
Cultus Lake sockeye were consistently higher during the marine
migration than during the down-river migration (above the 1:1
line), whereas steelhead survival rates were roughly equivalent
(Fig. 4B). When scaled by distance traveled (Fig. 4C), survival
rates of both species were higher during the marine migration.

Estimates of the uncertainty in the survival values shown in
Fig. 3 are relatively small compared with other methods for es-
timating survival, despite the modest numbers of juveniles tagged
(Table S1). This primarily results from relatively high detection
probabilities, particularly of the larger V9 tags, achieved at the
marine subarrays (Fig. S2). The variation in detection probability
on subarrays that did occur was mainly accounted for by loss of
receivers to commercial fishing activity and secondarily by year-
to-year variation in the spacing between the receivers on a sub-

array. In freshwater, detection probability was more variable
than at marine subarrays, and lower overall in the Fraser River
but higher on average in other rivers. We also observed a sea-
sonal degradation of detection probability on some freshwater
subarrays (likely caused by faster migration speeds past the
receivers sited in freshwater during high flow events) that was not
seen on ocean subarrays (32) (SI Materials and Methods).

Smolt Size and Survival. The relatively simplistic architecture
forming the pilot phase (POST) array was developed in 2001 to
2003 when only the larger V9 acoustic tag was commercially
available. The smaller (and acoustically quieter) V7 tag only be-
came available in 2005, after the pilot array was deployed; the
prototype array design detected approximately 90% of V9 tagged
smolts but only approximately 70% of V7 tagged smolts (Fig. S2).
This is a large performance difference because the fraction of V9
tagged smolts detected on the subarrays needs to be increased by
only approximately 10% (i.e., 0.97") to account for detection in-
efficiencies in the coastal ocean, a relatively trivial correction.
However, this correction is more important and error-prone for V7
tags because their lower acoustic power means that the correction
factor is larger (0.77' = 43%), and small estimation errors in de-
tection efficiency cause larger errors in estimated survival.

The full size spectrum of wild Pacific salmon smolts other than
steelhead cannot be surgically implanted by using the V7 or V9
tag, so the applicability of our current survival measurements to
animals smaller than our minimum size limits is unclear. (These
size limits were set at 130 and 140 mm fork length in 2006 to
2007, although some individuals smaller than these limits were
tagged in 2004 and 2005.) As acoustic tags appropriate for im-
plantation in smaller animals transmit signals that are more
difficult to detect, a redesigned array that can effectively be used
with smaller-sized animals will require some combination of in-
creased numbers of receivers and tags to compensate for the
reduced detection rates. Is there evidence that (i) smaller ani-
mals have lower survival because the relatively larger tag burden
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reduces their fitness after release, or that (ii) within the size
range of smolts tagged, larger smolts survive better because they
are less vulnerable to predators? Both questions raise important
issues concerning the applicability of baseline survival estimates
to the full size spectrum of wild populations; they also have
substantial cost implications if more sophisticated array designs
are contemplated.

To evaluate the effect of smolt and tag size on survival, we
compared the change in the frequency distribution of smolt sizes
at the time of tagging with the size distribution of survivors
detected at outer reaches of the array (Fig. 5). We defined
sockeye and steelhead survivors as smolts detected at the JDF
Strait or QCS subarrays, as these species consistently migrated
out of the Salish Sea. We defined coho and chinook survivors as
smolts detected at the mouth of the Fraser River, as these two
species ceased migration in the Strait of Georgia but had long
freshwater migrations down the Fraser River (Fig. 1) (22, 33); for
Cheakamus coho, which enter Howe Sound, we defined survivors

EUEUEUSEUSESU
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Freshwater survival per 100 km

Fig. 4. Comparisons of survival of steelhead and
sockeye during downriver migration and early
marine migration: (A) survival, (B) survival scaled by
time, and (C) survival scaled by distance. Freshwa-
ter travel times were estimated for each population
as the median time between release and arrival on
the river mouth line. Early marine travel time was
estimated as the median time between departure
from the river mouth line and arrival at the final
(QCS/JDF) marine lines. The solid line shows the 1:1
line where early marine survival and downriver
survival are equal.

as fish reaching the outer Howe Sound subarray, because out-
migration occurred consistently to this point.

The overall shape of size—frequency distributions changed
little between the released animals and the survivors detected
after substantial freshwater and early marine mortality occurred
(Fig. 54), and their mean size was generally indistinguishable
(Fig. 5B). The SD of the two normally distributed distributions
(sockeye and steelhead) showed some evidence that the size of
survivors was more tightly distributed around the mean than at
release (Fig. 5C), but this could be a result of the small number
of smolts in the largest and smallest size categories (Fig. 54)
rather than size-related mortality. The SD was unchanged for
coho and chinook.

Quantile-quantile plots (34) are effective at detecting changes
in distributional shape (i.e., skew or kurtosis), which would occur
if mortality was preferentially acting to remove the smallest or
largest tagged animals after release. The results (Fig. 5D) indicate
that the shape of the size—frequency distribution remained similar
between the release groups and survivors; there is some slight
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sisted almost entirely of hatchery or wild origin smolts, so
these are not distinguished.

PNAS | May 24,2011 | vol. 108 | no.21 | 8711

ECOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1014044108/-/DCSupplemental/pnas.201014044SI.pdf?targetid=nameddest=ST1

L T

/

1\

=y

evidence that larger chinook smolts were slightly underrepresen-
ted among survivors, whereas smaller steelhead were slightly
overrepresented. A very slight difference is also evident for Saki-
naw Lake kokanee (a genetically distinct life history type of
sockeye generally considered to remain exclusively in freshwater),
with the largest animals possibly underrepresented among out-
migrating animals. In each species, the effect is, at most, a few
millimeters. Although morphologically indistinguishable from
sockeye at the time of tagging, additional data show that some
Sakinaw kokanee and sockeye remained resident in the Strait of
Georgia after release off their river mouth, and 12% of Sakinaw
kokanee (but no sockeye) then migrated back into their natal lake
within a few weeks of release (35); size dependence in residency
behavior may therefore confound these apparent size—survival
relationships for kokanee. This pattern is not evident for Sakinaw
or Cultus Lake sockeye, which showed an essentially identical size
distribution between released animals and survivors.

Discussion

Many salmon populations in both the Pacific and Atlantic oceans
have experienced sharply decreasing returns and high ocean
mortality in the past two decades, with some populations facing
extirpation if current marine survival trends continue (36, 37).
The need for a better understanding of the spatial and temporal
patterns of salmon mortality in the sea is frequently cited (37,
38), particularly in the period just after ocean entry when most
mortality is thought to occur (15, 39). Our findings provide a new
perspective on where and when this mortality occurs. Historically
(40), fisheries biologists argued that mortality rates were highest
early in the life history (when the fish were smallest), so this was
the time period likely to determine the number of adult fish
that survived.

The median survival of the steelhead and sockeye populations
estimated in this study was 16.5% (i.e., one in six juveniles surviving
to exit from the Salish Sea), with population-specific marine travel
times as long as 28 d depending on the distance traveled. In con-
trast, survival over the entire juvenile-to-adult lifespan of many
Salish Sea salmon populations has decreased to only 1% to 4% in
the past two decades (28, 41-45), with concerns raised about the
relative role of salmon aquaculture, hatcheries, climate change,
and ecosystem changes in causing the decline (46-48). Our
measurements of survival within the first weeks of the migration
(i.e., one of six smolts surviving) can thus be compared with total
survival over the period of approximately 2.5 y until adult return
generated by other methods (approximately one in 25-100 of
outmigrating juveniles); the implication is that the cumulative
total mortality beyond the Salish Sea is approximately four to 17
times larger than what is experienced within the geographic limits
of the Salish Sea array in roughly the first month of life in the sea,
making it unlikely that year-class strength is primarily determined
very early in the marine life history.

The 2007 outmigrating Cultus Lake (Fraser River) sockeye
smolts, whose adults returned in 2009, provided a particularly
clear example. A catastrophically low return of adult sockeye
occurred in the summer of 2009, with nearly all Fraser River
populations experiencing survival rates of only 1%, including the
Cultus Lake hatchery population reported here (49, 50). The
smolts were implanted with specially programmed tags that
transmitted during both the outbound smolt and subsequent
2009 inbound adult migration phases, with an intervening 25-mo
quiet period to conserve battery power (49). Although the 2007
smolts experienced 28% survival after migrating downriver and
out of the Salish Sea (which was equal to or higher than the
survival in the previous 3 y) (44), only 1% of the released smolts
(two of 200) returned as adults, consistent with the smolt-to-
adult survival of both the untagged Cultus Lake hatchery smolts
(0.5%) and wild-origin smolts (1.4%) (49). Both adults were
detected returning to BC within 1 d of each other via the JDF
Strait in 2009, even though they had emigrated via QCS as smolts
in 2007 1 wk apart (Movies S2 and S3).
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Survival experienced in the freshwater and early marine period
(28% in the first 6 wk until the smolts migrated out of the Salish
Sea) relative to what must have occurred in the following ap-
proximately 2 y can be expressed as:

SEarlyMarine _ 28/100 — 2_82 =784 (1]
SLater 1/ 28 100

Our survival measurements for Cultus Lake sockeye, which en-
compass the whole marine life history, therefore indicate that
mortality within the Salish Sea is only approximately one eighth
the mortality still to come, or that Sg,y is approximately 8-Sy aer,
consistent with the general calculation developed earlier. Thus,
much mortality (and thus the chances for major changes in that
value) likely occurs later in the life history of Pacific salmon,
after the first month of life in the sea has passed.

Our results support the longstanding assumption that the rate
of mortality is highest in the first month of the migration, but also
show that much of the (cumulative) juvenile-to-adult mortality
occurs after juvenile salmon leave the waters of the Salish Sea.
The results further suggest that the conditions that caused the
costly collapse in 2009 of Fraser River sockeye probably occurred
outside the Salish Sea. A common concern in tagging studies is
that the tagging process may reduce survival. If it were true that
survival of untagged fish is greater than survival of tagged fish
(and our size—survival results show little evidence for this), then
there would necessarily be even greater mortality beyond the
Salish Sea than what we have estimated for tagged fish.

The extent to which significant mortality occurs later in the
oceanic life phase of other salmon populations is unknown, given
that we are only now beginning to develop a baseline of early ma-
rine survival estimates. The size of available tags has until recently
limited current studies on salmon survival to the use of larger smolts
representing only part of the naturally occurring size spectrum,
range of species, and diversity of life histories. Expanding the size
range of juveniles tagged, as well as broadening the range of release
dates, will be important steps toward increasing the utility and
relevance of the survival measurements, although our analysis
suggests that mortality seems to be rather uniform across the size
range of salmon smolts tagged to date. Telemetry arrays may also
be useful in combination with other methods for testing hypotheses
concerning the relative fitness of hatchery and wild fish (51), the
need for water releases from dams to support juvenile migrations to
the ocean (52), the impact of transfer of sea lice and other patho-
gens from farmed to wild salmon (47, 53, 54), and determining the
linkage between the physiological state and health of individual fish
and their subsequent survival (55). Given the projected major
changes in climate (56), more broadly based survival baselines
should be developed and used to explicitly test the many theories
that will be put forward to explain the large-scale changes likely in
marine fish populations.

Materials and Methods

Analysis of movement speeds for individuals and population aggregates was
obtained by calculating the elapsed time for individuals to travel between
subarrays (calculated as the time difference between last and first detection
on successive arrays) and dividing this value into the minimum straight-line
distance in water between arrays. Survival was estimated using standard
Cormack-Jolly-Seber (CJS) statistical models (S/ Materials and Methods).
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