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Tracking wild sockeye salmon smolts to the ocean reveals distinct 
regions of nocturnal movement and high mortality
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Abstract.   Few estimates of migration rates or descriptions of behavior or survival exist for 
wild populations of out- migrating Pacific salmon smolts from natal freshwater rearing areas to 
the ocean. Using acoustic transmitters and fixed receiver arrays across four years (2010–2013), 
we tracked the migration of >1850 wild sockeye salmon (Oncorhynchus nerka) smolts from 
Chilko Lake, British Columbia, to the coastal Pacific Ocean (>1000 km distance). Cumulative 
survival to the ocean ranged 3–10% among years, although this may be slightly underestimated 
due to technical limitations at the final receiver array. Distinct spatial patterns in both behavior 
and survival were observed through all years. In small, clear, upper- river reaches, downstream 
migration largely occurred at night at speeds up to 50 km/d and coincided with poor survival. 
Among years, only 57–78% of smolts survived the first 80 km. Parallel laboratory experiments 
revealed excellent short- term survival and unhindered swimming performance of dummy- tagged 
smolts, suggesting that predators rather than tagging effects were responsible for the initial high 
mortality of acoustic- tagged smolts. Migration speeds increased in the Fraser River mainstem 
(~220 km/d in some years), diel movement patterns ceased, and smolt survival generally exceeded 
90% in this segment. Marine movement rates and survival were variable across years, with 
among- year segment- specific survival being the most variable and lowest (19–61%) during the 
final (and longest, 240 km) marine migration segment. Osmoregulatory preparedness was not 
expected to influence marine survival, as smolts could maintain normal levels of plasma chloride 
when experimentally exposed to saltwater (30 ppt) immediately upon commencing their migra-
tion from Chilko Lake. Transportation of smolts downstream generally increased survival to 
the farthest marine array. The act of tagging may have affected smolts in the marine environ-
ment in some years as dummy- tagged fish had poorer survival than control fish when transi-
tioned to saltwater in laboratory- based experiments. Current fisheries models for forecasting the 
number of adult sockeye returning to spawn have been inaccurate in recent years and generally 
do not incorporate juvenile or smolt survival information. Our results highlight significant 
potential for early migration conditions to influence adult recruitment.
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iNTroDuCTioN

Animal migrations have captivated naturalists and 
scientists for centuries. Whereas some migrations, such 
as those of African wildebeest (Thomson 1885, Talbot 
and Talbot 1963) and monarch butterflies (Riley 1878), 
are conspicuous and spectacular, others are visibly less 
conspicuous but no less impressive. The outmigration of 
anadromous sockeye salmon (Oncorhynchus nerka) 
smolts from natal freshwater rearing grounds to the 
ocean is an annual event that can include hundreds of 
millions of individuals from a single watershed and cover 
distances exceeding 1200 km (Groot et al. 1989, Groot 
and Margolis 1991). In contrast to terrestrial animals, 
the sockeye smolt migration can occur essentially unno-
ticed from a human perspective because it takes place 
underwater, often in fast- flowing and turbid rivers that 
are removed from human population centers. Once 
smolts commence their journey to the Pacific Ocean, they 
will not be seen in freshwater again until they return 
2–3 yr later, usually to the location of their birth, for 
their single opportunity to reproduce prior to death.

The Fraser River watershed in British Columbia, 
Canada hosts some of the largest wild populations of 
sockeye salmon in the world. The impressive life cycle 
of sockeye salmon has been repeated in this watershed 
since the retreat of the last glaciers 9–13 ka ago (Ricker 
1940, Stumpf et al. 2000). However, the trend over the 
last two decades has been a precipitous decline in num-
bers of returning adult Fraser River sockeye salmon 
from several large populations and general declines in 
productivity to levels below replacement. Amidst the 
general decline, the return of adult Fraser River sockeye 
in 2010 was the largest in a century, yet the reasons for 
this anomaly remain unclear (Cohen 2012). Fraser River 
sockeye are extremely valuable economically as part of 
large commercial and recreational fisheries, are impor-
tant to First Nations culture and society, and are an 
iconic species to British Columbians. Arising from 
 concerns for the long- term sustainability and conserva-
tion of sockeye salmon, the Prime Minister of Canada 
 created a judicial inquiry (2009–2012) that identified 
critical knowledge gaps regarding the movement and 
survival of the out- migrating smolts (Peterman et al. 
2010, Peterman and Dorner 2012). From 1960 to 1998, 
around 8–10% of migrating smolts from the Fraser River 
watershed survived to return to spawning grounds as 
adults, yet in recent years this figure has dropped to less 
than 5% (Irvine and Akenhead 2013). It remains largely 
unknown where and how smolts perish, which makes it 
difficult for fisheries managers to determine possible 
means of mitigating mortality or using this information 
in models to predict the number of returning adults.

With recent advances in the miniaturization of telem-
etry technology, and with the advent of large tracking 
networks like the Pacific Ocean Shelf Tracking (POST) 
network and the Ocean Tracking Network (OTN), it 
has become possible to tag and track Pacific salmon 

smolts through freshwater and marine environments 
(e.g., Welch et al. 2004, 2008, 2009, 2011, Schreck et al. 
2006, Chittenden et al. 2010, Cavallo et al. 2013). Most 
studies to date have examined hatchery- reared smolts, 
which are often morphologically, behaviorally, and 
physiologically distinct from wild smolts as hatchery 
practices are tailored to produce larger and fatter indi-
viduals (Piggins and Mills 1985, Levings et al. 1986, 
Poole et al. 2003, Huntingford 2004). Only one tracking 
study has examined the freshwater and early coastal out- 
migration of sockeye salmon smolts; Welch et al. (2009) 
acoustically tracked hatchery- reared individuals from 
the Cultus Lake population (a small Fraser River popu-
lation) over a spatial scale of ~100 km in fresh water 
and then an additional ~400 km northward along the 
coast of mainland British Columbia. While significant 
mortality was documented across the ~500 km range 
(70–95%), which the authors largely attributed to preda-
tion, the broader applicability of the results remain 
uncertain because (1) the Cultus Lake population has a 
very short freshwater migration involving a narrow and 
highly modified stream that may have unusually high 
predator abundance, (2) the population is classed as 
endangered by the Committee on the Status of 
Endangered Wildlife in Canada (COSEWIC; data avail-
able online)11 and thus represents only a tiny fraction of 
the sockeye biomass within the Fraser River system, and 
(3) there are significant unresolved questions concerning 
the applicability of survival and movement data from 
hatchery- reared fish to their smaller wild congeners.

Using acoustic telemetry tags and infrastructure to 
track small fish (e.g., Welch et al. 2002, 2009, Cooke 
et al. 2011a), the present research program was con-
ducted to provide the first insight into the movements 
and survival of wild sockeye salmon smolts during their 
migration from natal rearing grounds to the open ocean. 
The Chilko Lake population was selected for the study 
(Fig. 1) because it has not been altered by hatchery pro-
duction, smolt out- migrations and adult spawning have 
been monitored since the 1950s, it remains a major indi-
cator population for management of Fraser River sock-
eye, and it is one of the largest sockeye populations in 
the Fraser River watershed, thereby contributing signifi-
cantly to the resilience of the species in Canada and the 
productivity of the fishery (Lapointe 2010).

After hatching, pre- smolts of the Chilko population 
reside in Chilko Lake for 1–2 yr prior to undergoing 
smoltification and commencing their >1000 km outmi-
gration to the open ocean; first through clear and shal-
low upper- river reaches of the Chilko and Chilcotin 
Rivers, continuing through the turbid and deeper main-
stem Fraser River and estuary, and finally along the 
coastal marine environment as they head north into 
(eventually) the offshore Pacific Ocean. Some recent 
work combining DNA- based stock identification of 
sockeye smolts captured in ocean trawl surveys is 

11  http://www.cosewic.gc.ca/eng/sct1/searchform_e.cfm

http://www.cosewic.gc.ca/eng/sct1/searchform_e.cfm
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FiG. 1. Map of study area indicating Chilko Lake and the positions of acoustic receiver arrays (A–I). With the exception of 
Array G at the Fraser River mouth, each freshwater array was composed of a pair of receivers (triangles indicate pairs) usually 
situated on either side of the river. Array G was composed of five pairs of receivers located at a similar distance from the release site 
with individual pairs deployed to monitor the various passage routes through the Fraser River estuary. In marine areas, the acoustic 
arrays were positioned as curtains and were composed of several receivers whose names reflect geographic locales: JDF Array, Juan 
de Fuca Strait (30 receivers); NSOG Array, Northern Strait of Georgia (27 receivers, Array H in this study); and QCS Array, Queen 
Charlotte Strait (24 receivers , Array I in this study). Four arrays were positioned in the Chilko/Chilcotin Rivers (Arrays A–D) and 
three arrays were positioned in the lower Fraser River (Arrays E–G). The cross indicates release location of transported smolts in 
2013 upstream of Array E. Histogram panels illustrate the frequency of smolt detections as a function of time of day for four 
representative arrays. Dark hours are represented by gray shading in the background of each panel. Stacked bars illustrate data 
from 2010 (black), 2011 (dark gray), 2012 (light gray), and 2013 (white). All tag types and transport groups were pooled within year 
for each panel. Note that each year has a percentage of 100%, so the total cumulative percentage in each panel is 400%. Water 
temperature was typically 3–7°C at Array B, 7–11°C at Array C, 9–13°C at Array E, and 12–16°C in surface water at Array H.
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available (Beacham et al. 2014a,b, Tucker et al. 2015), 
which shows the relative movement patterns of multiple 
stocks of sockeye after ocean entry. Our work is com-
plementary in that it shows detailed information on rates 
of survival and migration speeds of individual smolts in 
both their freshwater and early ocean migration phases, 
both of which are difficult to replicate from catch data.

Our objectives were to assess migration rates through 
several different freshwater and marine migration seg-
ments over 4 yr, examine diurnal patterns of movement, 
and estimate segment- specific and overall survival levels. 
In 2 yr, we also experimentally tested the effects of pre-
dation on smolt migration using large- scale transfers of 
tagged fish (transportation) past identified mortality hot 
spots. Finally, we used controlled field and laboratory- 
based experiments involving survival, behavioral, and 
physiological assessments to further examine the effects 
of migratory locale (e.g., freshwater vs. saltwater), physi-
ological state, and tagging on our interpretation of the 
field telemetry results. Effects of tagging and handling 
are infrequently assessed in smolt tracking studies 
(Drenner et al. 2012) and rarely investigated among 
multiple years for a single study (but see Rechisky and 
Welch 2010). Integrated linkages between telemetry and 
experimental biology, as reported here, are needed to 
best assess the endogenous and exogenous mechanisms 
responsible for patterns of wild animal survival during 
large scale migrations (Cooke et al. 2008).

maTerials aND meThoDs

Receiver infrastructure

Extensive acoustic receiver infrastructure over a large 
spatial scale was required for this project (Fig. 1). 
Acoustic receivers (primarily VR2W and VR3; VEMCO, 
Bedford, Nova Scotia, Canada) were deployed at various 
check- points (termed “arrays”; Fig. 1) along the Chilko 
and Chilcotin Rivers, Fraser River, and coastal locales, 
at distances downstream of the release site. Array A 
(0 km; 51.62980° N, 124.13904° W) and Array B (14 km; 
51.71568° N, 124.10628° W) were located in the Chilko 
River. Array C (80 km; 52.06659° N, 123.55384° W) was 
located in the Chilcotin River, <15 km from its confluence 
with the Chilko River. Array D (only in 2011 and 2012; 
178 km; 51.82640° N, 122.56171° W) was also in the 
Chilcotin River, <20 km from the Fraser River conflu-
ence. Array E (599 km; 49.12326° N, 122.30035° W), 
Array F (627 km; 49.20155° N, 122.59584° W), and Array 
G (657 km; 49.16738° N, 122.93447° W) were all in the 
Fraser River (Fig. 1). Array G was composed of five 
pairs of receivers with each pair situated at similar dis-
tances from the release site to monitor the south and 
north arms of the Fraser River (see Welch et al. 2009). 
The region between Array E and Array G is considered 
estuarine herein. Acoustic arrays originally positioned by 
the Pacific Ocean Shelf Tracking (POST) project, and 
which have been maintained since 2012 by Canada’s 

Ocean Tracking Network (OTN), were utilized to track 
the northward migration of the smolts in the marine 
environment at the Northern Strait of Georgia (NSOG; 
Array H; 804 km from release site), and the Queen 
Charlotte Strait (QCS; Array I; 1044 km from release 
site; Fig. 1). The Juan de Fuca Strait (JFS) Array 
(~860 km from release site) monitored southern move-
ments around Vancouver Island to the open Pacific 
Ocean. Only three smolts were detected exiting to the 
Pacific Ocean via the JFS Array (all in 2011). These small 
sample sizes precluded us from including them in further 
analyses. Thus, herein we focus on the vast  majority 
(>99%; n > 1850) of smolts detected migrating northward 
along the east side of Vancouver Island (Fig. 1).

Smolt capture and tagging

From 2010 to 2013 inclusive, smolts were captured 
between the end of April and the middle of  May 
(Table 1). While most Chilko Lake sockeye smolts com-
mence their migration to the ocean as 1- yr olds, up to 
10% of the population can delay for a year and migrate 
as larger 2- yr olds. Survival to adulthood is the same 
in both age classes (Irvine and Akenhead 2013), so we 
focussed on 2- yr- old fish in the present study as 1- yr- old 
fish were generally too small to tag. Our goal each year 
was to track a minimum of approximately 200 smolts 
tagged with 69 kHz V7 acoustic tags and released at the 
point of  capture. In 2 yr, additional fish (Table 1) were 
tagged and released as part of  experimental transports 
detailed in Materials and methods: Downstream transport 
experiments, and we also tagged and released smaller 
2- yr- old fish at the point of  capture with 180 kHz V5 
and V6 tags, but they could only be tracked to the mouth 
of the Fraser River because of  the limited 180 kHz 
receiver infrastructure in marine waters. For all field and 
laboratory studies involving smolts, we followed animal 
use protocols (A08- 0388 and A11- 0215) approved by 
the University of  British Columbia and the Canadian 
Council on Animal Care.

During the initial phase (first 1 km) of  their down-
stream migration from Chilko Lake, migrating 2- yr- old 
smolts were collected at night (between 22:00 and 04:00) 
using a dip- net from a counting fence that extended 
across the Chilko River at the outlet from Chilko Lake 
that was operated by the Department of  Fisheries and 
Oceans Canada (DFO) as a smolt enumeration site. 
Smolts were transported in river water to a flow- through 
holding tank. In preparation for surgical tag insertion, 
individual smolts were anaesthetized (100 mg/L MS222, 
200 mg/L NaHCO3), then weighed (g) and measured 
(mm) for fork length (FL) before being placed supine 
on a surgery bench with the gills continuously irrigated 
with river water containing a low dose of  anaesthetic 
(50 mg/L MS222, 100 mg/L NaHCO3). Condition factor 
was calculated as weight (g)/FL (mm)3 × 100 000 
(Table 1). Tags were inserted into the body cavity 
through a 6–8 mm ventral incision (depending on tag 
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size), and the incision was closed with two interrupted 
monofilament sutures (Ethicon monocryl 5- 0 monofila-
ment 3/8 circle reverse cutting 13 mm [P- 3]; Wagner 
et al. 2011). Post- surgery, each smolt was given at least 
10 min to recover in an aerated bucket of  fresh river 
water before being placed into a large holding pen posi-
tioned in the Chilko River at a water depth of  ~60 cm 
and with high- density foam providing cover on the water 
surface (swimming speed into the current was ~1–2 
FL/s). Smolts were given 18–24 h to recover in the hold-
ing pen before a gate (30 × 30 cm) was opened during 
the night to allow the smolts to voluntarily leave the pen 
and continue their downstream migration. Negligible 
mortality (<1%) was observed while the fish were in 
captivity.

We used a range of sizes of acoustic tags across the 
four years of the study (V5- 1H, V6- 4L, or V7- 2L trans-
mitters; VEMCO, Bedford, Nova Scotia, Canada; see 
Table 1), but V7 tags (7 mm diameter, 22 mm long, 
69 kHz) were used in all years. V5 tags (5 mm diameter, 
12 mm long, 180 kHz) were implanted in 2012 into 
smolts ≥95 mm FL, V6 tags (6 mm diameter, 16.5 mm 
long, 180 kHz) were implanted in 2011 into smolts 
≥115 mm FL, and V7 tags were implanted in all years 
into smolts ≥119 mm FL, with the exception of five 
smolts (109–118 mm FL) in 2012. For both field and 
laboratory studies, we assessed and reported tag burden 
in two ways: tag mass in air as a percentage of fish mass 
in air, and tag mass in water as a percentage of fish mass 
in air (e.g., Table 1). The former is a more common and 
traditional approach; however, it has been recommended 
that alternative metrics such as ours are useful to include 
(Brown et al. 1999, Jepsen et al. 2005). V7 tags were 
programmed to transmit an acoustic signal at random 

intervals between 7 and 23 s for the first 14 d, and then 
at random intervals between 20 and 100 s thereafter (up 
until battery death at ~60 d). V7 tags transmitted at 
69 kHz and could be detected on the receiver infrastruc-
ture in both freshwater and marine environments. V5 
and V6 tags were programmed to transmit an acoustic 
signal at random intervals between 5 and 15 s, which 
was maintained until battery death for V6 tags (~24 d) 
and for 7 d for V5 tags. After 7 d, V5 tags transmitted 
at a random interval between 15 and 45 s until battery 
death (~40 d). The smaller V5 and V6 tags transmitted 
at 180 kHz and could not be detected on most of the 
receiver infrastructure in the marine environment. OTN 
upgraded some (eight of 29) receivers on the NSOG 
array (Array H) in 2012 with new dual frequency 
(69/180 kHz) VR4 receivers. Because of incomplete 
 coverage, we did not assess survival or movement pat-
terns based on V5 tags at this marine array, but we did 
use detections at Array H in 2012 to help assess 180 kHz 
detection efficiency at the previous Fraser River Array 
G. In 2011, prior to the deployment of dual frequency 
receivers on Array H, we used lower Fraser River Array 
G detections of V6 tags to estimate survival and detec-
tion efficiency at the upper Fraser River Array G receiv-
ers (separated by ~10 km).

Travel time and migration rate

Travel time (d) was calculated for each fish either from 
release to arrival at each array, or from arrival at one 
array until arrival at the next array along the migratory 
path. These estimates could only be made for smolts 
detected on both arrays bracketing the segment in ques-
tion. Arrival was defined as the first detection on each 

TaBle 1. Summary of acoustic- tagged sockeye smolts released across the four years of the study where tagging occurred with 5, 6, 
or 7 mm diameter tags (V5, V6, and V7, respectively). 

Year 2010 2011 2012 2013

Tag type V7 V6 V7 V7 V7 V5 V7 V7 V7

Release group 
(Array)

Lake 
release 
(A)

Lake 
release 
(A)

Lake 
release 
(A)

Transport 
control 
(A)

Transport 
(C)

Lake 
release 
(A)

Lake 
release 
(A)

Lake 
release 
(A)

Transport 
(E)

Dates of release 2 May– 
9 May

29 April– 
10 May

29 April– 
10 May

1 May 3 May 22 April– 
16 May

22 April– 
16 May

26 April– 
29 April

8 May

No. smolts 199 200 254 85 104 199 386 203 229
Smolt mass (g) 17.3 ± 1.8 15.5 ± 3.2 17.9 ± 2.8 18.1 ± 4.5 17.4 ± 3.0 10.3 ± 2.4 14.0 ± 1.6 14.5 ± 1.2 14.3 ± 1.0
Smolt FL (mm) 130 ± 4 127 ± 8 133 ± 6 134 ± 9 133 ± 7 111 ± 8 123 ± 4 123 ± 3 123 ± 2
Condition 

factor
0.787 ±  

0.002
0.743 ±  

0.002
0.748 ±  

0.002
0.747 ±  

0.004
0.742 ±  

0.004
0.753 ±  

0.004
0.752 ±  

0.003
0.779 ±  

0.002
0.768 ±  

0.002
Tag burden in 

air (%, Mb)
9.1 ± 0.9 6.8 ± 1.1 8.9 ± 1.2 9.0 ± 1.8 9.2 ± 1.5 6.5 ± 1.2 11.6 ± 1.2 9.7 ± 0.8 9.8 ± 0.6

Tag burden in 
water (%, Mb)

4.4 ± 0.4 3.4 ± 0.6 4.3 ± 0.6 4.3 ± 0.8 4.4 ± 0.7 3.2 ± 0.7 5.4 ± 0.6 5.2 ± 0.4 5.3 ± 0.3

Notes: Dates of release were always ~18–24 h after tagging. Values are means ± SD where relevant. Smolts in release group (A) 
released at tagging site. Transport (A) group released at the tagging site after ~2 h of round- trip road travel. Transport (C) group 
released just upstream of Array C after ~2 h or road travel. Transport (E) group released ~41 km upstream of Array E after ~10 h 
of road travel. Mb is body mass.
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array. We then converted these travel times into travel 
rates (km/d), where distance was measured as the short-
est in- water route between the arrays. Diel patterns in 
smolt migration were also investigated statistically, as 
outlined in Appendix S1.

Smolt detection and survival estimates

A mark–recapture approach was used to estimate 
survival parameters of  the acoustic- tagged smolts, where 
a recapture event was when an individual tag ID was 
detected at an acoustic receiver array. Estimates of  sur-
vival (φ), detection probability (P), and their associated 
variances were calculated using the Cormack–Jolly–
Seber (CJS) model (and variants thereof) implemented 
in Program MARK (White and Burnham 1999) and 
RMark (Laake 2013) within a likelihood framework.

The analysis followed a series of steps. First, we 
screened the detection data and formed detection histo-
ries for each tagged individual. Second, we assessed 
goodness of fit (GOF) of the data to the models. Third, 
we estimated survival and detection probabilities using 
CJS models. In the years when we conducted down-
stream transport experiments (2011 and 2013), this 
included using CJS model selection to investigate the 
effect of treatment type on P in order to determine the 
structure of the model that provided the best estimates 
of φ for each treatment type (our base model). Fourth, 
we calculated overall survival from release to each down-
stream detection site. In 2011 and 2013 we included two 
additional steps: we tested whether the act of transport-
ing fish via truck affected subsequent survival, and 
finally, we compared the base model from the third step 
to models that represented hypotheses about the effects 
of release site on survival. Comprehensive details of all 
approaches, including specific details relating to the 
downstream transport experiments, are provided in 
Appendix S1. Assessments of GOF of the data to the 
models are given in Appendix S2.

Downstream transport experiments

We investigated the survival consequences of releasing 
smolts at different locations downstream of the Chilko 
Lake outlet to determine whether high rates of initial 
mortality after release (as reported in Welch et al. 2009, 
and as discovered in the first year of the present study) 
could be associated with tag effects or reach- specific river 
conditions. In 2011, we included two release groups in 
addition to those released from the holding pen outlined 
previously (Table 1). One group (85 smolts) was held in 
a flow- through transport tank (1000 L; 7–8°C) for ~24 h 
post- tagging and then driven on a ~2 h round- trip (with 
water aeration) before being released at the same location 
as the holding pen. This group acted as a transport con-
trol for a subsequent group (104 smolts) that was held 
under the same conditions for ~24 h post- tagging and 
then transported ~2 h by road and released ~200 m 
upstream from Array C, 80 km downstream of the 

holding pen release site. The timing of events was 
planned so that the transport control group (released at 
01:40 on 1 May) migrated through Array C at a similar 
time to when the transported group was released near 
Array C (22:00 on 3 May). The difference in the median 
time of arrival at Array C was only 185 min for the two 
groups.

In 2013, we included one long- distance transport 
group (229 smolts) driven ~10 h by truck to the lower 
Fraser River and released 41 km upstream of Array E 
(~558 km downstream of the holding pen release site; 
Fig. 1). Smolts were transported under the same condi-
tions as in 2011 before being released over a period of 
<10 min (at 16:05 on 8 May) along with an additional 
~250 non- tagged smolts to produce a small school. As 
in 2011, the timing of release was planned such that the 
transported smolts should have migrated through the 
Fraser River estuary during a similar time period as 
many of those previously released in the Chilko River. 
No transport control group was used in 2013.

Tagging- effect experiments

We held fish in field and laboratory tanks to monitor 
post- surgery survival (Table 2). These experiments were 
conducted opportunistically in 2010–2012 and specific 
holding times in freshwater and saltwater were depend-
ent on availability of smolts, laboratory infrastructure, 
and available personnel. Therefore, the design each year 
varied, making direct statistical among- year contrasts 
difficult. Nevertheless, the results are important in help-
ing to understand the mechanistic basis for the acoustic 
tracking data.

Identical tagging procedures to those described were 
used to implant dummy tags (identical in size, shape, 
and mass to real acoustic tags) into 28 smolts in 2010, 
41 smolts in 2011, and 81 smolts in 2012. Along with 
non- tagged control fish (2010, n = 58; 2011, n = 169), 
sham- tagged fish (i.e., incision but no tag implantation; 
2012, n = 59), and anaesthetized- only fish (2012, n = 59; 
Table 2), the dummy- tagged smolts were placed into 
1000 L riverside tanks with flow- through river water. 
Subsequent treatment of the smolts varied between years 
to investigate different temporal patterns of survival in 
freshwater and saltwater. The smolts were held in the 
riverside tanks for 10–16 d in 2010, 7–8 d in 2011, or 
1 d in 2012, before being transported ~13 h by truck (in 
7–8°C river water) to the University of British Columbia 
(UBC), Vancouver, Canada. Smolts were then held in 
freshwater in the laboratory at 8–11°C for an additional 
4 d (2010), 0 d (2011), or 12 d (2012) before being 
exposed to a saltwater transition that occurred within a 
few days (13–30 ppt/d; 11–13°C) for 13 d (2010), 81 d 
(2011), or 54 d (2012). Because free- migrating smolts 
could be feeding during their outmigration, the experi-
mental fish were offered freeze- dried brine shrimp and 
commercial pellet food 1–2 times per day while being 
held at UBC. While some tagged and non- tagged fish 
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did start to feed in captivity, it was clear that many fish 
did not commence feeding. Cumulative survival was cal-
culated across all years at two time intervals (7 d in 
freshwater and subsequently after 12 d in saltwater) as 
these time points were shared among all years of inves-
tigation. In 2011 and 2012 (and only for non- tagged 
control fish in 2010), cumulative survival was addition-
ally calculated for 20 d and 34 d in saltwater, which are 
similar to smolt migration times to Array H and I, 
respectively, in the marine environment. These labora-
tory values were compared to field estimates of survival 
from telemetry at similar times during the migration to 
aid in interpreting the field data. All surviving tagged 
and non- tagged smolts were sacrificed by cerebral per-
cussion at the end of the holding period following 
approved animal care protocols.

An experiment was conducted in May 2011 to quantify 
the effects of tagging on burst swimming speed and dura-
tion of burst swimming (7–8°C). We chose these metrics 
as they can be proxies for susceptibility to predation 
(i.e., whether carrying a tag puts smolts at a higher risk 
of predation). The same procedures as those described 
previously were used to implant dummy tags (identical 
in size, shape, and mass to real V7- 2L acoustic tags) into 
16 smolts (134 ± 3 mm; mean ± SD) such that tag burden 
ranged between 5.9% and 10.7% (tag and fish mass in 
air). A control group of 18 smolts (129 ± 2 mm; 
mean ± SD) was caught at the same time and maintained 
in the same holding tanks but did not undergo the tag-
ging procedure. All smolts remained in captivity for 4 d 
post- capture (2–3 d post- surgery for tagged smolts) 
before being assessed for maximum burst speed and 
duration of burst swimming (details in Appendix S1).

Saltwater preparedness experiment

A final laboratory study was conducted using non- 
tagged smolts captured at the fish fence to understand 
whether smolts were physiologically prepared for salt-
water as soon as they commenced their migration from 
Chilko Lake (i.e., ~670 km prior to entering the marine 
environment). An ill- prepared ionoregulatory system is 
thought to be a potential cause of high smolt mortality as 
they transition from freshwater to marine areas (reviewed 
in Hinch et al. 2006). Preparedness was assessed using 
measurements of survival and blood plasma chloride 
levels (Houston 1959, Hoar 1988) following experi-
mental saltwater exposure. All details are provided in 
Appendix S1.

resulTs

Movement patterns

The migration of (non- tagged) smolts into the river 
from Chilko Lake occurred almost exclusively at night. 
Release times of acoustic- tagged smolts from the holding 
pen were influential to the temporal pattern of migration 
past Array B (Fig. 1), possibly because many smolts took 
several hours to make their way out of the holding pen. 
The smolts had reestablished almost exclusive nocturnal 
migration once they reached the Chilcotin River (Array 
C; one- sample t test, df = 3, P < 0.001; Fig. 1). Migration 
rates in each of these segments were limited to ~50 km/d 
across all 4 yr of the study (Fig. 2). Migration speeds in 
all years increased about three-  to fourfold once fish 
entered the Fraser River (i.e., after Array D), reaching 
migration rates as fast as 220 km/d. We largely attribute 

TaBle 2. Summary of tag- effect studies on captive smolts (means ± SD where relevant). 

Year 2010 2011 2012

Tag/treatment V6 V7 Control V6 V7 Control V6
Sham- 
tagged

Anaesthesia 
control

No. of smolts 13 15 58 16 25 169 81 59 59
Smolt mass (g) 15.5 ± 1.7 16.1 ± 1.4 16.7 ± 4.4 12.8 ± 0.6 17.2 ± 3.1 9.9 ± 1.5 10.0 ± 2.0 9.7 ± 1.4 9.4 ± 1.6
Smolt FL (mm) 126 ± 4 128 ± 4 127 ± 10 120 ± 2 133 ± 7 NA 111 ± 7 111 ± 5 110 ± 6
Condition 

factor
0.775 ± 

0.003
0.768 ± 

0.003
0.815 ± 

0.004
0.741 ± 

0.002
0.731 ± 

0.005
NA 0.731 ± 

0.004
0.709 ± 

0.002
0.706 ± 

0.002
Tag burden in 

air (%, Mb)
7.5 ± 0.8 9.1 ± 0.9 0 9.2 ± 0.6 9.3 ± 1.5 0 10.4 ± 2.0 0 0

Tag burden in 
water (%, Mb)

3.6 ± 0.4 4.7 ± 0.4 0 4.4 ± 0.2 4.5 ± 0.8 0 5.2 ± 1.0 0 0

Survival to 7 d 
post- tagging 
in freshwater

13/13 
(100%)

15/15 
(100%)

58/58 
(100%)

16/16 
(100%)

25/25 
(100%)

168/169 
(99%)

78/81 
(96%)

59/59 
(100%)

57/59 (97%)

Survival after 12 
d in saltwater

8/13 
(62%)

9/15 
(60%)

54/58 
(93%)

8/16 
(50%)

10/25 
(40%)

110/169 
(65%)

43/81 
(53%)

42/59 
(71%)

36/59 (61%)

Survival after 20 
d in saltwater

NA NA 53/58 
(91%)

5/16 
(31%)

7/25 
(28%)

99/169 
(59%)

25/81 
(47%)

38/59 
(42%)

32/59 (54%)

Survival after 34 
d in saltwater

NA NA 52/58 
(90%)

2/16 
(13%)

5/25 
(20%)

87/169 
(51%)

16/81 
(20%)

34/59 
(58%)

24/59 (41%)

Notes: See text for all details, including tags and treatments. The experiment was not conducted in 2013. NA, not available.
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these changes to a transition to non- stop downstream 
movement; smolt migration past Array E (one- sample 
t test, df = 3, P = 0.34; Fig. 1) and other lower Fraser 
River arrays was not dependent on time of day. Smolts 
typically arrived in the lower Fraser River 5–7 d following 
their release from the Chilko River holding pen (Fig. 2). 
There was no evidence that smolts delayed their migration 
as they moved through the freshwater/salt water interface 
in the estuary (e.g., movement from Arrays F to G; Figs. 1 
and 2), as migration through this segment was completed 
in 0.7–1.3 d at a rate of 43–83 km/d (Fig. 2). Smolts 
exited the Fraser River with mean travel times (SD) 
between 5.1 ± 0.4 d (2012; the year of fastest migration) 
and 8.4 ± 0.4 d (2010; the year of slowest migration) 
following their release from the holding pen in Chilko 

River. Smolt migration through coastal marine waters 
occurred at rates of 10–25 km/d across years (Fig. 2) and 
was independent of time of day (Array H; one- sample t 
test, df = 3, P = 0.76; Fig. 1D). Migration rates were 
generally faster during the final marine segment (Array 
H–Array I) than during the initial segment between the 
river mouth and Array H (Fig. 2). Across years, smolts 
reached the furthest array (1044 km from release site) 
around 36–48 d post- release. The general patterns of 
movement in terms of time to migrate through freshwater, 
estuarine, and marine segments were very consistent 
across all the years (Fig. 2). Furthermore, V7- tagged fish 
that were transported downstream to bypass either the 
upper reaches (2011) or much of the freshwater migratory 
route (2013) migrated to subsequent arrays at speeds that 

FiG. 2. Distance traveled (circles and black lines) and migration rate (gray bars) of sockeye salmon smolts across four years 
(2010–2013) following their release after being implanted with an acoustic tag. Values are mean ± SD. Letters in or outside circle 
symbols represent receiver arrays. See Fig. 1 for specific locations of arrays. Note that migration rate for each segment could be 
calculated only for those smolts detected at consecutive receiver arrays.
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FiG. 3. Smolt survival (± SE) from V7- tagged fish as a function of distance travelled from release site (left- side panels) and time 
elapsed after release (right column) where years are represented in separate rows. SE was also assessed for time elapsed after release 
at each array. Array letters are provided at the bottom of the lower left panel. Colored circles and lines represent smolts released 
from the holding pen near Chilko Lake (red, 2010; blue, 2011; green, 2012; orange, 2013). Earlier years (lake releases only) are 
superimposed as colored lines on the panels of subsequent years for comparative purposes. Survival for the different release groups 
in 2011 (Array C release and the transport control group) and 2013 (Array E release) are presented and have been offset by 2.6 d 
and 5.1 d, respectively in the “Time after release” panels, to represent the mean time that lake- released smolts took to migrate from 
Chilko Lake to these locations. Array D was not deployed in 2010, and the lack of data at Array D (2012 and 2013) and Array E 
(2012) is due to equipment or detection efficiency issues. Array locations are identified on Fig. 1. Survival estimates for V5 and V6 
tagged fish are in Tables 3 and 4.
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were similar to those of fish released from Chilko Lake 
(right column, Fig. 3).

Survival patterns

Over the first 14 km following direct release (i.e., not 
including transport control releases) from the lake 
(between Arrays A and B), survival ranged among tag 
types and years from 74% to 90% (Tables 3 and 4). 
During migration through the upper reaches of the study 
area (Array A to Array C; V7 tagged fish shown in 
Fig. 3) cumulative survival ranged from 57% to 78% 
across years (Table 3) and segment- specific survival 
between Array C and D was one of the lowest freshwater 
values in the study (e.g., 53% in 2011; Table 4). Segment- 
specific survival improved markedly during migration 
down the Fraser River mainstem (Array D–E) ranging 
86–100% among years, and survival was even higher for 
migration through the estuary (Array E–G) with 
segment- specific values generally above 90% (Fig. 3; 
Table 4). Despite the high survival in the Fraser River 
mainstem and estuary, survival generally decreased 
again when smolts migrated through the coastal marine 
environment (Fig. 3). Segment- specific survival between 
the Fraser River mouth (Array G) and the first marine 
array (Array H) ranged from 38% to 83%, whereas sur-
vival between the two marine arrays (Arrays H–I) ranged 
between 19% and 61% (Table 4). Across years and tag 
types, smolts had an apparent survival of 3–10% over 
the 1044 km between release at Chilko Lake to the fur-
thest marine array (Fig. 3; Table 3). Survival to the 
furthest array, however, may be somewhat better than 
estimated due to lower detection efficiency of the array 
or weakening acoustic power of the tags with time 
(see Appendix S3 for counts of detections per smolt at 
Arrays H and I). There were clearly some among- year 
differences in survival patterns, with 2013 having some 
of the best survival through most of the migration seg-
ments and 2010 having some of the poorest. Nonetheless, 
the among- year qualitative patterns of between- array 
survival were remarkably consistent (Fig. 3).

Transportation experiments

Using model selection, we found that transportation 
by truck affected subsequent survival of smolts in 2011 
(weight of AICc (Akaike’s information criterion cor-
rected for sample sizes) = 1; Appendix S4: Table A3), 
with survival of the transport control group being higher 
than the lake- released group in nearly all freshwater seg-
ments except for the first segment (Table 4). Cumulative 
survival to the Fraser River mouth (Array G) was 50% 
greater for the transport control group (Table 3). Thus, 
the process of physically transporting the smolts did not 
reduce smolt survival.

In 2011 and 2013, transported groups had similar (not 
higher) survival as their respective lake- released groups 
in common migration segments (Table 4). If  the high 
levels of mortality observed in the lake- released smolts 

between release and Array D were due to tag effects, we 
would have expected to see similarly high levels of mor-
tality for the transported smolts immediately downstream 
after their releases near Arrays C and E. Instead, these 
results indicate that the high initial mortality in the lake- 
released smolts was caused by processes within the Chilko 
and Chilcotin Rivers, such as predation, and was not due 
to tag effects.

Transporting smolts downstream to avoid areas of 
high mortality had a positive effect on overall survival 
(Fig. 3; Table 3). In 2011, the effect of transportation 
on cumulative survival was substantial when measured to 
the Fraser River mouth (Array G), with survival nearly 
doubling relative to lake released fish (mean ± SE: 
59% ± 7% vs. 31% ± 4%, respectively). This advantage 
persisted to Array H, but some of the advantage was 
lost during the coastal marine migration (Array H–I) 
such that cumulative survival to the final Array I for 
transported fish was 10% (± 4%) compared to 7% (± 2%) 
for the lake- released fish. In 2013, transportation again 
nearly doubled survival to Array G (86% ± 6%) com-
pared to lake- released fish (48% ± 4%), and the difference 
was maintained to the final Array I (21% ± 3% vs. 
10% ± 3%, respectively).

We did find evidence of a tag burden effect on survival 
but only in 2012, as in that year the model including tag 
burden as a covariate had 77% of the AICc weight 
(Appendix S4). The tag burden beta parameter was nega-
tive (−8.3) and the associated confidence interval did not 
contain zero. Thus, fish with higher tag burdens experi-
enced reduced survival in 2012. In that year, fish of tag-
gable sizes were the smallest of all the years, and the tag 
burden effect was likely driven specifically by the V7 
tagged fish, which had a mean tag burden in air of 11.6% 
(5.4% in water), the highest of all year and tag combina-
tions (Table 1). Mean tag burden in air did not exceed 
9.8% (5.3% in water) in any other year, and the average 
of all mean tag burdens in air across all years (excluding 
2012) was 8.9% (4.5% in water). In 2011, the small V6 
tags (similar tag burdens to the V5 tagged fish in 2012; 
Table 1) generated survival estimates that were generally 
indistinguishable from those of the V7- tagged fish at 
each freshwater array (Table 3). In- depth investigations 
of tag burden, including interactions with survival at an 
individual level, are the objectives of a companion study 
(E. L. Rechisky, unpublished manuscript).

Tagging- effect experiments

Dummy- tagged fish and non- tagged control fish had 
mean (± SE) fatigue times (171 ± 6 s vs. 164 ± 7 s, 
respectively) and burst speeds (11.9 ± 0.4 FL/s vs. 
11.8 ± 0.4 FL/s) that did not differ from each other 
(t tests, P = 0.405 and P = 0.942, respectively), suggest-
ing that at tag burdens <11% (in air) and 2–3 d after 
tagging, there was little effect of the surgical tag implan-
tation and tag presence on the abilities of smolts to 
perform exhaustive burst swimming. Across the three 
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TaBle 4. Segment- specific (migration distances within segments) survival estimates (SE) for Chilko Lake sockeye smolts 
2010–2013. 

Year
Treatment 
type

Tag 
type

Migration segment (distance of segment)

Array 
A–B 

(14 km)

Array 
B–C 

(66 km)

Array 
C–D 

(98 km)

Array 
C–E 

(520 km)

Array 
D–E 

(421 km)

Array 
C–F 

(547 km)

Array 
E–F 

(28 km)

Array 
F–G 

(30 km)

Array 
G–H 

(147 km)

Array 
H–I 

(240 km)

2010 Lake 
release

V7 0.74 
(0.03)

0.77 
(0.05)

‡ 0.39 
(0.05)

‡ … 0.94 
(0.08)

1 (0) 0.77 
(0.23)

0.19 
(0.10)

2011 Lake 
release

V6 0.74 
(0.04)

0.83 
(0.04)

0.62 
(0.06)

… 0.97 
(0.06)

… 1 (0) 0.88 
(0.1)

† †

2011 Lake 
release

V7 0.81 
(0.02)

0.79 
(0.03

0.53 
(0.05)

… 1 (0) … 1 (0) 0.90 
(0.11)

0.38 (0.1) 0.61 
(0.18)

2011 Transport 
lake 
release

V7 0.63 
(0.05)

0.91 
(0.04)

0.84 
(0.07)

… 0.94 
(0.07)

… 1 (0) 1 (0) 0.47 
(0.15)

0.41 
(0.19)

2011 Transport 
Array C

V7 … … 0.69 
(0.05)

… 1 (0) … 0.95 
(0.05)

0.91 
(0.09)

0.47 
(0.14)

0.36 
(0.15)

2012 Lake 
release

V5 0.83 
(0.03)

0.82 
(0.03)

0.65 
(0.05)

… 0.86 
(0.07)

… 0.96 
(0.08)

0.94 
(0.06)

† †

2012 Lake 
release

V7 0.83 
(0.02)

0.69 
(0.03)

§ ¶ ¶ 0.51 
(0.05)

¶ 1 (0) 0.77 
(0.18)

0.31 
(0.10)

2013 Lake 
release

V7 0.90 
(0.02)

0.87 
(0.03)

§ 0.7 (0.07) § … 0.89 (0.1) 1 (0) 0.82 
(0.23)

0.24 
(0.09)

2013 Transport 
Array E

V7 … … … … 0.86 
(0.06)#

… 1 (0) 1 (0) 0.83 (0.1) 0.29 
(0.05)

Notes: See Fig. 1 for array locations. Note that survival was only estimated for segments if array use, array performance, and tag 
type permitted. Survival was not estimated to Array A because it was located at the release site. 

†V5 and V6 transmitters could only be detected in the freshwater migration segments.
‡Array D was not deployed in 2010.
§Too few tagged fish were detected at Array D to estimate survival.
¶Too few tagged fish were detected at Array E to estimate survival.
#These transported fish were released only 41 km upstream of Array E.

TaBle 3. Overall survival estimates (SE) of Chilko Lake sockeye smolts 2010–2013.

Year
Treatment 
type

Tag 
type

Array B 
(14 km)

Array C 
(80 km)

Array D 
(178 km)

Array E 
(599 km)

Array F 
(627 km)

Array G 
(657 km)

Array H 
(804 km)

Array I† 
(1044 km)

2010 Lake released V7 0.74 (0.03) 0.57 (0.04) ‡ 0.22 (0.03) 0.21 (0.03) 0.21 (0.03) 0.16 (0.05) 0.03 (0.01)
2011 Lake released V7 0.81 (0.02) 0.64 (0.03) 0.34 (0.03) 0.34 (0.03) 0.34 (0.03) 0.31 (0.04) 0.12 (0.03) 0.07 (0.02)
2011 Transport 

Array C
V7 NA NA 0.69 (0.05) 0.69 (0.05) 0.65 (0.05) 0.59 (0.07) 0.28 (0.08) 0.10 (0.04)

2011 Transport lake 
released

V7 0.63 (0.05) 0.58 (0.05) 0.49 (0.06) 0.46 (0.06) 0.46 (0.06) 0.46 (0.06) 0.22 (0.07) 0.09 (0.04)

2011 Lake released V6 0.74 (0.04) 0.62 (0.04) 0.38 (0.04) 0.37 (0.05) 0.37 (0.05) 0.32 
(0.05)§

¶ ¶

2012 Lake released V7 0.83 (0.02) 0.58 (0.03) # # 0.29 (0.03) 0.29 (0.03) 0.22 (0.06) 0.07 (0.02)
2012 Lake released V5 0.83 (0.03) 0.68 (0.03) 0.44 (0.04) 0.38 (0.04) 0.36 (0.04) 0.34 (0.03) ¶ ¶

2013 Lake released V7 0.90 (0.02) 0.78 (0.03) # 0.54 (0.06) 0.48 (0.04) 0.48 (0.04) 0.39 (0.11) 0.10 (0.03)
2013 Transport 

Array E
V7 NA NA NA 0.86 

(0.06)∥
0.86 (0.06) 0.86 (0.06) 0.72 (0.07) 0.21 (0.03)

Notes: Distances indicate the cumulative distance from the Chilko Lake release site. NA, not applicable. See Fig. 1 for array loca-
tions. Survival was not estimated to Array A because it was located at the release site. 

†We assumed a detection probability of 0.67 to estimate survival to the final array, yet survival to this array may be underesti-
mated due to points raised in Appendix S3.

‡Array D was not deployed in 2010.
§For V6 transmitters, we split the array into two components: upper Fraser River mouth and lower Fraser River mouth; we then 

used the lower mouth receivers to estimate survival to the upper mouth.
¶V5 and V6 transmitters could only be detected on freshwater arrays.
#Too few tagged fish were detected to estimate survival to these arrays.
∥These transported fish were released only 41 km upstream of Array E.
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years in which we conducted holding studies to assess 
survival of tagged fish within freshwater (involving hold-
ing smolts in tanks streamside, during transport to a 
laboratory, and after transport at the laboratory), we 
found 96–100% survival after 7 d in controls and tagged 
fish in every instance (Table 2). This time period is sig-
nificant as lake- released smolts in each year would have 
reached or even exited the Fraser River estuary by then. 
Once smolts were placed into saltwater, mortality started 
to occur in all of the treatments. Specifically, by day 12 
across all years survival of dummy- tagged fish ranged 
from 40 to 62%; although not as pronounced, survival 
was also reduced in control fish (61–93%; Table 2). After 
20 d in saltwater, survival was further reduced in the 
dummy- tagged groups (47% survival in 2012; 28–31% in 
2011) and control groups (54% survival in 2012; 59% in 
2011; 91% in 2010). This trend continued after 34 d in 
saltwater for both the control (41% survival in 2012; 51% 
in 2011; 90% in 2010) and dummy- tagged (20% survival 
in 2012; 13–20% in 2011) groups (Table 2).

Saltwater preparedness experiments

Saltwater preparedness was examined in a separate 
group of non- tagged congeners at Chilko Lake in 2011 
that were ~660 km and ~5–8 d away from exiting the 
Fraser River estuary into the marine environment. 
Plasma chloride was used to assess osmoregulatory 
capacity at this early point in their migration. In a subset 
of smolts sampled immediately after capture from the 
Chilko River, mean (± SE) plasma chloride concentration 
was 153 ± 5 mmol/L. For fish sampled after 24 h in either 
freshwater or saltwater, plasma chloride did not differ 
(143 ± 6 vs. 156 ± 2 mmol/L, respectively; P = 0.058). 
After 72 h, plasma chloride in freshwater fish tended to 
be lower than in saltwater fish (148 ± 3 vs. 168 ± 7 mmol/L, 
respectively; P = 0.026). However, plasma chloride levels 
in these two treatment groups at each time period were 
not statistically different from those of smolts sampled 
directly from Chilko River (P > 0.125 in all cases). 
Importantly, survival was 100% in both the freshwater 
group (starting n = 24) and the saltwater group (starting 
n = 30) across the entire 4- d experimental period.

DisCussioN

This acoustic- tagging study involves the largest spatial 
and temporal scale to date for assessing the survival and 
behavior of migrating wild sockeye salmon smolts and 
is one of the most extensive for any Pacific salmonid. 
We provide detailed quantitative information on survival 
and behavior over a >1000 km migration with replication 
over four consecutive years (i.e., the four yearly cohorts 
of this population). The survival and movement patterns 
were generally consistent across years even though different 
tag sizes and fish sizes were often involved. Survival from 
Chilko Lake to the final marine acoustic array was low 
and ranged ~3–10% during a migration period of 36–48 d.

There have been other acoustic- tagging studies assessing 
survival in freshwater and seawater for Pacific salmonid 
smolts, although most of them covered much shorter spa-
tial scales and often primarily involved hatchery fish 
(except see Welch et al. 2011). In an acoustic- tagging study 
involving a hatchery population of Fraser River sockeye 
smolts, Welch et al. (2009) found that survival to the same 
final marine acoustic array as in the present study was 
somewhat higher (10–30%) than we report; however, their 
freshwater migration was relatively short (~100 km). In 
that study, the segment- specific survival of Cultus Lake 
smolts from Array G to Array H (range 55–92%) and 
from Array H to Array I (range 27–60%) was very similar 
to our Chilko Lake smolts despite the Cultus smolts being 
of larger size and of hatchery origin. In an acoustic- 
tagging study involving wild steelhead trout in the Napa 
River/Point Reyes system (located north of San Francisco 
Bay, California, USA), smolts exhibited higher overall 
survival (at least 30% higher than Chilko sockeye) from 
freshwater natal areas to final marine acoustic arrays, but 
the freshwater and marine distances travelled were much 
shorter than the present study (~34 km migration in fresh-
water and ~100 km migration in seawater; Sandstrom et al. 
(2013)). Similarly, relatively higher overall survival was 
found for acoustic- tagged hatchery steelhead trout and 
Chinook salmon in the Sacramento River/San Francisco 
Bay system (13.8–14.6% and 19.2–23.6%, respectively) 
over relatively short travel distances (156 km in freshwater, 
51 km in seawater; Singer et al. 2013), yet monitoring over 
greater distances revealed much poorer overall survival in 
Chinook salmon (Michel et al. 2015). Rechisky et al. (2013) 
tracked Snake River spring Chinook smolts ~850 km to 
the Columbia River estuary and ~2500 km in total to 
southeast Alaska. Combined freshwater and river plume 
survival ranged 12–32% and coastal ocean survival aver-
aged 10% to northwestern Vancouver Island, Canada, 
representing similar distances and survival rates as the 
Chilko smolts. Steelhead trout smolts acoustically tracked 
in the Green River/Puget Sound system, whose marine 
system shares the same local body of water as in our study 
(i.e., Puget Sound and Strait of Georgia are part of the 
Salish Sea), had overall survival levels similar to those in 
our study (9.7% and 3.6%, wild and hatchery fish, respec-
tively), though survival was again only assessed over a 
relatively small spatial- scale (~39 km freshwater, ~170 km 
seawater; Goetz et al. 2015). Welch et al. (2011) annually 
(2004–2006) tracked wild steelhead from the Thompson 
River drainage in British Columbia to the Fraser River 
mouth, and then to the same marine Array I as in our 
study. Although their study animals were much larger than 
ours, they found overall survival to vary among years to 
a similar extent as for Chilko smolts (20–50% through 
freshwater, 15–40% through marine areas). In trying to 
make sense of diverse results among studies, and to put 
our broad spatial- scale results into context, focused atten-
tion needs to be placed on the relative differences that 
occur within specific freshwater and early coastal segments 
of the migration of Chilko Lake sockeye smolts.
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Freshwater migration

The present study revealed that a large component 
of  the total loss of  smolts that we documented occurred 
in freshwater. We are confident that the disappearance 
of  smolts in freshwater was caused by mortality, and 
not technological issues, because the detection efficien-
cies of  most of  the receiver arrays in this area were 
high and there was no evidence of  tag expulsion in any 
of  our holding studies. Nearly all of  the freshwater 
mortality (total freshwater migration exceeding 600 km 
distance) occurred in the Chilko and Chilcotin Rivers 
(~180 km), and among- year mortality levels were 
22–43% in just the first 80 km. A recent study (Jeffries 
et al. 2014) suggests that a component of  the large levels 
of  mortality occurring in the clear and shallow waters 
downstream of  our release site could be caused by 
physiological and/or immunological impairments. It is 
possible that an impaired physiological state could 
make smolts more prone to predation; however, we are 
not able to disentangle this possible linkage with our 
current data.

By transporting smolts in 2011 past the uppermost 
study reaches, we increased survival considerably (~20%) 
to the confluence of  the Chilcotin and Fraser Rivers 
(i.e., to Array D), and this survival advantage persisted 
to the estuary. Smolts transported to the lower reaches 
of  the Fraser River in 2013 incurred only nominal mor-
tality to and through the estuary after release. Both 
transport experiments support the notion that the upper 
reaches of  our study area were associated with a phe-
nomenon causing high mortality that was not related 
to tag effects. Although levels of  freshwater mortality 
varied among years, there was no clear among- year pat-
tern to suggest that the duration of  time spent in fresh-
water was associated with particularly high or low 
mortality levels (Fig. 3). Our results support evidence 
from others of  relatively high freshwater mortality in 
tagged outmigrating smolts in the upper reaches of 
 rearing rivers (Welch et al. 2011, Chase et al. 2013, 
Singer et al. 2013). One of  the likely causes for such 
high levels of  mortality in these upper reaches is preda-
tion by piscivorous fishes, birds, and mammals, which 
is thought to be a significant component of  smolt mor-
tality (Ruggerone and Rogers 1984, Heggenes and 
Borgstrøm 1988, Mesa 1994, Collis et al. 2001, Evans 
et al. 2012, Hostetter et al. 2012, Cavallo et al. 2013). 
It was visually evident throughout the four years of  the 
present study that a wide range of  predators gathered 
near the Chilko Lake outlet (e.g., bull trout, Salvelinus 
confluentus; rainbow trout, Oncorhynchus nerka; mer-
gansers, Mergus spp.; gulls, Larus and Chroicocephalus 
spp.; and river otters, Lontra canadensis) to target the 
large schools of  smolts as they commenced their down-
stream migration in the shallow upper Chilko River. 
In fact, bull trout sampled in 2013 at the Chilko Lake 
outlet during smolt outmigration were found to feed 
nearly exclusively on sockeye smolts with individual fish 

stomachs containing up to 69 smolts and regularly 
exceeding 20 smolts (Furey et al. 2015). Supporting the 
idea that this area had high levels of  predation risk was 
the fact that sockeye smolts showed a clear preference 
for nocturnal movement in the earliest phase of  their 
migration in the Chilko and Chilcotin Rivers, which are 
relatively clear and shallow. A preference for nocturnal 
migration has been documented in other juvenile 
salmon during downstream migration in clear waters 
(Ibbotson et al. 2011, Chapman et al. 2013, Chase et al. 
2013, Michel et al. 2013) and is suggested in those stud-
ies to be indicative of  a behavioral adaptation to mini-
mize predation risk from visual predators.

The nocturnal migratory behavior in the upper study 
reaches of the Chilko River resulted in the slowest migra-
tion rates throughout the entire freshwater component 
(~30–50 km/d among years). Such a slow migration rate 
has been observed before for sockeye in clear water 
streams; smolts out- migrating in the Stamp and Somass 
Rivers on Vancouver Island only migrated at night, and 
total speed to complete their 25- km migration to the 
ocean was estimated from trapping to be about 60 km/d 
(Wood et al. 1993). Migration rates for Chilko smolts 
increased (80–100 km/d) as they progressed into the 
Chilcotin River. The Chilcotin is faster- flowing than the 
Chilko River, so fish could be passively carried down-
stream at higher rates during their nocturnal migration. 
Once in the Fraser River mainstem, the migration of 
Chilko sockeye smolts was continuous through day and 
night periods, and also extremely fast (e.g., 220 km/d in 
2012 through the ~422- km migration segment between 
Arrays D and E). This has been observed in other large 
and turbid river systems; marked sockeye smolts that 
were released from hatcheries in the upper Columbia 
River accelerated their migration rates once they entered 
the Columbia River mainstem and showed no nocturnal 
migratory preference once in the mainstem (Anas and 
Gauley 1956). Although we did not measure water veloc-
ities during our study, surface water velocities assessed 
in the 1990s in July in the center of the river at several 
sites upstream of Array E recorded values ranging from 
1 to 3 m/s (Hinch and Rand 1998). Discharge during 
the months of May (when our smolts were primarily 
migrating in the mainstem) and July are very similar to 
each other (peak flows occurring in June; data available 
online),12 and the speed of the smolt migration in the 
present study (86–259 km/d) is consistent with the fish 
being passively carried downstream just under the sur-
face of the water in the main current (see Crittenden 
1994, Melnychuk et al. 2010, Mahoney et al. 2013). As 
a result, smolts typically arrived in the lower Fraser River 
in 5–7 d after release, which is consistent with travel 
times of non- tagged Chilko smolts caught in traps at 
Mission, British Columbia (near our Array E).

Our study included a series of laboratory and tank 
experiments aimed at understanding whether freshwater 

12  http://bcrfc.env.gov.bc.ca

http://bcrfc.env.gov.bc.ca
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survival was directly or indirectly compromised by the 
tagging procedures employed (e.g., see Adams et al. 
1998), an approach rarely undertaken within large- scale 
telemetry projects (Cooke et al. 2011b). Nearly all smolts 
implanted with dummy tags survived 7 d in freshwater 
across years (≥96% survival; Table 2). Acoustic- tagged 
smolts generally migrated from the release site to the 
estuary in less than a week; therefore, it is unlikely that 
direct tagging effects contributed substantially to fresh-
water mortality. Additionally, there was no evidence at 
2–3 d post- surgery that tagging affected burst swimming 
speed or duration, suggesting that tagged fish should 
have been equally able to use this important behavior to 
avoid predation. This is consistent with experiments that 
showed similar predation rates by largemouth bass 
(Micropterus salmoides) on tagged and non- tagged juve-
nile Chinook salmon (Oncorhynchus tshawytscha; Anglea 
et al. 2004, Thompson et al. 2014).

Tag burden is also an important consideration when 
interpreting the mortality patterns. Although we tagged 
relatively large 2- yr- old smolts, the size of the smolts at 
migration relative to the tags available for use in this 
study meant that a proportion of the tagged fish, par-
ticularly those implanted with V7 tags, had tag burdens 
which exceeded some recommended limits from the lit-
erature. Brown et al. (2006) found that wild sockeye 
smolts with tag burdens less than 10.3% (in air) had 
critical swimming speeds largely unaffected by the pres-
ence of tags (they had ~5% slower swimming speeds 
compared with non- tagged controls following a ≥48 h 
period after tag implantation). Collins et al. (2013) exam-
ined the effects of tag burden on prolonged burst swim-
ming duration with hatchery- reared sockeye salmon in 
freshwater and found that median swim durations 
(~90 s) did not differ from control fish up to ~10% tag 
burden (in air), although at ≥8% tag burden (in air), fish 
were not able to attain the maximum durations that were 
part of the experimental design (1200 s). In every year 
of our tracking study (except 2012 with V7 tags), 
acoustic- tagged smolts had mean tag burdens ≤9.8% (in 
air; 5.3% in water) and the average of all mean tag bur-
dens in air across all years (excluding 2012) was 8.9% 
(4.5% in water; Table 1). Burdens for the V5 and V6 
tagged fish were lower at <7% (in air; <4% in water). 
Our swim performance and survival- holding studies, 
however, showed no short- term tagging effects, and the 
survival patterns identified using smaller tags (i.e., V5 
and V6 tags) were very similar to what we found with 
the larger V7 tags. For example, survival to the Fraser 
River mouth was nearly identical for V6 and V7 tagged 
smolts in 2011. Only in 2012 could our models detect 
an effect of tag burden with V7 tags (E. L. Rechisky, 
unpublished manuscript), a year we also released smolts 
with V5 tags (with almost half  the tag burden of V7 
tags), allowing a direct contrast in migration segment 
survival attributable to tag burden (Table 3). We contend 
that the general mortality patterns we have identified for 
the freshwater portion of the migration are not largely 

attributable to tagging or tag burden effects, and we sug-
gest that tag burden from the larger V7 tags had perhaps 
a 5–10% effect on overall freshwater survival of the rela-
tively small smolts in 2012.

Estuarine and early marine migration

Despite the lack of diel patterns, migration rates 
slowed by 50% or more as smolts entered the estuary, 
likely owing to the fact that tidal influences could reduce 
passive transport relative to the Fraser River mainstem. 
Additionally, fish could be actively attempting to feed, 
which would require deviating from the main current of 
the Fraser River. Somass River sockeye smolts slowed 
their migration dramatically from 60 km/d to ~2–7 km/d 
as they entered the tidally influenced Barclay Sound on 
the west coast of Vancouver Island (Wood et al. 1993); 
the authors noted that this put the smolts at high vulner-
ability to predacious Pacific hake (Merluccius productus), 
spiny dogfish (Squalus acanthias), and walleye pollock 
(Theragra chalcogramma).

Mortality was relatively low (<10%) as smolts transited 
through the estuary (Arrays E–G). Once smolts entered 
the marine environment in the Strait of Georgia, mortal-
ity to the first array (a distance of 147 km) increased, 
with higher levels in 2011 (segment- specific mortality, 
53–62%) than in the other three years (segment- specific 
mortality, 17–23%). Generally, these levels were lower 
than those in the early phases of the freshwater migration 
(i.e., release through the first 80–178 km).

Migration to the final marine array (an additional 
240 km from the previous array) was associated with 
high mortality that varied by a factor of two among 
years (segment- specific mortality, 39–81%). As with 
transit through freshwater, there was no obvious among- 
year pattern in the marine environment to suggest that 
migration duration influenced mortality levels (Fig. 3). 
It should be noted that our final estimates of survival 
to the final array (Array I) may be underestimated due 
to our limitations in understanding the detection effi-
ciency at this location. If the detection efficiency of Array 
I is poorer than Array H (see Appendix S3), then our 
survival estimates may be underestimated.

Why smolts perish in their coastal migratory phase, 
in some years at high levels, could again be attributable 
to varying intensities of predation. Although we have 
no direct observations of predation intensity as we did 
in the upper reaches of the freshwater environment, it 
is well known that potential predators of juvenile salmon 
are abundant in the Strait of Georgia and could have 
large impacts on salmon smolt survival (Cohen 2012). 
Also of potential importance is that the dominant food 
for sockeye smolts in the Strait of Georgia (copepod 
zooplankton) have been experiencing steady declines in 
the recent decade accompanied by changing composition 
of the phytoplankton spring bloom; it is possible that 
Fraser sockeye smolts in recent years have not been able 
to gain weight during their early coastal migration, 
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putting them at higher risk of predation and starvation 
(reviewed in Beamish and Mahnken 2001, McKinnell 
et al. 2011, Cohen 2012). It has also been suggested that 
Heterosigma akashiwo, a red tide organism, may also 
impact smolt survival in some years (Rensel et al. 2010). 
How predation, harmful algal blooms, pathogens, and 
food availability vary among years in the coastal envi-
ronment where Fraser River sockeye migrate, and how 
these factors contribute to determining the survival pat-
terns we observed, should be the focus of future research.

As Chilko smolts passed northward through the Strait 
of Georgia, their migration rates were the slowest of all 
migratory segments in this study (10–20 km/d; 1–2 BL/s 
for a 12 cm smolt); these migration rates were very simi-
lar to those observed for hatchery- reared and larger- 
bodied Cultus Lake sockeye acoustically tracked through 
this same area from 2004 to 2007 (Welch et al. 2009, 
2011), and residence time was similar to that estimated 
by Preikshot et al. (2012) when scaled for body size. 
Chilko smolt migration rates increased in most years 
(up to 30 km/d; also observed for tagged Cultus Lake 
smolts [Welch et al. 2009, 2011]) as they passed through 
the final study segment (Discovery Passage; Array H–I), 
where a narrowing of the coastlines leads to surface tidal 
currents which can exceed 43 km/d (~50 cm/s) in the 
direction that smolts are migrating (Foreman et al. 
2012). In addition to the fact that smolts must actively 
swim through this area (McKinnell et al. 2011), it is 
possible that smolts may modify their behavior to take 
advantage of the variation in tides to increase their net 
migration speed. Finally, smolts may have grown larger 
by the time they entered the final migration segment and 
thus may be able to swim at higher absolute speeds.

It is a common belief that the transition to saltwater 
is physiologically stressful and hence a period of high 
mortality among smolting salmonids (Boeuf 1994, 
reviewed in Hinch et al. 2006). However, we demon-
strated that non- tagged smolts had 100% survival when 
exposed to 35 ppt saltwater for 96 h immediately upon 
departing Chilko Lake, and their plasma chloride levels 
after 72 h in saltwater did not differ from levels measured 
in smolts caught directly from Chilko River. Despite 
this, within the first 12 d of saltwater exposure in labora-
tory holding studies, we observed some level of mortality 
in all of our treatments (Table 2). The mortality of 
dummy- tagged fish was consistently higher than con-
trols, a trend that continued throughout 34 d in saltwater 
(Table 2). Mortality levels for tagged migrating smolts 
after they entered the marine environment assessed 
between Arrays G and H (18–28 d after tagging) were 
highest in 2011 (segment- specific mortality, 53–62% for 
the three V7 tagged groups). In all other years, mortality 
between Arrays G and H was stable at 17–23%; subse-
quent mortality to Array I, however, was lower in 2011 
than in 2012. Collins et al. (2013) compared the survival 
of dummy- tagged and control hatchery- reared Cultus 
Lake sockeye smolts in the laboratory over 9 d in sea-
water after transitioning them as we did from freshwater; 

in that study, the control and dummy- tagged groups did 
not differ in their response to saltwater (~3% mortality 
in both). These hatchery fish were bigger and with a 
higher condition factor (including thicker ventral tissue) 
than our wild smolts, which could account for the better 
immediate survival compared with our study. Therefore, 
we cannot rule out a potential interaction between sea-
water experience and tag presence in our laboratory 
studies with wild fish. Notably, we transitioned smolts 
from freshwater to 30 ppt saltwater, which may have 
been to a level much higher than they would typically 
experience during the first portions of their coastal 
migration (~15 ppt in May–July in the southern Strait 
of Georgia near the Fraser River; Thomson 1981). 
Additionally, we observed that many fish failed to feed 
in captivity during the holding experiments. Given these 
factors, and the large among- year differences we noted 
in both our laboratory experiments and in the field 
results, it is difficult to directly apply the experimental 
results and fully understand the potential role that tag-
ging may play on marine patterns of mortality in Chilko 
smolts. If the mortality patterns of our tank- held, 
dummy- tagged animals are representative of the free- 
migrating population, marine survival will be higher 
than our estimates indicate. Much more work is required 
in this area to elucidate the drivers of among- year vari-
ability in survival and the interactions between tagging 
and saltwater survival.

Management implications

The Chilko Lake population of sockeye is one of the 
largest in the Fraser River watershed and is an important 
indicator for the >150 populations of sockeye salmon 
present in the watershed. It is unique in that the abun-
dance of out- migrating smolts has been assessed con-
tinuously by the Department of Fisheries and Oceans 
Canada (DFO) using a weir and fence system since 1960; 
typically 10–30 million smolts emigrate annually (Irvine 
and Akenhead 2013). Among- year variability in smolt 
numbers and size has been used to help understand link-
ages between adult spawner abundance, lake productiv-
ity, and climate (Henderson and Cass 1991, Bradford 
et al. 2000, Irvine and Akenhead 2013). Forecasting the 
number of sockeye adults that will return to spawn in 
any given year is an important task for fisheries manag-
ers, as this information is used to allocate potential 
 harvest between Canada and the USA (under the Pacific 
Salmon Treaty), and between Canadian fishers (e.g., First 
Nations, different commercial gear sectors, recreational 
fishers). For most Fraser River populations, forecasting 
is done using relationships between historical spawning 
stock sizes and recruitment, which are coarse measures 
that integrate mortality among numerous life stages. 
Thus, run- size forecast models contain large levels of 
uncertainty (Cohen 2012). Chilko sockeye smolt- to- adult 
survival data have been used to reduce some of the 
 uncertainties in these models as they largely eliminate 
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the freshwater life history component (Cohen 2012). 
However, our results illustrate that even within the 
 short- duration smolt stage, survival can vary from year 
to year, in both freshwater and marine environments; 
overall migration survival of lake- released smolts varied 
~threefold among years to both the Northern Strait of 
Georgia (12–39%) and to the final marine array in Queen 
Charlotte Strait (3–10%). Smolt survival rates may be a 
useful tool that managers could utilize in their models 
to further reduce uncertainties in run size forecasts, thus 
requiring the integration of smolt- tagging studies as part 
of routine monitoring and fisheries stock assessments. 
Indeed, smolt- to- adult survival of Chilko Lake sockeye 
salmon in recent years has been generally <5% (dropping 
from 8–10% during 1960–1998; Irvine and Akenhead 
2013), and the present study indicates that the early 
stages of smolt migration are influential to these pat-
terns. Certainly, a better understanding of the among- 
year factors that contribute to variability in survival of 
migrating smolts (e.g., predator levels, temperatures, cur-
rents, food availability) could highlight drivers of smolt 
survival to further improve models for forecasting.

We found high levels of mortality very early in the 
freshwater migration that were likely attributable to 
predation. Although a variety of other predators were 
observed in the Chilko River system, we suspect that 
bull trout play an important role (see Furey et al. 2015) 
given the large sizes of individual fish and high densities 
that we observed, the ease at which aboriginal fishers 
could catch them, the pristine nature of Chilko Lake, 
and the fact that recreational fishing pressure would be 
relatively light due to the distance from major popula-
tion centers (Post et al. 2002). One interpretation of our 
results could be that increased fishing pressure on bull 
trout might benefit survival of sockeye smolts, but we 
would caution against such a conclusion. If predator 
populations and their influence on smolts have remained 
stable over time, then it is unlikely that predation in 
these landscapes has driven recent declines in sockeye 
populations. Furthermore, bull trout are a species of 
special concern in British Columbia (BC Conservation 
Data Centre 2014), they support First Nation subsist-
ence and recreational fisheries, and they are highly sus-
ceptible to overfishing due to their slow growth and late 
age of reproductive maturity (Dunham et al. 2008). 
Management becomes difficult and complex when both 
prey and predator species are of economic and conserva-
tion interest (Marshall et al. 2015), and thus, further 
information on this relationship between bull trout and 
smolts should be obtained prior to any suggestion of 
bull trout population control.

Although the smolts in this study were released down-
stream of the fish fence, we observed large numbers of 
bull trout attracted to the schools of (non- tagged) smolts 
as they channeled through the counting gates (unpub-
lished data). This may facilitate predation, although we 
have no information on what predation rates might be 
like in the absence of the fish fence. Certainly, the 

transportation of smolts downstream, away from the fish 
fence and the clear water of the upper study area, ben-
efitted survival. Transportation to the lower Fraser River 
just upstream of the estuary (~558 km away from release) 
enhanced survival to the final marine array (survival was 
twice as high as lake- released fish) but whether this sur-
vival advantage would have persisted beyond the final 
array is unknown. Mass downstream transportation of 
smolts is a commonly used management tactic to 
increase smolt survival to the ocean in large river systems 
where smolts are moved around dams and high levels 
of predators (e.g., Williams et al. 2005). These programs 
usually involve loading thousands of fish onto barges 
and transporting them through hundreds of kilometers 
of reservoir. The use of barges in the upper Fraser River 
is not possible as the river flows freely with no dams (or 
reservoirs) on the mainstem and therefore smolts would 
have to be moved by truck, an infeasible method for 
large numbers of fish given the road conditions in the 
upper Chilko area. There are also several potential dis-
advantages for mass transportation as being a viable 
conservation strategy, including increased disease trans-
mission among individuals during transport (Van Gaest 
et al. 2011) and impaired homing ability in transported 
fish when they return as adults (Keefer et al. 2008). 
Indeed, reduced adult return rates have been reported 
when hatchery and wild Chinook salmon smolts were 
transported down sections of the Columbia River 
(Williams et al. 2005); however, this difference does not 
appear to develop in the early marine phase (Rechisky 
et al. 2012) and may be related to timing of transporta-
tion (Muir et al. 2006).

CoNClusioNs

We investigated the survival and movement of wild 
Chilko Lake sockeye smolts during their >1000 km 
migration from freshwater rearing grounds to coastal 
Pacific Ocean environments. Spatial and qualitative pat-
terns of mortality and migration rates were very consist-
ent across years. Mortality was high in the upper- river 
reaches, which appears to be largely linked with preda-
tion despite behavioral adaptations of the smolts to 
avoid visual predators by migrating at night. Migration 
rates increased by up to threefold as smolts passed 
through the more turbid Fraser River, then slowed as 
smolts entered the estuary; mortality abated significantly 
through both areas. In all years, mortality levels again 
rose while migration rates slowed to their lowest levels 
as smolts entered the marine environment. Mortality 
levels through the final (and longest, 240 km) marine 
migration segment had the greatest among- year range 
(39–81%) out of all the migration segments we examined. 
The causes of such large among- year differences in 
marine survival are currently unclear but highlight the 
potential importance of early ocean conditions in deter-
mining the abundance of returning adult sockeye and 
the importance of telemetry information in population 
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forecasting. The smolt transport studies helped test 
hypotheses about mortality in freshwater environments, 
generated insights into mortality mechanisms, and con-
firmed that the majority of the post- release mortality is 
unlikely to be related to our  tagging approaches. The 
tagging- effect studies provided extensive datasets to help 
understand the drivers of mortality- related behavioral 
patterns and the potential roles of handling and tagging, 
and they emphasize the importance of conducting 
appropriate controlled experiments to complement field 
tagging studies. Given the relatively larger interannual 
variability in marine survival and the paucity of informa-
tion on direct mechanisms of marine mortality, we sug-
gest that focused studies are now needed to assess how 
freshwater and marine predator levels, food availability, 
and abiotic features, such as temperatures and currents, 
are influencing year- to- year patterns of movement and 
survival. With better information of this kind, we can 
start to quantify critical environments in both freshwater 
and marine areas, and improve predictions of adult 
spawner returns.
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