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Abstract

Sockeye Salmon Oncorhynchus nerka smolts typically experience high mortality during out-migration through
freshwater and the early marine environment. Due to tag burden (tag mass relative to fish mass) constraints, telemetry
studies investigating migration survival have focused on tracking hatchery smolts or larger individuals within wild
populations. However, hatchery and larger wild smolts may not represent the majority of migrants. We used miniatur-
ized acoustic transmitters (VEMCO V4) to track age-1 Sockeye Salmon smolts (n = 200) for the first time over
approximately 950 km from Chilko Lake, British Columbia, Canada, through the coastal environment by using large-
scale receiver arrays. We compared their survival with that of concomitantly tracked age-2 smolts (n = 100) by using
VEMCO V7 acoustic transmitters. Freshwater survival of tagged age-1 smolts was double the age-2 survival (56% ver-
sus 28%), potentially due to higher proportional tag burdens on age-2 smolts. Age-1 smolt cumulative survival was 16%
to the last array capable of detecting age-1 smolts (944 km from release) and was within the range of cumulative sur-
vival reported for age-2 Chilko Lake Sockeye Salmon smolts in previous telemetry studies. Age-2 smolt minimum
cumulative survival to the final arrays (944 and 1,041 km) was about 2% and was lower than survival in previous years.
Although survival differed between age-classes in 2016, both experienced similar trends in landscape-specific survival
relative to age-2 smolts tracked in previous years. Survival was particularly low in the upper Fraser River tributaries
for age-1 and age-2 smolts (76% and 53%, respectively, over 13 km from release) and after ocean entry for age-1
smolts (36% over 217 km). Migration rates of both age-classes among landscapes were within the range observed for
age-2 smolts in earlier studies. Our study highlights the importance of expanding research to include smaller age-1
smolts and provides survival estimates for an indicator population of Fraser River Sockeye Salmon.
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Anadromous Pacific salmon Oncorhynchus spp. are of
cultural, ecological, and economic importance throughout
the Pacific Northwest, yet abundance and survival have
declined for many populations in this region (Gustafson
et al. 2007). Among Pacific salmon species, the Sockeye
Salmon O. nerka is one of the most valued and has
exhibited some of the most dramatic declines (Irvine and
Akenhead 2013). In particular, Sockeye Salmon stocks
throughout the Fraser River watershed in British Colum-
bia, Canada (one of the largest salmon-producing systems
in the world), have experienced both considerable declines
and increased variability in adult returns. Fraser River
Sockeye Salmon adult returns were exceptionally low in
2009 (the lowest since 1947), leading the Canadian govern-
ment to launch a judicial inquiry (Cohen 2012), whereas
in 2010, returns were the highest observed since 1913
(PSC 2015). Moreover, adult Sockeye Salmon returns in
2016 were well below forecasted levels and were the lowest
on record (<1 million; Chandler et al. 2017). Understand-
ing the trends in survival across life stages is necessary to
better understand and predict adult returns.

The smolt life stage of Fraser River Sockeye Salmon is
often associated with low survival as smolts migrate
from freshwater to the open ocean (Groot and Margolis
1991; Welch et al. 2009, 2011; Clark et al. 2016; Rechisky
et al. 2019). Smolts are exposed to a number of chal-
lenges, including intensive physiological and morphological
changes, exposure to new predators, competition, infectious
agents, and changing environmental conditions (Beamish
et al. 2004, 2012; Farley et al. 2007; Irvine and Akenhead
2013; Jeffries et al. 2014). Small size and slower growth
rates are also associated with lower survival, particularly
during early ocean residence (Beckman et al. 1999; Beamish
et al. 2004; Farley et al. 2007). Thus, success during smolt
migration can influence the overall productivity of salmon
populations. Investigating the migratory behavior and
survival of smolts is therefore a key component in under-
standing the long-term declines in adult Sockeye Salmon
returns.

Biotelemetry provides opportunities to investigate
in situ behavior and survival of smolts during seaward
migration. Numerous studies have used acoustic telemetry
to estimate survival of Sockeye Salmon smolts as they
migrate through the Fraser River watershed into the Strait
of Georgia (e.g., Welch et al. 2009, 2011; Clark et al.
2016; Rechisky et al. 2019). The studies collectively docu-
mented low survival during parts of the downstream
migration and early ocean phase. However, due to the size
of the tags then available, those studies focused on large
hatchery smolts or larger individuals within wild popula-
tions in order to maintain tag burden (mass of the tag rel-
ative to fish mass) below limits recommended in the
literature (Brown et al. 2006; Collins et al. 2013).
Hatchery or larger wild smolts may not represent wild

populations because they may differ behaviorally,
physiologically, or morphologically from the smaller indi-
viduals that often make up the majority of wild migrants
(e.g., Piggins and Mills 1985; Huntingford 2004).

Chilko Lake Sockeye Salmon are an ideal model for
studying smolt behavior and survival because they are one
of the four largest populations in the Fraser River water-
shed, with 10-70 million smolts migrating out to sea each
spring, and because they serve as an indicator stock for
salmon management in British Columbia (Cass 1989;
Irvine and Akenhead 2013). Telemetry estimates of Chilko
Lake smolt survival during downstream migration and
through the Salish Sea (1,041 km) are generally low (4—
14%; Clark et al. 2016; Rechisky et al. 2019). Low sur-
vival is particularly evident in the clear upper tributaries
of the Chilko and Chilcotin rivers (34-49% over 178 km;
Clark et al. 2016; Rechisky et al. 2019). However, Clark
et al. (2016) and Rechisky et al. (2019) focused on the lar-
ger age-2 smolts within the Chilko Lake population,
which represent only a small fraction of out-migrants. In
most years, about 96% of migrating Chilko Lake smolts
are age 1, with the remaining approximately 4% consisting
of age-2 individuals that spent an additional winter in the
lake before migrating (Irvine and Akenhead 2013). With
recent advancements in acoustic tag miniaturization, age-1
Sockeye Salmon smolts can now be tracked. We used
new, smaller transmitters in 2016 with both wild age-1
and age-2 Chilko Lake Sockeye Salmon smolts for the
first time to directly compare the behavior and survival of
these two age-classes as well as to compare our findings
with results reported for age-2 smolts in previous years.

METHODS

Study system.— Chilko Lake is in the Fraser River
watershed, 775 km upstream from the Pacific Ocean (Fig-
ure 1), and is one of the largest lakes in British Columbia.
Each spring, smolts migrate downstream from the lake
into the Chilko and Chilcotin rivers before entering the
Fraser River and then the Salish Sea. Smolts then primar-
ily travel northwest through the Discovery Islands, John-
stone Strait, and Queen Charlotte Strait before moving
offshore into the open Pacific Ocean. Since the 1950s, the
Department of Fisheries and Oceans Canada (DFO) has
estimated daily smolt abundances at an enumeration fence
located at the lake outlet throughout the period of out-
migration.

Smolt collection and surgery.— Two-hundred age-1
smolts and 100 age-2 smolts were collected from the DFO
enumeration fence during April 17-23, 2016, and received
surgically implanted acoustic transmitters. As Chilko Lake
smolts primarily migrate at night, smolts were collected
between 2200 and 0230 hours and were held until morning
in a covered flow-through tank (~200 L). Age-1 smolts
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FIGURE 1. Study area for Chilko Lake Sockeye Salmon smolts in 2016. The blue star represents the release site. Yellow circles and lines represent
either individual receivers or receiver arrays that were able to detect VEMCO V7 (69-kHz) tags. Red circles and lines represent individual receivers or
receiver arrays that were able to detect VEMCO V4 (180-kHz) and V7 tags. Smolts were collected and tagged between April 17 and April 23, 2016.

received VEMCO V4 transmitters (180 kHz, 3.6-mm
height, 5.7-mm width, 11-mm length, 0.42 g in air), and
age-2 smolts received VEMCO V7 transmitters (69 kHz,
7-mm diameter, 18-mm length, 1.4 g in air). Prior to
surgery, smolts were anaesthetized for about 1-2 min in
100-mg/L tricaine methanesulfonate (MS-222) mixed with
200-mg/L NaHCOj; buffer. Weight (g) and FL (mm) were
measured before smolts were transferred into a V-shaped
trough on a surgery table. A maintenance dose of MS-222
(50 mg/L) buffered with NaHCO;3; (100 mg/L) flowed con-
tinuously over the gills to maintain sedation during sur-
gery. All water baths were continuously aerated, and
temperatures were maintained within 4°C of the river
temperature.

Tags were inserted into the abdominal cavity through
an approximately 6-mm (V4 tags in age-1 smolts) or 7-8-
mm (V7 tags in age-2 smolts) incision on the midventral
line. Incisions were closed using one suture (Ethicon
Monocryl 5-0 monofilament, with a 3/8 circle, reverse-cut-
ting 13-mm [P-3] needle) on age-1 smolts and two inter-
rupted sutures for the larger incision on age-2 smolts.
Using epoxy-coated carbon-steel bone-cutting forceps,
nonlethal biopsies of about 1 mm of tissue from the ends
of two to three gill filaments were collected from half

(n = 100) of the tagged age-1 smolts and from 89 of the
100 tagged age-2 smolts. The gill biopsies will be used in a
separate study to examine the association between infec-
tious agents and transcriptome patterns with individual
migration success. Recent work (Jeffries et al. 2014) found
that this biopsy procedure had negligible effects on the
survival of Chilko Lake Sockeye Salmon smolts. Surgeries
and biopsy procedures took, on average, approximately
3 min per fish.

All tagged age-1 smolts were no larger than 100 mm
FL in an effort to ensure that they were indeed age 1
based on a previously determined length—age relationship
for Chilko Lake smolts (Irvine and Akenhead 2013;
Table 1). A minimum size of 85 mm FL was chosen to
limit tag burden effects. Given the restrictions due to tag
burden, the size range of tagged age-1 smolts was repre-
sentative of the larger age-1 smolts within the population.
To help ensure that “age-2 smolts” were from the older
age-class, smolts that were at least 120 mm FL were
selected, with the exception of six slightly smaller smolts
(117-119 mm FL). After surgery, smolts were transferred
into an in-river release pen located downstream of the
counting fence and near the center of the river. Smolts
recovered for an average of 10.5 h before being released
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TABLE 1. Summary of the number, size, mass, and tag burden of Chilko Lake Sockeye Salmon smolts that were tagged and released in 2016
(ngincrip = number of tagged fish from which gill filaments were nonlethally sampled).

FL (mm) Mass (g) Tag burden (%)
Age-class n Ngillclip Mean (SD) Range Mean (SD) Range Mean (SD) Range
Age 1 200 100 93 (3.8) 85-100 5.9 (0.7) 4.2-7.6 7.3 (1.0) 5.5-9.9
Age 2 99 89 128 (5.7) 117-143 15.3 (2.2) 10.6-20.9 10.7 (1.6) 7.7-14.9

at night between 2330 and 0130 hours along with about
200 untagged smolts to provide a small school. Tagged
age-1 and age-2 smolts were released together in an
approximately 2:1 ratio.

Tag programming.— To help ensure that age-1 smolts
would be detected at the final arrays within the projected
life span of the VEMCO V4 transmitters (which have an
especially limited battery life), tag programming was
designed based on previous experience with travel times of
age-2 smolts (Clark et al. 2016). The V4 tags were pro-
grammed to transmit with a randomized time interval of
45-105 s for 4 d, followed by 30-60 s for 7 d, and then a
10-d silent period during which acoustic transmission was
temporarily terminated to reserve power. At day 10, the
V4 tags reactivated transmission with a time interval of
30-60 s for the remainder of the battery life span. We
intended the 10-d silent period to occur while fish were
transiting the Strait of Georgia after passing the Fraser
River mouth acoustic arrays and for the tags to begin
transmitting again before the fish reached receiver arrays
in the Discovery Islands. This tag programming resulted
in an estimated tag life span of 52 d. The VEMCO V7
tags were programmed to transmit every 20-40 s for the
first 14 d of the migration period, followed by an interval
of 40-80 s for the remainder of the projected tag life span
(123 d total), similar to the studies by Clark et al. (2016)
and Rechisky et al. (2019). The V7 tags (rather than V4)
were used in age-2 smolts because of their stronger battery
and their ability to be detected at the final array (array K
[Queen Charlotte Strait], 1,041 km) as well as to allow
direct comparisons with previous telemetry studies. For
both tag types, the initial shorter transmission interval was
used to boost the probability of detection during the initial
migration phase, when smolts migrated rapidly past indi-
vidual receivers in relatively narrow rivers. We could not
extend the period of rapid transmission into the ocean due
to battery life constraints. Reduced turbulence and fish
travel rates in the ocean usually create better conditions
for detection of acoustic signals; however, it is possible
that the rapid tidal currents in the Discovery Islands (in
excess of 27.78 km/h [15 knots]; Foreman et al. 2012)
could reduce detection efficiency in that area.

Acoustic receiver arrays.— Groups of VEMCO VR2W,
VR3, and VR4 (69- and 180-kHz) acoustic receivers

(referred to as arrays) were deployed throughout the
migration route (Figure 1). Freshwater array locations
were the same as those used in previous studies (Clark
et al. 2016). Array A was located by the release pen (i.e.,
0 km from release), and array B (Henry’s Bridge) was
13 km downstream in the Chilko River. Arrays C (79 km;
Siwash Bridge) and D (178 km; Farwell Canyon) were in
the Chilcotin River. Arrays E (599 km; Mission), F
(627 km; Derby), and G (658 km; Fraser River mouth)
were in the lower Fraser River and into the estuary. Mar-
ine arrays H (800 km; northern Strait of Georgia), |
(875 km; Discovery Islands), J (944 km; Johnstone Strait),
and K (1,041 km; Queen Charlotte Strait) were main-
tained by the Ocean Tracking Network (OTN) and Kin-
tama Research, Ltd. and were used to detect smolts as
they moved north in the Salish Sea. Both age-1 and age-2
smolts could be detected on all arrays except array K (the
final array), which was equipped to only detect the 69-
kHz tags in the age-2 fish. Thus, array J was the last array
along the northern migration route that was able to detect
age-1 smolts. Eight receivers on array H were able to
detect both 69- and 180-kHz tags, but the majority could
only detect 69-kHz tags. A southern marine array with
69-kHz receivers exists in Juan de Fuca Strait but did not
detect any age-2 smolts.

Laboratory holding study.— To determine tag retention
and potential tagging effects on survival, dummy tags with
the same dimensions and mass as the transmitting V4 and
V7 tags were implanted into age-1 (n = 38; §2-98 mm
FL) and age-2 (n = 20; 115-129 mm FL) Sockeye Salmon
smolts on April 19-20, 2016. All surgical procedures were
conducted in the same manner as for smolts that were
released. Dummy-tagged and nontagged (control) age-1
(n = 43) and age-2 (n = 20) smolts were held in a ~1,000-
L, flow-through tank onshore next to our release location
for 12 d (April 20-May 2, 2016) to simulate the longest
potential duration spent in freshwater during out-migra-
tion (Clark et al. 2016). The tank was checked at least
twice a day for water quality and smolt mortalities.
The size of dummy-tagged age-1 smolts (mean +
SD =90 + 4 mm FL) did not differ significantly from
that of age-1 controls (89 +4 mm FL; ANOVA:
F=0.05 df =1, P = 0.82). Dummy-tagged age-2 smolts
(124 + 3 mm FL) were significantly larger than age-2
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controls (119 + 3 mm FL; ANOVA: F=284, df=1,
P < 0.001).

Survival analysis.— We used a spatial mark-recapture
approach to estimate survival of acoustic-tagged smolts
where detection at each acoustic receiver array along the
migration path was interpreted as “recapture.” Estimates
of survival (¢), detection probability (p), and their associ-
ated variances were calculated using the Cormack-Jolly—
Seber (CJS) model (and special cases of the CJS model)
for live-recaptured animals (Cormack 1964; Jolly 1965;
Seber 1965). This model jointly estimates survival and
detection probability within a maximum likelihood frame-
work. We used R (R Core Team 2015) with the package
RMark (Laake 2015) to construct CJS models using Pro-
gram MARK (White and Burnham 1999). The CJS model
assumptions apply for all analyses: equal survival proba-
bility, equal probability of detection, and instantaneous
sampling. Note that the proportion of detected smolts esti-
mated using the CJS survival estimates will not match the
number of smolts detected (Supplementary Table S.1
available in the online version of this article) because CJS
estimates are adjusted to include individuals that crossed
arrays undetected.

The analysis followed a series of steps. First, in prepa-
ration for analysis, the detection data were screened for
false detections (for full details on screening methods, see
Clark et al. 2016), forming detection histories for each
tagged individual and assessing goodness of fit (GOF) of
the data to the model. None of the 3,259 detections of
smolts recorded was considered false. Second, we assessed
whether FL and tag burden affected survival for age-1
and age-2 smolts separately. We then estimated survival
for each migration segment and used the resulting seg-
ment-specific survival estimates to calculate cumulative
survival from release and the survival rates per unit time
and distance. Finally, the age-1 and age-2 groups were
combined to evaluate the effect of age on survival.

Capture history sequencing.— A capture history (CH) is
a sequence of ones and zeroes that indicates whether each
individual smolt was detected at each acoustic array dur-
ing their migration (Figure 1; discounts one individual
that was later detected at Discovery Passage because it
may not have fully crossed the Sutil Channel array or it
may have had multiple crossings [i.e., multiple opportuni-
ties to be detected]). The CH sequence differed by age-
group because the detection efficiency of the arrays dif-
fered between tag types (and thus between age-groups;
Table S.2). We excluded arrays that detected fewer than
five fish. The CJS models confound ¢ and p at the final
detection site; because of this, we partitioned the receivers
in the final arrays into two subarrays in order to estimate
survival to these sites. Array J was deployed as two single
lines of receivers spanning Johnstone Strait; for age-1
smolts, we used each of these single lines (east and west)

as separate detection sites in order to obtain survival esti-
mates to arrival at array J east. Array G (Fraser River
mouth) was deployed as two single lines of receivers cross-
ing the channels of the Fraser River delta (Figure 1); for
age-2 smolts and for the combined-age analysis, we used
each of these single lines (upper and lower) as separate
detection sites in order to estimate survival estimates to
the river mouth (~25 km from the ocean). We note that
the close spacing between these subarrays (~25 and
10 km, respectively) means that they may not function
independently, which would result in an overestimate of
detection probability and a corresponding underestimate
of survival.

Cormack—Jolly—Seber model goodness of fit.— We asses-
sed the GOF of the data to a fully parameterized CJS
model (¢ and p estimated at each applicable array) using
the bootstrapped GOF test within Program MARK, with
1,000 simulations. We tested each age-group separately
and then ran a third test for the age-groups combined.
After bootstrapping, there are two approaches to estimat-
ing the overdispersion parameter ¢: one approach is based
on the deviance, and the other approach is based on c.
To be conservative, we used the higher of the two values.
For age-1 smolts, ¢ was 1.51. For age-2 smolts and for
the combined age-groups, ¢ was 0.81 and 0.92, respec-
tively, which we increased to 1.0. We adjusted the
Akaike’s information criterion (AIC) values and inflated
(multiplied) the SEs on the estimates by the c-value to
account for overdispersion in the data.

Survival and detection probability estimates.— We used
four candidate hypotheses to estimate ¢ and p for age-1
and age-2 Chilko River Sockeye Salmon. First, for each
age-group separately, we built a base model where ¢ and
p were estimated independently in each migration seg-
ment and on each array (@[segment], p[array]). Next, we
assessed whether FL, tag burden, or gill clipping affected
survival. We hypothesized that these factors might cause
a consistent shift in survival without changing the relative
mortality between migration segments (i.e., an additive
effect). We also considered that any tag burden effects
might be most strongly manifested shortly after release as
the result of the tagging process, so we included a
hypothesis in which the burden effect was limited to the
first 79-km migration segment between array A (release)
and array C (Siwash Bridge). The tag burden parameter
was intended to represent the potential effects of the
acoustic tags; however, for a given tag size, tag burden
was correlated with FL (Spearman’s rank correlation
coefficient p = —0.97 for age-l1 smolts; Spearman’s
p = —0.93 for age-2 smolts; P < 0.001), so any effect on
survival could be due to either parameter. We used the
AIC corrected for overdispersion and low sample size
(quasi-likelihood AIC,. [QAIC.]) to compare the relative
performance of these four models. Since there was weak
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relative evidence among the alternative candidate models
that FL, tag burden, or gill clipping affected survival
(Table 2), we extracted the final estimates of ¢ and p for
each age-group from their base model. To calculate
cumulative survival estimates from release to each appli-
cable array, we multiplied survival probabilities for the
consecutive migration segments. We derived the variance
for the cumulative survival estimates using the delta
method.

Survival rates and migration timing.— To better com-
pare survival between migration segments, we converted
the survival estimates to survival rates per day and per
kilometer as

Sl/d

where S = estimated survival; and d = mean travel time
(d) or mean distance traveled (km). Segment travel time
(d) was calculated for each fish from release to arrival on
the first array and then from departure from one array
until arrival at the next along the migratory path. Dis-
tances were measured for each fish as the shortest in-water
distance between the central point of each array. For
array I (Discovery Islands), which spans multiple chan-
nels, we measured the distance to the central point of each
channel (i.e., each component subarray).

Because both survival and travel time are random
variables with associated error, we used bootstrapping
to calculate the variance around the estimates of daily
survival rate. We first sampled the fish 1,000 times with

replacement and calculated survival using the CJS model
as described above for each sample. It was not possible
to calculate the travel times for all samples because not
all fish that survived had travel times (individual fish
had to be detected on both ends of the segment in
order to have a travel time calculation for that seg-
ment). Rather than discard samples without fully corre-
sponding travel times, we calculated the travel times for
each segment from separate samples that were drawn
only from fish with travel times in that segment. We
then calculated survival rates by applying all 1,000 tra-
vel time samples to each survival sample to generate the
rate. We used the mean of these estimates as the final
estimate of survival rate per day, and the distribution
was used to calculate SDs and confidence intervals on
the mean.

For consistency, we also used bootstrapping to estimate
survival rate per kilometer; however, error in the distance
estimates was of less concern because there were only a
few alternate routes and because the true distance swum
was unknown. We simply adjusted the survival estimates
for each sample by the average migration distance in each
segment. Although the bootstrapped results accounted for
error in both survival and travel time estimates, this
method also underestimates the error on survival because
it does not include the variance inflation factor (c).
Currently, there is no clear method for handling overdis-
persed data when employing bootstrap techniques.
Because ¢ was only 1.5 for age-1 smolts and 1.0 for age-2
smolts, this effect was likely minimal.

TABLE 2. Cormack-Jolly—Seber model selection results to assess the effects of age, FL, tag burden, and gill clipping on the survival (¢) of Chilko
Lake Sockeye Salmon smolts during freshwater migration in 2016. Detection efficiency (p) was allowed to vary freely by array in all models (p[array]).
The number of parameters (K), quasi-likelihood Akaike’s information criterion adjusted for small sample sizes (QAIC,.), difference in QAIC,

(AQAIC,), and Akaike weight (w;) are presented.

Predictor Model n K QAIC. AQAIC, w;
Age-1 smolts
FL ¢(segment® + FL) 200 14 641.3 0.00 0.35
Tag burden @(segment + burden) 200 14 641.7 0.36 0.29
Null @(segment) 200 13 643 1.68 0.15
Tag burden to array C ¢(segment + burden,,.,, 4-c) 200 14 643.4 2.05 0.13
Gill clipping @(segment + clip) 200 14 644.3 2.95 0.08
Age-2 smolts
Null ¢@(segment) 99 9 398.6 0.00 0.44
FL ¢@(segment + FL) 99 10 399.8 1.23 0.24
Tag burden to array C ¢@(segment + burdeny,qy 4-¢) 99 10 400.5 1.95 0.17
Tag burden ¢@(segment + burden) 99 10 400.7 2.14 0.15
Both age-classes
Age (additive) @(segment + age) 299 12 1,105.3 0.00 0.89
Age (varying) (@(segment X age) 299 14 1,109.4 4.16 0.11
Null ¢(segment) 299 11 1,122.6 17.4 0.00

“Notation indicates that estimates differ for each migration segment.
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Migration rates (km/d) between each pair of arrays
were determined using the segment travel time and the
shortest in-water distance traveled. To investigate the dif-
ferences in migration rate between age-classes and between
migration segments, we used pairs-of-means ¢-tests with
Bonferroni-adjusted P-values, including only ecologically
relevant comparisons (i.e., pairs of means with a segment
or age in common). To assess patterns in diel timing of
migration, we used one-sample proportions tests to com-
pare the proportion of smolts arriving to each array dur-
ing the night with the proportion of nighttime hours in a
24-h period. Nighttime and daytime hours were calculated
using the average sunrise and sunset standard times over
the migration period of the tagged smolts (National
Research Council Canada 2017).

Survival between age-classes.— As a final step, we evalu-
ated the effect of age on survival. For this comparison, we
modeled ¢ both with and without effects for age, and we
used AIC to compare the performance of the resulting
model set. We hypothesized that age might cause a constant
shift in survival across all migration segments (¢[seg-
ment + age]) or that age might have a different effect in dif-
ferent segments (p[segment X age]). In all models, detection
probability was modeled independently for each tag type (p
[array X tag type]). We note that this comparison is con-
founded because the age-2 smolts were both physically lar-
ger and carried a larger tag burden than the age-1 smolts
(Table 1). Thus, any difference in survival between the
groups could also be attributed to these differing character-
istics. Although there was little evidence that FL or tag bur-
den affected the survival of each age-group separately
(Table 2), these results should be interpreted carefully since
they apply to the more limited data range encompassed
within each group.

Marine route selection and survival.— Since some smolts
were detected on more than one of the three channels across
array | (Discovery Islands), route selection was assigned
using the last detection site across array I. Given that the
sample sizes were small when divided by route, we esti-
mated route-specific survival as a proportion: the number of
smolts detected at array J (Johnstone Strait) and thus
known to have survived was divided by the number of
smolts assigned to each migration route. This method
underestimates survival because it does not account for
smolts that survived but were not detected. We assumed
that the detection efficiency for each route was equivalent
because the array configuration was similar across routes
(receiver spacing and depth). Only one smolt was detected
on the easternmost route (Desolation Sound); therefore, this
route was excluded from further route analysis. We con-
verted the route-specific survival estimates to survival rates
per day and per kilometer by using the method described
above for the main migration path but without the use of
bootstrapping. Average smolt size, tag burden, and travel

times and rates were determined and compared between
routes.

RESULTS

Survival Estimates

Cumulative survival of age-1 smolts from array A
(release) to the last array able to detect V4 tags (array
J [Johnstone Strait], 951 km) was 16% (Figure 2;
Table S.3). Age-1 fish could not be detected on array K
(Queen Charlotte Strait). Cumulative survival for age-2
smolts from release to the marine arrays (arrays H [north-
ern Strait of Georgia] through K) could not be formally
estimated within a CJS framework because there were too
few detections (only two individuals were detected on
these arrays). However, the minimum cumulative survival
of age-2 smolts from array A to array H was 2%, and it
remained at 2% to the final array (array K, 1,041 km).
Freshwater survival (array A to array G [Fraser River
mouth], 658 km) was 56% for age-1 smolts, twice that of
age-2 smolts (28%). Model weights provided further evi-
dence that age-1 smolts experienced higher survival than
age-2 smolts throughout their freshwater migration (com-
bined Akaike weight w; of models including age = 1.0;
Table 2). There was no evidence of an effect of gill clip-
ping on survival (Table 2).

Segment-specific survival in freshwater was the lowest
for age-1 and age-2 smolts (76% and 53% respectively;
Figure 3; Table S.4) through the first phase of freshwater
migration in the Chilko River (array A [release] to array
B [Henry’s Bridge], 13 km). Age-1 survival per day (76%)
was lowest from array C (Siwash Bridge) to array D (Far-
well Canyon, 99 km). Age-1 survival was highest (100%)

|Chilko & Chilcotin|
1.00 ® Age 1# Age 2

Fraser- | SOG------—|-DIIJS-|

0.00

0 250 500 750
Distance (km) from release

FIGURE 2. Cumulative survival estimates (+95% confidence interval)
for acoustic-tagged, wild age-1 (implanted with VEMCO V4 tags) and
age-2 (implanted with VEMCO V7 tags) Chilko Lake Sockeye Salmon
smolts from release near the outlet of Chilko Lake to the Johnstone
Strait array (array J). Cumulative marine survival estimates for age-2
smolts could not be formally determined beyond the Fraser River mouth
array due to only two fish being detected in the ocean (SOG = Strait of
Georgia; DI/JS = Discovery Islands/Johnstone Strait).
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FIGURE 3. Model-averaged, segment-specific survival estimates (+95% confidence interval) for acoustic-tagged Sockeye Salmon smolts: (A) survival
per migration segment, (B) survival per day, and (C) survival per 100 km for freshwater and marine regions. Migration segments are labeled
according to arrays (A = release site; B = Henry’s Bridge; C = Siwash Bridge; G = Fraser River mouth; array I = Discovery Islands; array
J = Johnstone Strait). Marine segment survival estimates for age-2 smolts could not be formally determined because only two fish were detected in the

ocean.

through the Fraser River (array D to array G [Fraser
River mouth], 480 km), and remained the highest (100%)
when accounting for time (survival per day; 100%) or dis-
tance (survival per 100 km; 100%). Survival of age-2
smolts could not be determined for this same segment
because there were too few detections at array D; how-
ever, age-2 smolt survival was the highest (83%) over a
similar segment through the Chilcotin and Fraser rivers
(array C to array E [Mission], 520 km), even when
accounting for time (survival per day; 93%) or distance
(survival per 100 km; 96%).

Marine survival of age-1 smolts migrating through the
Strait of Georgia (array G [Fraser River mouth] to array I
[Discovery Islands], 217 km) was 36% (Table S.4). Marine
survival rate per day was high in this segment (96%), but
the survival rate per 100 km was only 63%. Marine seg-
ment-specific survival was highest (79%) through the Dis-
covery Islands (array I to array J [Johnstone Strait], 69 km;
Table S.4). This segment also had a high survival rate per

day (95%) and the highest marine survival rate per 100 km
(73%). Overall marine survival from the mouth of the Fra-
ser River to Johnstone Strait (array G to array J, 286 km)
was 28%. Marine survival is only reported for age-1 smolts
because there were too few detections of age-2 smolts on the
marine arrays for formal analysis.

Among age-1 smolts, we found weak evidence that FL
and/or tag burden affected age-1 smolt survival given that
the null model had approximately half as much relative
weight (w; = 0.15) as models with effects for FL
(w; = 0.35) or tag burden (w; = 0.29; Table 2). It is unli-
kely that this possible effect of tag burden was limited to
the first migration segment (array A [release] to array C
[Siwash Bridge]; w; = 0.13). Larger fish were estimated to
have higher survival (beta = 0.07 [confidence lim-
its = 0.008, 0.132], which corresponds to a 50% increase in
the odds of survival for each 5-mm increase in FL), while
greater tag burdens reduced survival (beta = —0.270 [confi-
dence limits = —0.517, —0.024], which corresponds to a
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24% decrease in the odds of survival for each 1% increase
in tag burden). Within the age-2 group, the null model was
the best candidate model, suggesting that FL and tag bur-
den did not significantly affect survival despite the higher
tag burdens.

Migration Rates and Timing

In freshwater, smolts from both age-classes spent, on
average, about 5 d migrating between the release
site (array A) and the Fraser River mouth (array G;
Figure 4; Table S.5). The migration rates of age-1
(mean = 25.2 km/d) and age-2 (mean = 18.8 km/d) smolts
were significantly slower in the first 13 km (array A to
array B [Henry’s Bridge]) than in other freshwater seg-
ments (pairs-of-means ¢-test: df = 390, all P < 0.001).
Migration rates then significantly increased to 108.6 and
105.4 km/d for age-1 and age-2 smolts, respectively, in the
remainder of the Chilko River (array B to array C [Siwash
Bridge]) and to 160-200 km/d (mean = 187 km/d)
through the Chilcotin and Fraser rivers (array C to array
G) for both age-classes (pairs-of-means t-test: df = 390,
P < 0.001). Travel rates of age-1 smolts did not differ sig-
nificantly from those of age-2 smolts through any freshwa-
ter segment (pairs-of-means z-test: df = 390, all P > 0.05).
Age-1 smolts migrated significantly faster through fresh-
water segments (array B to array C; and array C to array
G) than through marine segments (array G to array I
[Discovery Islands], and array I to array J [Johnstone
Strait]; pairs-of-means z-test: df = 390, P < 0.001).

Age-1 smolts began migration from the release site (ar-
ray A) during the night and arrived at array B (Henry’s
Bridge) and array C (Siwash Bridge) primarily during
nighttime hours (one-sample proportions test: df = 1, all
P < 0.001; Figure 5). Age-2 smolts arrived at array B pri-
marily during nighttime hours (one-sample proportions
test: ;(2 =204, df =1, P < 0.001); however, this did not
hold true for their arrival times to array C (one-sample
proportions test: »* = 0.01, df =1, P = 0.90). Arrival
times of both age-groups through the estuary and near-
shore environment suggested that smolts were migrating
irrespective of diel period (one-sample proportions test:
df =1, all P > 0.05).

In the marine environment, the detected age-1 smolts
took, on average, 28.7 d to travel between the Fraser
River mouth (array G) and Johnstone Strait (array J),
which was the last array where 180-kHz tags could be
detected. The detected smolts spent an average of 24.2 d
migrating through the Strait of Georgia, traveling at
9.4 km/d on average (array G to array I [Discovery
Islands], 217 km). They spent an additional 7.6 d on aver-
age in the Discovery Islands to Johnstone Strait region
(array 1 to array J, 69 km) and traveled faster
(mean = 14.5 km/d) through this segment (Table S.5).
Overall, age-1 smolts took, on average, 35 d from release

to reach the last array at which they could be detected (ar-
ray J). Travel times in the marine environment could not
be determined for age-2 fish because only two fish were
detected at any of the subsequent arrays. Travel times for
individual segments do not add up to times estimated over
larger migratory areas because different smolts were
included in each calculation. Travel times could only be
calculated for fish that were detected at both the start and
end of a segment (see Methods).

Marine Route Selection

Nearly equal numbers of age-1 smolts took the western
(Discovery Passage; n = 10) and central (Sutil Channel;
n =9) channels at array I (Discovery Islands). Only one
smolt took the eastern channel (Desolation Sound). We
were unable to determine route selection for seven of the
smolts that reached array J (Johnstone Strait) because they
were not first detected on array 1. Although not formally
assessed, survival through Discovery Passage (40%) was
greater than that through Sutil Channel (22%), but when
accounting for distance (27% per 100 km in Discovery Pas-
sage versus 24% in Sutil Channel) or time (83% per day in
Discovery Passage versus 86% in Sutil Channel), survival
was similar. Mean FL and tag burden also did not appear
to differ between smolts that took Discovery Passage
(97 mm FL and 6.5%, respectively) and those that took
Sutil Channel (96 mm FL and 6.4%, respectively). Travel
times and rates were faster through Discovery Passage
(means = 4.6 d and 17.4 km/d, respectively) than through
Sutil Channel (means = 10 d and 11.5 km/d, respectively).

Detection Efficiency

Freshwater detection efficiencies for the arrays used in
the analysis ranged from 10% to 98% for V4 tags in age-1
smolts and from 27% to 97% for V7 tags in age-2 smolts
(Table S.3). In the ocean, the detection efficiency for V4
tags in age-1 smolts was 50% at array I (Discovery
Islands) and 22% at array J (Johnstone Strait; Table S.3).
We did not estimate detection efficiency for age-2 smolts
at these arrays because only two individuals were detected
in the ocean.

Detection efficiency is affected by a range of variables
(e.g., fish travel rates, water salinity, environmental noise,
receiver location, and tag programming). The arrays with
the best performance in the Chilko River are in areas with
reduced fish travel rates and reduced environmental noise.
In contrast, array D (Farwell Canyon) at the junction of
the Chilcotin and Fraser rivers is in a loud canyon with
likely poor tag transmission (this array has had poor
detection efficiencies in prior studies; Clark et al. 2016;
Rechisky et al. 2019). In the ocean, detection may have
been better for array I (Discovery Islands) because it was
formed with two lines of receivers, while array J (John-
stone Strait) had only one line included in the estimate
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FIGURE 4. (A) Migration times (d) and (B) migration rates (km/d) of acoustic-tagged age-1 and age-2 Sockeye Salmon smolts per migration
segment for freshwater and marine regions. Migration segments are labeled according to arrays (A = release site; B = Henry’s Bridge; C = Siwash
Bridge; G = Fraser River mouth; I = Discovery Islands; J = Johnstone Strait). Sample sizes are shown underneath each box. The thick solid line
within the box represents the median, and the box incorporates the data between the 25th and 75th percentiles. Boxplot whiskers extend to the entire
range of the data exclusive of outliers. Outliers are shown as black dots. Marine migration times and rates for age-2 smolts could not be formally

determined because only two fish were detected in the ocean.
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FIGURE 5. Bean plots representing the diel arrival times of age-1 and
age-2 Sockeye Salmon smolts to each array, with the exception of the
release site where departure times (last detections) were used (arrays:
A = release site; B = Henry’s Bridge; C = Siwash Bridge; G = Fraser
River mouth; I = Discovery Islands; J = Johnstone Strait). Gray-shaded
area represents nighttime hours calculated using the average sunrise and
sunset standard times over the migration period of the tagged smolts. Solid
lines represent individual smolt arrival times to each array. Dotted lines
represent the median arrival times for each array. Note that the y-axis
begins and ends immediately prior to sunset.

(we split array J into two separate subarrays in order to
estimate survival to this site; see Methods).

Holding Study

Survival was significantly lower for age-2 dummy-
tagged smolts (85%) than for controls (100%) after 12 d
(chi-square test: y* = 2.9, df = 1, P = 0.04; Table 3). Sur-
vival was also lower for age-1 dummy-tagged fish after
12 d (85%) relative to the control group (95%), but the
difference was not significant (> = 4.4, df = 1, P = 0.09).
The average tag burden of age-2 mortalities was slightly
higher (mean = 12.8%, SD = 0.7) than that of surviving
age-2 smolts (mean = 11.7%, SD = 0.9); however, tag
burden did not have a significant impact on survival of
dummy-tagged age-2 smolts (ANOVA: F =38, df =1,
P = 0.07). These holding study results suggest that tagging
had nominal effects on tagged age-1 migrants and a small
effect on survival of tagged age-2 migrants relative to
losses due to other factors in the wild.

DISCUSSION
Differences in survival between Sockeye Salmon age-
classes began immediately after release in freshwater and
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TABLE 3. Summary of dummy-tagged Chilko Lake Sockeye Salmon smolts that were held in a tank and monitored for 12 d. Survival to day 5 is
reported because this was the average time it took smolts to reach the ocean from the release site.

Mean tag Number
Mean FL burden in air surviving to day 5 Number surviving
Tag type (age-class) n (mm) + SD (%) £ SD (% survival) to day 12 (% survival)
V4 (age 1) 38 90 + 3.8 82+ 1.1 34 (89) 32 (85)
Control (age 1) 43 89 + 3.6 0 42 (98) 41 (95)
V7 (age 2) 20 124 + 2.8 11.9 = 0.9 17 (85) 17 (85)
Control (age 2) 20 119 + 3.1 0 20 (100) 20 (100)

persisted throughout the migration into the marine envi- tagging had minimal or no impact on age-2 smolt survival
ronment. Freshwater migration (array A [release] through (Jeffries et al. 2014; Clark et al. 2016; Furey et al. 2016)
array G [Fraser River mouth]; 658 km) occurred over a 5- or swimming performance (Clark et al. 2016). However,
d period for both age-classes; however, age-1 smolts sur- Rechisky et al. (2019) demonstrated that in 2012, migrat-
prisingly had twofold higher freshwater survival (56%) ing age-2 smolts with higher tag burdens had lower
than age-2 smolts (28%). Although we cannot formally survival, particularly in the upper Chilko River. Further-
compare survival of the two age-classes in the marine more, Brown et al. (2006) found that tag burdens exceed-
environment because few age-2 smolts reached the marine ing 10.3% reduced critical swimming speeds of wild
arrays in 2016, 16% of age-1 smolts survived to array J Sockeye Salmon smolts. Collins et al. (2013) demonstrated
(Johnstone Strait, 951 km), while only two age-2 smolts that tag burdens exceeding 8% reduced swimming dura-
(2% of those released) reached array J and array K tions for hatchery Sockeye Salmon smolts. Lastly, Furey
(Queen Charlotte Strait, 1,041 km). However, we were et al. (2016) found that acoustic-tagged age-2 Chilko Lake
unable to tag the smaller age-1 smolts within the size Sockeye Salmon smolts had slower migration rates than
range of the population due to tag burden limitations. PIT-tagged age-2 smolts in the upper Chilko River. It is
Given weak evidence that FL was positively associated also possible that a tag burden effect could be further
with survival of age-1 smolts, not tagging smaller individ- compounded in salt water (Clark et al. 2016). In our
uals may have resulted in an overestimate of age-1 sur- study, the size of available age-2 smolts resulted in some
vival. However, we also found weak evidence that tag tag burdens exceeding the suggested ~8-10% maximum
burden negatively impacted age-1 survival, which could needed to avoid adverse effects on swimming perfor-
have resulted in an underestimate of survival. mance, which could impact survival. Consequently, our
The higher freshwater survival of age-1 smolts com- survival estimates for age-2 smolts may underestimate the
pared to age-2 smolts was unexpected, given that fish body migration survival of the age-2 smolt population. More
size is often positively correlated with survival (McGurk research is needed over a wider size range of smolts to
1996, 1999), and tagged age-1 smolts were generally determine whether and the degree to which tag burden
35 mm shorter and 9.4 g smaller than tagged age-2 smolts. influences telemetry-based smolt survival estimates.
Larger body size can reduce predation risk for smolts dur- Age-specific differences in survival may also be due to
ing migration (Koenings et al. 1993; Furey et al. 2015a; size-selective predation. Prey that appear obviously differ-
Tucker et al. 2016). However, many telemetry studies have ent in a group may be more conspicuous to predators and
found no significant effect of smolt size on migration sur- therefore at greater risk of predation (Piclowski 1959;
vival (Furey et al. 2016; Rechisky et al. 2019). Those stud- Mueller 1973, 1975; Ohguchi 1978; Visser 1982; Theodor-
ies focused on narrow size ranges of a single age-class, thus akis 1989; Rutz 2012). For example, if fish are a distinctly
limiting their ability to observe size-specific differences. different size than most of the school, they may be selec-
Variation in tag burden between age-classes may have tively targeted (Theodorakis 1989). Given that tagged
contributed to the observed age-specific differences in age-2 smolts were 40% longer and 160% heavier than the
Sockeye Salmon survival. Age-1 smolts, which had higher age-1 smolts, on average, and given that age-2 smolts only
survival, also had a lower average tag burden (7.3%) than make up about 4% of the out-migrating population,
age-2 smolts (10.7%). Our field telemetry results indicated predators may select them over age-1 smolts, particularly
that tag burden may have had a small impact on age-1 in the slower and clear Chilko and Chilcotin rivers, where
survival and had no impact on age-2 survival. Our labora- high age-2 mortality occurs (Clark et al. 2016; Furey et al.
tory study results indicated that tag burden had no impact 2016). The wide range of piscivorous fish and avian preda-
on either age-group, but tagging may have affected age-2 tors that feed on smolts near the outlet of Chilko Lake
survival. Previous studies on this population found that (Clark et al. 2016) are visual foragers, such that larger
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smolts could stand out. A suite of predators consume
smolts in the early marine environment as well, including
Western River Lampreys Lampetra ayresii (Beamish and
Neville 1995), harbor seals Phoca vitulina (Thomas et al.
2016), other marine mammals (Keple 2002; Chasco et al.
2017), and birds (Butler et al. 2015). Birds in particular
often preferentially select for larger smolts (Britton and
Moser 1982; Trexler et al. 1994; Hostetter et al. 2012;
Osterback et al. 2014). Although many studies suggest
that smolt size is positively associated with survival and
population productivity, particularly during early ocean
residence (Beckman et al. 1999; Beamish et al. 2004; Far-
ley et al. 2007), it is possible that size-based selection may
be both landscape specific and predator specific.

Our results agree with previous work in demonstrating
that survival is landscape dependent for Chilko Lake
Sockeye Salmon smolts. Much of the overall mortality for
both age-classes occurred during early migration in 2016
(with only 13% and 1% survival per 100 km in the first
segment for age-1 and age-2 smolts, respectively). Age-1
survival through this first segment (13 km; 76%) was simi-
lar to that of age-2 smolts through the same segment in
previous years (68-90%; Clark et al. 2016; Furey et al.
2016; Rechisky et al. 2019). However, age-2 smolts in
2016 had lower survival through this segment (53%) than
previously observed. It is not known why the survival of
age-2 fish was lower in 2016 than in other years, and
future work should attempt to understand interannual
variability in migration experience and success in the con-
text of environmental and biological factors. Our results
for age-1 smolts illustrate that, similar to age-2 smolts in
earlier studies, the essentially pristine upper freshwater
landscape of the Chilko and Chilcotin rivers is a naturally
high-risk area for all migrating smolts. The increase in
survival rates to nearly 100% once smolts entered the Fra-
ser River is also consistent with previous years (Clark
et al. 2016) and is attributable to reduced predation risk
because of the turbid water and high discharge resulting
in rapid migration rates (up to ~240 km/d; Clark et al.
2016).

In the marine environment, survival of age-1 smolts in
the Strait of Georgia was lower than that reported for
age-2 smolts in previous years (Rechisky et al. 2019). Age-
1 survival may have been poorer in the Strait of Georgia
relative to the Fraser River because the transition to salt-
water is a physiologically stressful process and considered
to be a highly vulnerable period for smolts (Hinch et al.
2006). Survival increased as smolts moved into the Dis-
covery Islands region toward Johnstone Strait. However,
age-1 smolts only took approximately 1 week to migrate
through the Discovery Islands to the Johnstone Strait
array compared to nearly 1 month to travel the much
longer distance through the Strait of Georgia, and the
daily survival rate was virtually the same (96% and 95%)

for these segments. Consequently, differences in marine
survival appear to be the result of the time smolts spent
traveling through each segment.

Freshwater movement patterns of both age-1 and age-2
smolts were similar to those reported for age-2 smolts in
previous years (Clark et al. 2016). Migration rates of age-
1 smolts were the slowest though the upper Chilko River
in 2016 (2.6 body lengths [BL]/s) but comparable to age-2
smolt rates through this region in most previous years
(2.2-3.9 BL/s; 2011-2014), except for age-2 smolts in 2010
(1.3 BL/s). However, migration rates of age-2 smolts
through this region in 2016 (1.7 BL/s) were slower than
the rates observed in most previous years. Migration rates
were likely slowest through the upper Chilko River com-
pared to the subsequent freshwater segments across years
because of the much slower water velocity in this segment
compared to the Chilcotin and Fraser rivers. Additionally,
both age-groups migrated primarily at night in the first
segment. Preference for nocturnal movements has been
demonstrated for Chilko Lake smolts in previous years
(Clark et al. 2016; Furey et al. 2016) and for smolts in
other systems (Chapman et al. 2013; Chase et al. 2013;
Michel et al. 2013). Those studies suggested that this
behavior is a mechanism to reduce predation risk. Aver-
age freshwater migration rates from array B (Henry’s
Bridge) onward were more rapid (9.6-23.6 BL/s) for both
age-groups in 2016 and were faster than those of age-2
smolts in previous years (3.2-14 BL/s), potentially due to
higher water levels and faster flows in 2016. Although
maximum absolute swim speed generally increases with
fish size (Weihs and Webb 1983), we presume that migra-
tion rates do not appreciably differ between age-classes in
these landscapes due to potential passive migration within
the rapidly flowing Chilcotin and Fraser rivers (Fried
et al. 1978; Melnychuk et al. 2010; Clark et al. 2016).

In the marine environment, age-1 migration rates slo-
wed (0.3-3.8 BL/s among segments) and were similar to
both prior telemetry estimates (Welch et al. 2009; Clark
et al. 2016) as well as migration estimates obtained via
otolith microstructure techniques (Freshwater et al. 2016).
Although our marine migration rate estimates were deter-
mined based on only 14 smolts, they were comparable to
the optimal swimming speeds (0.8-2.0 BL/s) for Sockeye
Salmon smolts (Hinch et al. 2006). Slowed migration rates
are likely due to a shift from passive travel in fast rivers
to active swimming in marine waters, where smolts may
also stop to feed and routes may not be strictly linear
(Furey et al. 2015b). Based on when we tagged smolts, we
expect the battery life of the V4 tags to have lasted until
approximately June 8-14, which is near the beginning of
the peak abundance observed for age-1 Sockeye Salmon
smolts moving through the Discovery Islands area (Neville
et al. 2013, 2016). Consequently, we may not have com-
pletely captured all of the migration behaviors of the
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broader age-1 Sockeye Salmon smolt population as they
moved through this region. Additionally, although we pro-
grammed the V4 tags based on previous migration rates
of age-2 smolts (Clark et al. 2016), the marine residency
period of some age-1 smolts could have extended beyond
the battery life of the V4 tags (Preikshot et al. 2012;
Neville et al. 2016). It is possible that some of the V4 tags
died prior to smolts reaching the final marine arrays,
which would have resulted in overestimation of marine
migration rates and underestimation of survival.

The time smolts spend in different regions of the near-
shore environment is important given that it directly influ-
ences their exposure to predators (Christensen and Trites
2011), pathogens (Miller et al. 2014), food resources
(Mackas et al. 2004; McKinnell et al. 2014), and other
marine conditions. Although age-1 daily survival was
higher in the ocean (95% per day) than in early freshwater
(78% per day), smolts spend much more time (~29 d) in
the early marine environment, and thus substantial mor-
tality still occurs in this region. Age-1 smolts spent more
time (~24 d) and traveled more slowly (~1 BL/s; ~9 km/d)
in the Strait of Georgia than in the much shorter region
between the Discovery Islands and Johnstone Strait (~8 d;
1.7 BL/s; ~15 km/d). Age-2 smolts in previous years trav-
eled at approximately 1 BL/s (10-20 km/d) through the
Strait of Georgia and increased their rate to 1.7 BL/s
(7.7-46 km/d) as they moved through the Discovery
Islands and Johnstone Strait to Queen Charlotte Strait
(Clark et al. 2016; Rechisky et al. 2019). Using a combi-
nation of trawl and purse seine surveys, Neville et al.
(2013, 2016) also found that most age-1 smolts passed
through the Discovery Islands over a relatively short time
period (3 weeks) compared to the Strait of Georgia. The
strong tidal surface currents from the Discovery Islands to
Johnstone Strait (surpassing ~4 m/s in some areas; Fore-
man et al. 2012) could enable rapid migration if smolts
modify their behavior to only actively migrate when the
tide runs with them and to shelter when the tide runs
against them (Metcalfe et al. 1990; Metcalfe and Arnold
1997). Smolts may travel more slowly through the Strait
of Georgia to take advantage of potentially higher prey
densities compared to the Discovery Islands and John-
stone Strait (Neville et al. 2016). However, Price et al.
(2013) found few empty stomachs in Sockeye Salmon
smolts from the northern Strait of Georgia to southern
Johnstone Strait during 2009 and 2010, suggesting that
prey availability and distribution may vary among years.
Additionally, if rapid growth occurs while smolts are feed-
ing in the Strait of Georgia, it could contribute to the
higher swimming rates once the smolts reach the Discov-
ery Islands. As our tagging did not encompass the entire
out-migration period due to logistics, it is possible that
smolts initiating migration outside of our sampling win-
dow did not experience the same marine conditions as our

tagged fish, which could influence experience and survival
(Scheuerell et al. 2009).

Though we could not formally test whether survival dif-
fered by route, survival to Johnstone Strait was nearly dou-
ble through Discovery Passage (4 of 10; 40%) in
comparison with Sutil Channel (2 of 9; 22%). However,
when distance or time was accounted for, survival was simi-
lar between the two channels. In addition, about 25% of the
tagged fish that passed through this region were not
detected, and therefore we could not determine their routes.
We also assumed that the detection efficiencies of the three
channels through the Discovery Islands were equal. This
assumption is likely reasonable because of the similar
deployment configuration across channels, but local envi-
ronmental conditions can strongly affect receiver perfor-
mance. Previous work found that migrating steelhead
(anadromous Rainbow Trout O. mykiss) smolts using Dis-
covery Passage experienced survival to Johnstone Strait
over twice as high as that of smolts using Sutil Channel
(Healy et al. 2017), further highlighting the complexity of
smolt migration survival and behavior through this region.
The ecological factors driving potential differences in Sock-
eye Salmon smolt route selection and route-specific survival
remain poorly understood, and future research should focus
on tracking increased sample sizes of smolts through this
important seascape.

Conclusions

Age-1 smolts form approximately 96% of the Chilko
Lake smolt run (Irvine and Akenhead 2013), which is one
of the most important populations of Fraser River Sockeye
Salmon. Our successful use of miniaturized transmitters in
age-1 smolts highlights the ability to tag and track smaller
individuals and provides more representative information
on this important age-class. We confirmed that the upper
tributaries of the Chilko and Chilcotin rivers are regions of
low survival for age-1 smolts, as was previously identified
for age-2 smolts (Clark et al. 2016; Rechisky et al. 2019).
We also demonstrated that age-1 survival was low in the
Strait of Georgia compared to the survival of age-2 smolts
in previous years. Because smolt size is assumed to influence
Sockeye Salmon adult returns and population productivity,
future work should seek to understand whether there are
true ecological mechanisms causing differences in survival
between age-classes. We suggest that smolt selection of
specific migratory corridors through the Discovery Islands
region may be important, and future studies should focus
on Sockeye Salmon smolt movements and environmental
conditions through this region.
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