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Abstract
Objective: Hatcheries are used to help supplement populations of Pacific salmon 
Oncorhynchus spp. for conservation and fisheries purposes and to provide steward-
ship opportunities. In British Columbia, small community-run hatcheries typically 
focus on the latter and generally do not know the efficacy of their release approaches, 
unlike larger production hatcheries.
Methods: We used acoustic telemetry to track the survival and behavior of 90 
hatchery-reared Coho Salmon O. kisutch smolts, released from a community hatch-
ery, through Burrard Inlet and into the Strait of Georgia. This is the first study to 
track Coho Salmon smolts released directly into a marine environment and one of 
very few studies to track them in an oceanic setting.
Result: Smolt survival was lowest through the first 3 km of the migration at 37%, 
and the estimated cumulative survival to the final array (~20 km from release) was 
10–23%. The presence of numerous predators in the region suggests that predation 
is a possible explanation for poor survival over the relatively short migration dis-
tance. Travel rates ranged from ~4 to 18 km/day, depending on the migration seg-
ment, which is slower than the marine migration of smolts from other species, likely 
increasing exposure to predators. However, we found potential evidence of “predator 
swamping,” as survival estimates across migration segments were highest for the 
final of our three release groups and poorest for the first release group, with inter-
group survival estimates increasing by 7–12% in the final three migration segments. 
Releasing smolts at high densities and at night, as our partner hatchery currently 
does, likely improves smolt survival.
Conclusion: Our work demonstrates how acoustic telemetry can be used to exam-
ine hatchery practices and propose potential improvements. Saltwater readiness and 
the release location are factors that our results suggest may warrant future attention 
to potentially improve marine survival of Coho Salmon smolts.
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INTRODUCTION

Anadromous Pacific salmon Oncorhynchus spp. are of 
significant ecological, economic, and cultural importance 
throughout the Pacific Northwest; unfortunately, declines 
in survival and abundance have occurred for many species 
and populations in this region (Gresh et al. 2000; Gustafson 
et al. 2007). In British Columbia, Canada, the federal gov-
ernment operates 16 large production hatcheries and col-
laborates with community groups and First Nations to 
manage an additional 12 hatcheries that operate to rebuild 
threatened stocks and support commercial and sport fish-
eries. These facilities regularly assess the effectiveness of 
their operations through large-scale programs that monitor 
return survival using coded-wire tags, adipose fin clips, ge-
netic tagging, and thermal marking (Fisheries and Oceans 
Canada [DFO]  2021). For instance, coded-wire-tagging 
data for Chinook Salmon O. tshawytscha and Coho Salmon 
O. kisutch that were released over a 45-year period from 25 
federally run or federally supported hatcheries through-
out the province were recently used to evaluate the effects 
of altering hatchery release practices on juvenile-to-adult 
survival and to provide recommendations for optimizing 
hatchery operations (James et al. 2023). There are also ~70 
relatively small “public involvement hatchery programs” 
(also termed “community hatcheries”) that primarily oper-
ate to provide education and facilitate public engagement 
but also work to support local salmon populations (A. 
Silverstein, Salmonid Enhancement Program, Fisheries 
and Oceans Canada, personal communication). Although 
these smaller facilities are generally not used to supple-
ment at risk stocks or fisheries, they do rely on juvenile-to-
adult survival being high enough to allow for broodstock 
collection, which enables stewardship opportunities such 
as student education and training events and public en-
gagement events focused on the conservation of salmon 
and their habitats (DFO 2021). Run largely by volunteers 
and on very low budgets, these small hatcheries normally 
cannot undertake monitoring programs, nor are they re-
quired to assess the efficacy of their operations (Silverstein, 
personal communication). Nevertheless, science-based ap-
proaches and studies for program improvement can bene-
fit the stewardship objectives of these facilities.

In Pacific salmon, the early marine life phase is be-
lieved to be a significant bottleneck for population pro-
ductivity, with survival during the smolt life stage—when 
fish migrate from freshwater natal areas to the marine 
environment and the stage at which hatcheries release 
their fish—being a particularly important contributor to 
population trends (Irvine and Akenhead 2013). Smolts—
whether of wild or hatchery origin—are exposed to sev-
eral challenges that are associated with moving from 
freshwater into marine areas that can affect their survival, 

including physiological and morphological changes, in-
fectious agents, predators, and rapidly changing environ-
mental conditions (Zimmerman and Ward 1999; Beamish 
et  al.  2004; Jeffries et  al.  2014; Bateman et  al.  2022). 
Furthermore, because community hatcheries are often 
situated in systems that have experienced physical and 
chemical changes associated with local urbanization, 
smolts released from these hatcheries may experience 
impairment to normal adaptive behaviors (e.g., preda-
tor avoidance), which can have implications for survival 
(Maas-Hebner et al. 2014). Thus, investigating the migra-
tory survival and behavior of smolts can potentially im-
prove our understanding of the declines in Pacific salmon 
populations and can provide hatcheries with information 
about the effectiveness of their release strategies.

Acoustic telemetry is a primary method that is used 
to track the movements and behavior of aquatic ani-
mals worldwide (Matley et al. 2022). The smolt life stage 
has been less intensively studied with telemetry than 
other migratory life stages in Pacific salmon (Drenner 
et al. 2012). However, several studies have used acoustic 
telemetry to examine the behavior and survival of Pacific 
salmon smolts as they migrate from their natal freshwa-
ter habitats into and through marine environments (e.g., 
Chittenden et al. 2008, 2009a; Melnychuk et al. 2010; Welch 
et al. 2011; Clements et al. 2012; Clark et al. 2016; Healy 
et  al.  2017). Collectively, these studies have consistently 
documented low smolt survival during parts of the down-
river migration and early ocean phase. Another common-
ality of these past studies is that smolts were tagged and 
released into freshwater or estuarine environments where 
a considerable amount of smolt mortality occurred. Few 
studies have released tagged smolts directly into ocean en-
vironments where survival might be expected to be some-
what higher (see Healy et  al.  2017). Given the potential 
for very low survival of out-migrating smolts, focused and 
short-term acoustic telemetry research can assist hatchery 

Impact statement

Hatcheries operate to supplement threatened 
populations of Pacific salmon, support commer-
cial and recreational salmon fisheries, and pro-
vide education and public engagement events 
related to the conservation of salmon and their 
habitats. However, many hatcheries—particularly, 
volunteer-run hatcheries—do not know the fate 
of their fish after release. We demonstrated that 
acoustic telemetry can be used to examine hatch-
ery practices and propose changes that could im-
prove early postrelease survival.
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operators in understanding temporal and spatial patterns 
of released smolt survival, which would be especially im-
portant metrics for small volunteer-run programs that lack 
capacity for long-term marking and monitoring programs.

In this study, we used acoustic telemetry to track 
Coho Salmon smolts that were released from the Mossom 
Creek Hatchery and Education Centre (Port Moody, 
British Columbia) into Port Moody Arm, Burrard Inlet. 
We tracked the smolts for up to 8 weeks in the spring and 
summer of 2022. Although the migration of Coho Salmon 
smolts through Burrard Inlet has never been studied, ear-
lier acoustic telemetry work on hatchery-reared steelhead 
O. mykiss smolts from the nearby Seymour River (North 
Vancouver, British Columbia) suggested that survival 
during the early marine migration is extremely low in this 
area (Balfry et al. 2011; Healy et al. 2017). Furthermore, 
although the marine smolt migrations for some species of 
Pacific salmon have been studied intensively with acoustic 
telemetry (e.g., steelhead, Chinook Salmon, and Sockeye 
Salmon O. nerka), this study is one of very few (e.g., 
Chittenden et al. 2008; Melnychuk et al. 2010; Clements 
et al. 2012) to investigate the migratory behavior and fate 
of Coho Salmon smolts during their early marine life stage 
and the only one to examine Coho Salmon smolts that 
have been released directly into a marine environment. 
Our objectives are (1) identify the potential migratory 
routes used by this population of Coho Salmon smolts, (2) 
estimate smolt survival between the marine release site 
and entry to the Strait of Georgia, (3) assess smolt travel 
rates and behavior during the migration, and (4) use our 
results to recommend possible alterations to hatchery re-
lease practices to improve marine smolt survival. We also 
conducted a laboratory-based holding study to determine 
tag retention and potential tagging effects on survival of 
acoustic-tagged Coho Salmon smolts.

METHODS

Study system

Mossom Creek is located in Port Moody, British Columbia 
(Figure 1). It flows north to south where its mouth meets 
the Port Moody Arm of Burrard Inlet. The Mossom Creek 
Hatchery and Education Centre is a small community 
and volunteer facility that began operating in 1976. Each 
year, the hatchery releases between 5000 and 10,000 
Coho Salmon smolts into Burrard Inlet. The area sur-
rounding the inlet is heavily urbanized with the cities of 
West Vancouver and North Vancouver along its northern 
shoreline, Vancouver and Burnaby along its southern 
shoreline, and Port Moody surrounding its eastern-most 
harbor. The inlet is also the main area in which the Port 
of Vancouver operates; thus, it experiences heavy traffic 

from deep-sea cargo ships and much of its shoreline is oc-
cupied by industrial operations, including railways, cargo 
ship terminals, and grain elevators.

Acoustic tagging and fish release

Between May 6 and May 7, 2022, 90 Coho Salmon smolts 
were surgically implanted with acoustic transmitters. The 
fish were anesthetized in a solution of 100 mg of tricaine 
methanesulfonate (MS-222)/L of water buffered with 
200 mg of NaHCO3/L of water, measured for mass (0.01 g) 
and fork length (FL; 1 mm), and placed ventral side up on a 
V-shaped surgery trough. The smolts ranged in FL between 
120 and 142 mm (mean = 128 mm; SD = 5 mm) and mass 
between 21.41 and 36.18 g (mean = 26.91 g; SD = 3.49 g). 
Water from a maintenance bath of MS-222 buffered with 
NaHCO3 (50 mg/L MS-222, 100 mg/L NaHCO3), which was 
oxygenated using air stones and monitored for consistent 
temperature, was irrigated across the gills for the duration 
of each surgery. A small (~8 to 10 mm) midventral incision 
was made just posterior of the pelvic fins. A single acous-
tic transmitter (V7-2x, 69 kHz, 7 mm in diameter, 19.5 mm 
in length, 1.5 g in air, 40–80 s transmission rate, estimated 
battery life of 40–50 days, Innovasea) was inserted through 
the incision and positioned lengthwise inside the body cav-
ity. Tag burden (the ratio of mass of the acoustic tag in air 
to fish mass) ranged between 4.1% and 7.0% (mean = 5.6%; 
SD = 0.7%). The incision was closed using either one or two 
absorbable sutures (Ethicon Monocryl 5-0 monofilament, 
www.​ethic​on.​com), and the fish were then placed in an aer-
ated bucket of ambient water from the hatchery to monitor 
recovery. Following recovery, the tagged fish were trans-
ferred to rearing troughs in the hatchery where they were 
held and monitored, but not fed, until they were released 
3–5 days later. The regular operating procedures for the 
Mossom Creek Hatchery involve holding smolts in a net-
pen in Port Moody Arm near our release site for ~14 days 
before release in an attempt to enhance their saltwater 
readiness and potentially have them grow larger. We could 
not mimic this exact strategy, as it would have prevented us 
from monitoring their recovery posttagging and we did not 
want to further confine the tagged fish with additional hold-
ing in pens. Acoustic-tagged smolts were released in three 
groups of 30 individuals at the Ioco Marina (Figure 1) be-
tween 1900 and 2100 hours on May 9, 10, and 11, 2022; each 
group was released with between 100 and 120 nontagged 
Coho Salmon smolts. Typically, Mossom Creek Hatchery 
releases its smolts as a single group and in the middle of 
the night, but we chose to release the smolts over multiple 
days to reduce the likelihood of tag collisions, which can 
occur when two or more acoustic tags transmit simultane-
ously such that a portion of their transmission overlaps and 
results in failure to detect the tags (Pincock 2012), and the 
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decision to release smolts in the evening rather than after 
dark was made based on volunteer availability. A team of 
volunteers assisted with releasing the smolts, which in-
volved transporting them in 15-L buckets filled with water 
from the transport tank to the dock at the marina and gently 
pouring the them into the water. The water depth at the re-
lease location was ~4 m. The entire release processes, from 
the time that the fish were placed into the transport tank 
at the hatchery to the time that the last bucket was poured 
into the inlet, took between 20 and 30 min on each of the 
release dates. All handling and tagging protocols were 
performed under Permit A19-0193 from the University of 
British Columbia's Animal Care Committee.

Acoustic receiver infrastructure

To track the movements of the Coho Salmon smolts, 10 
acoustic telemetry receivers (69 kHz VR2W, Innovasea) 
were deployed in Burrard Inlet on May 2, 2022 (Figure 1). 

The receivers were placed as pairs in locations where the 
inlet narrowed to create five receiver arrays that acted 
as gates, which maximized receiver coverage across the 
width of the inlet. Near the end of the study, two receiv-
ers—one deployed on the south side of First Narrows 
and one deployed on the north side of Second Narrows—
broke loose from their anchors; however, both receivers 
were retrieved and redeployed. We expected that be-
cause the paired receivers were deployed with a likely 
high degree of overlap in their detection ranges across 
the width of the inlet, the temporary loss of these receiv-
ers would have a negligible influence on the number of 
fish that was detected at each array. On July 20, 2022, 
all the receivers were retrieved and the data were down-
loaded onto a laptop using VUE software (Innovasea). 
Numerous acoustic receivers are situated in the Salish 
Sea and maintained by a consortium of research groups 
(Figure  1). These receivers were examined for any de-
tections of our smolts, and those results were included, 
where possible, in our analyses.

F I G U R E  1   (A) Map of the study area in Burrard Inlet. The red diamond indicates the location where the acoustic-tagged Coho Salmon 
smolts were released, and the black dots represent the locations of the acoustic telemetry receivers that were deployed specifically for this 
study. The names that are used to identify the receiver arrays (i.e., receiver pairs) are Fallback (FB), Caraholly Point (CP), Indian Arm (IA), 
Second Narrows (SN), and First Narrows (FN). (B) The location of Burrard Inlet (A) and the locations of acoustic telemetry receivers that 
are maintained by Canada's Ocean Tracking Network (blue) and the DFO (orange). The orange point outlined in black indicates the DFO 
acoustic receiver that detected three of our fish. (C) The location of the study area (B) on the west coast of North America.
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Acoustic telemetry data management

In preparation for analysis, the acoustic telemetry data 
were screened to identify erroneous detections that can 
occur because of environmental conditions or collisions 
between transmissions from multiple acoustic transmit-
ters. Valid detections were defined as two or more detec-
tions of the same transmitter on the same receiver within 
30 min (Pincock 2012). Detections were further screened 
to remove movements between receiver arrays that are 
biologically impossible, which can occur if an acoustic-
tagged smolt is eaten by a predator. To achieve this, we cal-
culated the shortest in-water distance between receivers 
and, for each smolt, calculated the time between the last 
detection on a receiver in each array and the first detection 
on a receiver in a subsequent array; both metrics were es-
timated using the actel package (Flávio and Baktoft 2021) 
in R version 4.2.2 (R Core Team 2023). A travel rate (m/s) 
was calculated as distance divided by travel time for each 
interarray movement, and a movement event was flagged 
as possibly invalid if the travel rate exceeded 0.25 m/s (~2 
body lengths per second), which is a rate that can be at-
tained by Coho Salmon smolts for prolonged periods (e.g., 
30 min; Katopodis and Gervais  2016). However, because 
travel rates can be influenced by hydrological conditions, 
such as an ebb tide, each interarray movement that was 
flagged as potentially invalid was independently assessed 
and we only invalidated movements for which we could 
identify additional evidence of irregular behavior such as 
elevated travel rates between multiple sequential arrays or 
elevated travel rates in a reverse direction. Filtering the 
detection data by travel rates provided the added benefit 
of removing any detections that occurred on the two re-
ceivers that broke away from their anchors near the end 
of the study. After breaking free, both receivers contin-
ued to collect data, floating in the water column, as they 
moved slowly in a west-to-east direction remaining in the 
study area, before being retrieved and redeployed. Thus, 
if a smolt was detected at a given array and subsequently 
detected by a receiver that had broken away and floated 
eastward, the travel rate between detections would be 
greater than expected and the sequence of detections was 
flagged as invalid.

Survival analyses

To estimate segment-specific and cumulative survival 
of acoustic-tagged Coho Salmon smolts during migra-
tion, we used a spatial mark–recapture model approach 
where the detection of a smolt at an acoustic receiver 
array was interpreted as a recapture event. Estimates of 
survival (φ), detection probability (p), and their associated 

variances were calculated using a Cormack–Jolly–Seber 
(CJS) model for live-recaptured animals (Cormack 1964; 
Jolly  1965; Seber  1965). This model jointly estimates 
survival and detection probability within a maximum-
likelihood framework. The modeling process was imple-
mented in R version 4.2.2 (R Core Team 2023) using the 
RMark package (Laake  2013) to construct CJS models 
using program MARK (White and Burnham  1999). The 
strength of the CJS model approach is that estimates of 
survival are determined from two different probability 
processes: the probability of a marked animal surviving 
and the probability of it being encountered. The assump-
tions of CJS models applied to all survival analyses: equal 
survival probability, equal probability of detection, no tag 
loss, and instantaneous sampling. The survival analyses 
followed several steps, which included forming detection 
histories for each acoustic-tagged Coho Salmon smolt, 
constructing candidate models, assessing goodness of fit 
of the data, and model selection.

A detection history is a sequence of ones and zeros that 
indicates whether a smolt was detected at each array along 
the migration route. Although the Fallback array was po-
sitioned east of the release site (Figure 1), we included the 
presence or absence of smolts at this array in the creation 
of detection histories because a large proportion of smolts 
were first detected here. Furthermore, the Indian Arm 
array was removed from the survival analyses because it 
was not in sequence with the presumed main migration 
corridor. This array, as well as the Fallback array, served 
a primary purpose of understanding the milling patterns 
of the smolts. Thus, a detection history of “11000” would 
be assigned to a smolt that was released, detected at the 
Fallback array, and never again detected (note that each 
smolt was assigned a value of 1 for the first value in its 
capture history, which corresponded to its release). If a 
fish was not detected at our final array but was detected on 
any receiver in the Salish Sea (Figure 1), we assigned the 
fish a value of “1” in its capture history for the final array. 
These detection histories were used as the raw data for the 
CJS model, which calculates the frequency of each detec-
tion history in the data and, using a maximum-likelihood 
approach, estimates values for the parameters φ and p that 
maximize the likelihood of observing the frequency of in-
dividuals with each of the recorded detection histories.

Multiple candidate CJS models were constructed to es-
timate apparent survival (φ) for all the smolts (Table 1). 
These models included individual covariates of fork 
length, tag burden, or both to determine whether they 
affected survival, which was estimated independently 
for each migration segment: φ(segment). We hypothe-
sized that these factors might cause a consistent shift in 
survival without changing the relative mortality between 
migration segments. Additionally, these models were 
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constructed with detection probability estimated as a con-
stant across all arrays, p(~1), and independently for each 
array, p(array). Typically, for models that estimate detec-
tion probability independently for each array, φ and p at 
the final array (First Narrows in the present study) cannot 
be estimated because there are no subsequent arrays along 
the migration route. One solution is to set detection prob-
ability based on the performance of alternate arrays that 
are deployed in similar areas (e.g., Welch et al. 2011; Clark 
et al. 2016). Thus, for our candidate models that allowed 
p to vary between arrays, we set p for the First Narrows 
array to match that of the Second Narrows array, given the 
similar topographic structure and acoustically altered en-
vironment from commercial vessel traffic.

To confirm that our candidate models complied 
with the model fit assumptions, we assessed the good-
ness of fit of the data to the fully parameterized model 
using the median ĉ test within program MARK (White 
and Burnham  1999). The most highly parameterized 
model—(φ[segment + FL + tag burden] p[array])—had a 
variance inflation factor estimate of 1.15, indicating min-
imal overdispersion. Thus, we adjusted the Akaike infor-
mation criterion for small sample sizes (AICc) in each 
of these models to obtain AICc values for overdispersed 
data (QAICc) and we inflated (multiplied) the standard er-
rors on the model estimates by the ĉ value to account for 
overdispersion in the data.

The models were ranked based on the QAICc values, 
with the model showing the lowest value chosen as the 
best-fitting model. The models that estimated detection 
probability as a constant across arrays generally received 
more support than those that allowed detection probabil-
ity to vary between arrays, and there was weak evidence 
that fork length or tag burden affected survival (Table 1). 
Thus, the final estimates of survival for each migration 
segment were extracted from a model that estimated φ 

independently for each migration segment and p as a con-
stant across all arrays. We also calculated estimates of cu-
mulative survival from the release site to each applicable 
receiver array as the product of the segment-specific sur-
vival estimates for the consecutive migration segments, 
and we derived their variances using the delta method. 
Last, to account for uncertainty in detection probability 
at the final two arrays due to the temporary loss of a re-
ceiver at each array, the survival estimates for the final 
two migration segments were also calculated by fixing p 
for the final two arrays to the lower 95% confidence limit 
of p that was estimated for the Second Narrows array by 
the spatially explicit models—that is, p(array)—and this 
estimate was 38%. We used this value rather than the 95% 
lower confidence limit for p derived from the model that 
estimated a constant p because the 95% lower confidence 
limit for constant p was much higher (77%). Thus, by using 
a highly conservative detection probability (38%) for the 
final two arrays, we can generate a best-case scenario for 
smolt survival, as a lower detection probability will gener-
ate higher survival estimates given the same data are used.

To allow for the comparison of survival between mi-
gration segments, we converted segment-specific survival 
estimates to survival rates per kilometer as

where S = estimated survival and d = the mean distance 
between receiver arrays. The distances between receiver 
arrays were measured as the shortest in-water distance 
between the central point of each array. Because survival 
probability is an estimated parameter with associated 
error, we used bootstrapping to estimate survival rate 
per kilometer. This process involved sampling the smolt 
capture histories 1000 times with replacement and cal-
culating segment-specific survival using the CJS model 

S1∕d,

T A B L E  1   Candidate CJS models ranked by using the Akaike information criterion adjusted for small sample sizes 
and for overdispersion (QAICc) to test for the effect of individual covariates (fork length and tag burden) on survival. 
ΔQAICc = QAICc − QAICcmin, where min indicates the QAICc for the best-fit model. φ = survival probability; p = detection 
probability; p(~1) = constant detection probability.

Model No. of parameters QAICc ΔQAICc Weight

φ(segment) p(~1) 5 253.32 0.00 0.43

φ(segment + FL) p(~1) 6 255.27 1.94 0.16

φ(segment + tag burden) p(~1) 6 255.43 2.10 0.15

φ(segment) p(array) 7 256.18 2.86 0.10

φ(segment + FL + tag burden) p(~1) 7 257.28 3.96 0.06

φ(segment + FL) p(array) 8 258.18 4.86 0.04

φ(segment + tag burden) p(array) 8 258.32 5.00 0.04

φ(segment + FL + tag burden) p(array) 9 260.27 6.94 0.02
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as described above for each of the 1000 samples. We 
then calculated survival rates by applying the equation 
described above to each of the 1000 survival estimates, 
and we used the mean of these 1000 survival rates as the 
final estimate of survival per kilometer. The distribution 
of the bootstrap estimated survival rates was used to 
calculate the SDs and 95% confidence intervals on the 
mean for each segment.

Survival between release groups

In addition to estimating survival collectively for all 
smolts, we tested for differences in segment-specific sur-
vival among the three release groups, which followed the 
same series of steps described in the previous section. Two 
candidate CJS models were constructed to estimate sur-
vival for each migration segment among release groups—
φ(segment + release group)—with detection probability 
allowed to vary freely by array—p(array)—in one model 
and as a constant probability across all arrays—p(~1)—
in the other model. For the model that allowed detection 
probability to vary freely by array, we set the detection 
probability of the final array (i.e., First Narrows) to match 
the detection probability that was estimated for the array 
at Second Narrows, which was done to overcome the 
inability of the CJS models to estimate detection prob-
ability and survival at the final array due to the lack of 
subsequent arrays along the migration route. An assess-
ment of the goodness of fit of the data via the median ĉ 
test within program MARK (White and Burnham  1999) 
provided no evidence for overdispersion, as the vari-
ance inflation factor estimate for the most highly pa-
rameterized model—φ(segment + group) p(array)—was 
0.93. Thus, neither the AICc values for these models nor 
the standard errors on the model estimates were ad-
justed. The models were ranked based on the AICc val-
ues and model weights, which indicated that the model 
with constant detection probability—φ(segment + group) 
p(~1); AICc = 290.54; weight = 0.79—performed bet-
ter than the model that estimated p independently for 
each array—φ(segment + group) p(array); AICc = 293.16; 
weight = 0.21—and we used the constant p model to test 
for differences in segment-specific survival among release 
groups.

Travel rates and array arrival

Travel rates were calculated from the departure from one 
receiver array to the arrival at the next receiver array. 
Departure was defined as the last detection on either 

receiver in each array and arrival as the first detection on 
either receiver in the next array. If a fish exhibited reverse 
movements (i.e., movements toward the release location), 
the travel time between arrays was only calculated for 
the final movement event away from an array. The travel 
rates between the arrays were calculated as the distance 
between the departure receiver and the arrival receiver di-
vided by travel time. The distances between the receiver 
arrays were measured as the shortest in-water distance 
between the central point of each array using the package 
actel (Flávio and Baktoft 2021) in R version 4.2.2 (R Core 
Team  2023). Array arrival dates were defined for each 
acoustic-tagged Coho Salmon smolt as the day on which 
the smolt was first detected at a given receiver array.

Holding study

To examine tag retention and the potential effects of tag-
ging on smolt survival and growth, dummy tags with the 
same dimensions and mass as the transmitting V7 acous-
tic tags were implanted into 29 Coho Salmon smolts on 
May 6, 2022. Each dummy tag contained a passive inte-
grated transponder (PIT), which provided a unique iden-
tification number to each fish. All surgical procedures 
were conducted in the same manner as for smolts that 
were acoustic-tagged and released into Burrard Inlet. The 
fork lengths of the dummy-tagged smolts ranged between 
116 and 136 mm (mean = 127 mm; SD = 5 mm), and their 
masses ranged between 20.28 and 31.13 g (mean = 26.89 g; 
SD = 2.92 g). In addition to the dummy-tagged smolts, 32 
Coho Salmon smolts were included in the holding study 
as a control group. These smolts were anesthetized like 
the dummy-tagged fish and measured for length and 
mass, but they were not tagged or marked for individual 
identification. The smolts in the control group ranged in 
FL between 100 and 140 mm (mean = 122 mm; SD = 8 mm) 
and mass between 10.32 and 36.66 g (mean = 23.06 g; 
SD = 5.19 g).

The smolts for the holding study were held until 
June 8, 2022, a period of 53 days, which should exceed 
the battery life of our released acoustic tags and enable 
a fair contrast between holding fish and released fish in 
terms of examining survival. At the end of the holding 
study, the control fish were anesthetized with MS-222, 
remeasured for FL, and released into Burrard Inlet. 
The dummy-tagged fish were euthanized by overdose 
of MS-222 followed by cerebral concussion and mea-
sured again for FL. The smolts in the dummy-tagged 
and control groups were also measured for mass at the 
end of the holding study; however, it was later discov-
ered that the scale that was used to weigh the smolts 
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malfunctioned and the data were unreliable. Thus, the 
mass data collected at the end of the holding study were 
not retained for analyses. We tested for changes in FL 
for the dummy-tagged and control smolts using paired-
sample Wilcoxon signed-rank tests.

All fish in the holding study were fed three times weekly 
near maximum ration, and the troughs were cleaned and 
monitored daily. The holding troughs were covered with 
dark plastic to reduce visual disturbances to the fish from 
hatchery staff. The troughs were supplied with freshwater 
from Mossom Creek at a flow-through rate of ~110 L/min. 
As a result of seasonal stream warming, water tempera-
tures warmed gradually during the holding study from 
daily averages of ~8°C to 13°C, with an overall daily aver-
age of 10.4°C.

RESULTS

Acoustic tag detection summary

Following the removal of false detections (0.17% of total 
detections), which included detections that were flagged 
as likely predator movements, the detections data in-
cluded 161,745 valid detections from 77 Coho Salmon 
smolts (86% of all tagged smolts). Although the removal 
of false detections reduced the number of detections per 
receiver, it did not influence the number of smolts that 
was detected at each receiver. Following release, 74 smolts 
were detected at the Fallback array, which was deployed 
east of the release site (Figure 1). Of these, four smolts were 
first detected west of the release site at the Caraholly Point 
array before moving east to the Fallback array. There was 
a rapid decrease in the number of smolts that was detected 
between the Fallback array and all subsequent receiver ar-
rays, with only 30 smolts detected at Caraholly Point, 12 
detected at Indian Arm, 13 detected at Second Narrows, 
and 7 detected at First Narrows. Of the 12 smolts that were 
detected at the Indian Arm array, 8 were subsequently 
detected by at least one of the Second Narrows or First 
Narrows arrays and 4 of these smolts were never detected 
again. Twenty-eight of the 30 smolts that were detected 
at Caraholly Point were detected on both receivers in the 
array, suggesting that there was likely substantial overlap 
in the detection ranges of paired receivers and that the 
number of fish that was detected at Second Narrows and 
First Narrows may not have been influenced to a large de-
gree by the temporary loss of a receiver from each array. 
Three fish were also detected on an acoustic receiver that 
is maintained by the DFO in the Strait of Georgia. None of 
our smolts were detected on any of the other receivers in 
the Salish Sea (Figure 1).

Detection probability

For the analyses of both overall smolt survival and group-
specific survival, the best model supported a constant de-
tection probability across all receiver arrays; the detection 
probability estimated by these models was 89% (95% CI = 
77–95%). This estimate is within the range of values esti-
mated by the spatially explicit models—p(array)—which 
suggested that the detection rates throughout the migra-
tory corridor were consistently high, ranging from 75% to 
93%.

Survival probability

Estimated segment-specific survival (Figure  2A) was 
highest between the release site and Fallback array at 
92% (95% CI = 76–98%) and lowest between the Fallback 
array and Caraholly Point array at 40% (95% CI = 29–52%). 
For the final two migration segments, estimated survival 
increased to 48% (95% CI = 31–66%) between Caraholly 
Point and Second Narrows and 57% (95% CI = 29–81%) be-
tween Second Narrows and First Narrows when detection 
probability was constant for all arrays. When detection 
probability for the final two arrays was set to the lower 
95% CI of p estimated for the Second Narrows array by spa-
tially explicit models, survival increased to 80% (95% CI =  
30–98%) between Caraholly Point and Second Narrows 
and 80% (95% CI = 11–99%) between Second Narrows and 
First Narrows (Figure 2B). When accounting for distance 
(survival per kilometer), survival was similar between re-
lease and the Fallback array (92%, 95% CI = 90–93%; ~1 km),  
Caraholly Point and Second Narrows (92%, 95% CI = 91–
94%; ~8.3 km), and Second Narrows and First Narrows 
(94%, 95% CI = 91–95%; ~8.6 km); survival per kilometer 
was lowest between the Fallback array and Caraholly 
Point at 74% (95% CI = 72–76%; ~3.0 km; Figure  2C). 
When detection probability for the final two arrays was set 
to the lower 95% CI of p estimated for the Second Narrows 
array by spatially explicit models, survival per kilometer 
increased to 97% (95% CI = 96–98%) between Caraholly 
Point and Second Narrows and 97% (95% CI = 94–99%) 
between Second Narrows and First Narrows (Figure 2D).

The estimated cumulative survival (Figure 3) from the 
release site to the Fallback array mirrored the segment-
specific survival between these two sites at 92% (95% CI =  
76–98%). Cumulative survival to the final three receiver 
arrays was substantially lower at 37% (95% CI = 26–47%) 
to Caraholly Point, 18% (95% CI = 9–26%) to Second 
Narrows, and 10% (95% CI = 3–17%) to First Narrows. 
When detection probability at the final two arrays was set 
to the lower 95% CI of p estimated for the Second Narrows 
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array by the spatially explicit models, cumulative sur-
vival was estimated at 29% (95% CI = 14–45%) to Second 
Narrows and 23% (95% CI = 8–39%) to First Narrows.

Across all the migration segments, we observed a trend 
of increasing estimated survival between release groups, 
with the highest probability of survival estimated for 
smolts that were released on the final release day (group 
3) and the lowest probability of survival estimated for 
smolts that were released on the first release day (group 1; 
Figure 2E,F); however, the overlap in the 95% confidence 
intervals suggests that differences are not significant and 
that larger sample sizes are needed to fully describe differ-
ences in survival among the groups. Between the release 
site and the Fallback array, survival was estimated at 89% 

(95% CI = 67–97%) for group 1, 93% (95% CI = 75–98%) for 
group 2, and 95% (95% CI = 80–99%) for group 3. Survival 
decreased for each group between the Fallback array and 
Caraholly Point (group 1: 30%, 95% CI = 17–47%; group 2: 
41%, 95% CI = 26–57%; group 3: 49%, 95% CI = 33–65%) 
but increased slightly for the final two segments between 
Caraholly Point and Second Narrows (group 1: 36%, 95% 
CI = 18–59%; group 2: 47%, 95% CI = 27–68%; group 3: 
55%, 95% CI = 35–74%) and between Second Narrows and 
First Narrows (group 1: 44%, 95% CI = 17–75%; group 2: 
56%, 95% CI = 26–82%; group 3: 64%, 95% CI = 33–86%; 
Figure  2E). When the detection probability for the final 
two arrays was set to the lower 95% CI of p estimated for 
the Second Narrows array by the spatially explicit mod-
els, survival between Caraholly Point and Second Narrows 
was 70% (95% CI = 19–96%) for group 1, 78% (95% CI = 25–
97%) for group 2, and 87% (95% CI = 39–99%) for group 3, 
and survival between Second Narrows and First Narrows 
was 74% (95% CI = 4–100%) for group 1, 81% (95% CI = 
6–100%)  for group 2, and 89% (95% CI = 10–100%) for 
group 3 (Figure 2F).

Travel rates and array arrival

Acoustic-tagged smolts were first detected at the Fallback 
array between May 9 and June 16, 2022; however, only 

F I G U R E  2   Estimated survival, as a proportion (±95% 
confidence interval), for acoustic-tagged Coho Salmon smolts  
(A, B) per migration segment, (C, D) per kilometer, and (E, F)  
per migration segment by release group. The panels on the left  
(A, C, and E) display the survival estimates for the final two arrays, 
calculated using a constant detection probability, and the panels on 
the right (B, D, and F) display the survival estimates for the final 
two arrays, calculated using the lower 95% confidence limit of the 
detection probability estimated for the Second Narrows array by 
a CJS model that allowed detection probability to vary between 
arrays. The migration segments are labeled according to the arrays 
(Rel, release site; FB, Fallback array; CP, Caraholly Point array; 
SN, Second Narrows array; FN, First Narrows array). The release 
groups correspond to the following release dates: (1) May 9, 2022, 
(2) May 10, 2022, (3) May 11, 2022.

F I G U R E  3   Estimated cumulative survival, as a proportion 
(±95% confidence interval), for acoustic-tagged Coho Salmon 
smolts from release (0 km) to the First Narrows receiver array. 
The cumulative survival estimates to Second Narrows and First 
Narrows were calculated using a constant detection probability 
that was estimated for all the receiver arrays (depicted by the solid 
line and light blue dots), and the lower 95% confidence limit of the 
detection probability that was estimated for the Second Narrows 
array by a CJS model that allowed detection probability to vary 
between the arrays (depicted by the dashed line and the dark blue 
dots). The data points have been jittered along the horizontal axis 
to increase visibility. FB, Fallback array; CP, Caraholly Point array; 
SN, Second Narrows array; FN, First Narrows array.
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one fish was first detected at this array after May 15, 2022 
(Figure 4). The arrival of smolts at subsequent receiver ar-
rays occurred over a much larger range of dates. The mean 
dates of arrival to each array were May 11 to the Fallback 
array, May 29 to Caraholly Point, June 6 to Indian Arm, 
June 14 to Second Narrows, and June 15 to First Narrows.

Immediately following release, the smolts moved 
slowly to the Fallback array (mean = 7.1 km/day; 
SE = 1.5 km/day) and to Caraholly Point (mean = 4.3 km/
day; SE = 0.9 km/day; Figure 5). Travel rates were fastest 
in the migration segment between the Fallback array and 
Caraholly Point (mean = 17.7 km/day; SE = 3.3 km/day). 
The average travel rate for the segment between Caraholly 
Point and the array at Indian Arm was slightly slower at 
14.4 km/day (SE = 3.5 km/day), which was similar to the 
average travel rate for the segment between Indian Arm 
and Second Narrows at 13.7 km/day (SE = 3.8 km/day). 
For fish that moved directly between Caraholly Point and 
Second Narrows (~8.3 km distance), the average travel 
rate was 10.7 km/day (SE = 5.3 km/day). For the final 
segment of the migration between Second Narrows and 
First Narrows (~8.6 km distance), the average travel rate 
was 7.5 km/day (SE = 2.5 km/day). One fish that was de-
tected at the Fallback array and Second Narrows but not 
at Caraholly Point exhibited a travel rate of 0.4 km/day, 
and two fish that were detected at Caraholly Point and 
First Narrows but not at the Second Narrows array had a 

mean travel rate of 15.4 km/day (SE = 1.3 km/day). Three 
of our fish were detected on a DFO receiver in the Strait 
of Georgia; two of these fish exhibited a mean travel rate 
of 6.7 km/day (SE = 0.2 km/day) from the final array at 
First Narrows to the DFO receiver, and one fish exhibited 
a travel rate of 10.9 km/day from Second Narrows to the 
DFO receiver.

Holding study

At the end of the 53-day holding study, no mortalities 
were observed for smolts in either the control group or 
the dummy-tagged group and tag expulsion was detected 
for only one of the 29 dummy-tagged smolts. One of the 
control-group fish sustained damage to an eye and needed 
to be euthanized at the end of the holding study, but all 
others in the control group were released after being meas-
ured. As a result of unintended bias of fish sorting into 
the control or tagging treatments, at the start of the hold-
ing study mean FL and mass of fish in the control group 
were ~7% and 27% smaller, respectively, than those in the 
dummy-tagged group (FL: two-sample t-test, t59 = −3.31, 
p = 0.002; mass: two-sample t-test, t59 = −3.50, p < 0.001). 
Nevertheless, at the completion of the study, we found 
that the median length of the smolts in the dummy-tagged 
group increased by 4 mm (paired Wilcoxon signed-ranks 

F I G U R E  4   Box plots summarizing the dates on which 
acoustic-tagged Coho Salmon smolts were first detected at each 
acoustic receiver array. The left and right boundaries of each 
box indicate the 25th and 75th percentiles, respectively; the solid 
vertical line within the box denotes the median date of arrival; 
and the dashed vertical line denotes the mean date of arrival. The 
horizontal whiskers indicate the extreme values within the data 
set. The dots represent the values for individual Coho Salmon 
smolts, and outliers are shown as dots that are beyond the range of 
the horizontal whiskers. FB, Fallback array; CP, Caraholly Point 
array; IA, Indian Arm array; SN, Second Narrows array; FN, First 
Narrows array.

F I G U R E  5   Segment-specific travel rates for acoustic-tagged 
Coho Salmon smolts. The lower and upper boundaries of each 
box indicate the 25th and 75th percentiles, respectively; the solid 
horizontal line within the box denotes the median; and the dashed 
horizontal line denotes the mean. The whiskers indicate the 
extreme values within the data set. The data points represent the 
values for individual Coho Salmon smolts, and the points outside 
of the range of the whiskers represent outliers. Rel, release site; FB, 
Fallback array; CP, Caraholly Point array; IA, Indian Arm array; 
SN, Second Narrows array; FN, First Narrows array.
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test, p ≤ 0.001) and the median length of the smolts in the 
control group increased by 5 mm (paired Wilcoxon signed-
ranks test, p = 0.002). Given that both the dummy-tagged 
and control fish grew in length and none of the fish in 
the holding study died, the holding study results indicate 
that our survival estimates of acoustic-tagged and tracked 
smolts should not be biased by the acoustic-tagging proce-
dure. Further, there was little evidence that tag shedding 
was a major concern, so it is unlikely—although, possi-
ble—that tag loss influenced our survival estimates.

DISCUSSION

We observed high mortality over a relatively short dis-
tance and period, highlighting the perilous nature of this 
hatchery population's early ocean migration. Cumulative 
survival for our Coho Salmon smolts from their marine 
release location to the final paired acoustic array at First 
Narrows (~20 km from the release site) was between 10% 
(~89% per km) and 23% (~93% per km), depending on the 
detection probability of the final two arrays. In earlier 
studies, acoustic telemetry has revealed highly variable 
but generally low survival of Coho Salmon smolts during 
their freshwater and estuary out-migration to the ocean. 
Clements et  al.  (2012) tracked hatchery Coho Salmon 
smolts in the Nehalem River and estuary (Oregon) and 
found survival in this 28 km migration to range from 
12% to 36% (93–96% per km). Chittenden et  al.  (2008) 
tracked hatchery and wild Coho Salmon smolts down the 
Quinsam and Campbell rivers into the Campbell River es-
tuary (Vancouver Island, British Columbia), a distance of 
~10 km, noting 48% survival (93% per km) and 55% sur-
vival (94% per km), respectively. In a river system situated 
close to our study area, Welch et al. (2011) found that sur-
vival of hatchery Coho Salmon smolts migrating ~20 km 
down the Cheakamus and Squamish rivers and into the 
estuary ranged from 40% to 80% (96–99% per km) among 
years. These studies support our finding that mortality of 
Coho Salmon smolts can be relatively high despite very 
short migratory distances, and by comparing studies based 
on survival per unit distance traveled, it is clear that there 
is some consistency in smolt survival among the few stud-
ies that have tagged and tracked juvenile Coho Salmon. 
However, our study differs from other tracking studies of 
Coho Salmon smolts in that we released our smolts di-
rectly into a marine environment, whereas others released 
smolts into freshwater where they experienced low initial 
survival.

By releasing the smolts directly into a marine environ-
ment, we had expected to see relatively higher subsequent 
survival than has been observed in other studies given 
that we had eliminated any freshwater mortality that is 

normally experienced by out-migrating smolts. However, 
our results provide further evidence that Burrard Inlet 
is a region of high salmonid smolt mortality. Relatively 
large and fast-swimming hatchery steelhead smolts that 
were released in the Seymour River (Figure  1) experi-
enced ~80% survival during their migration through the 
Inner and Outer harbors of Burrard Inlet to the Strait of 
Georgia—a distance of ~18 km—and ~27% survival from 
their release to an array ~125 km away in the northern 
Strait of Georgia (Balfry et al. 2011; Healy et al. 2017). In 
comparison, Healy et al. (2017) found that survival to the 
northern Strait of Georgia improved to ~65% for smolts 
that were released beyond Burrard Inlet. We found that 
survival for Coho Salmon smolts to leave the Port Moody 
Arm, of Burrard Inlet, was quite low. Estimated survival 
was high immediately after release (92% survival to the 
Fallback array), but cumulative survival to the next array 
en route out of Port Moody Arm toward the ocean (i.e., 
Caraholly Point) was extremely low (37%). Given the short 
distance from the release site to this array (~3 km, 13% 
of the total distance through the study system), this is a 
concerning finding and will be discussed below. Segment-
specific survival improved (48–80%, depending on detec-
tion probability) between Caraholly Point and Second 
Narrows. Of the fish that were detected at Caraholly Point 
(n = 30), 40% were subsequently detected on the Indian 
Arm array; however, most of these fish were later de-
tected at either Second Narrows or First Narrows. Only 
a small number (n = 4) that were detected on the Indian 
Arm array were never detected again, suggesting that 
smolts were generally not heading into Indian Arm and 
most were likely migrating toward the Strait of Georgia. It 
is conceivable that those four fish may have entered and 
remained in Indian Arm for several weeks until after their 
tag batteries died and then continued their migration to-
ward the Strait of Georgia, but this would not have a large 
effect on our overall survival estimates.

The question remains as to why survival was so poor 
in Port Moody Arm. Water quality data that were col-
lected between the surface and 10 m depth in Port Moody 
Arm shortly after our smolts were released indicated that 
neither dissolved oxygen nor water temperature were 
near critical levels (mean percentage of oxygen satura-
tion = 89.9%; mean water temperature = 10.4°C; Chris 
Perrin, Limnotek, personal communication) and, thus, 
were unlikely to contribute to the early migration mor-
tality that we observed. Our model selection and holding 
study results suggest that smolt survival was not biased by 
the acoustic-tagging procedure. There was little support 
for the candidate CJS models that included the effect of tag 
burden on survival. Furthermore, at the end of the 53-day 
holding study, we found no evidence that tagging affected 
smolt survival or growth. Generally, acoustic-tagging 
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procedures have not been found to influence the survival, 
swimming performance, or feeding of juvenile salmo-
nids when tag burden is lower than ~4% to 8% (Welch 
et  al.  2007; Chittenden et  al.  2009b; Collins et  al.  2013; 
Neville et al. 2015; Bass et al. 2020). The mean tag burdens 
for the acoustic-tagged fish (5.6%) and dummy-tagged fish 
(5.7%) in the present study were within this range. Tag loss 
was detected for only 1 fish out of 29 over the duration of 
the holding study, suggesting that there is a small chance 
that the results of our survival analyses were affected by 
tag expulsion during the migration; however, given the 
low rate of tag expulsion in the holding study (~3%), we 
expect any effects of tag loss on our survival estimates to 
be negligible.

There are several lines of evidence that indicate that 
predation is a possible explanation for smolt mortality in 
Burrard Inlet. Although we did not directly assess or ob-
serve predation, numerous potential predators are preva-
lent in the region at the time of tagging and out-migration, 
including several species of birds such as double-crested 
cormorants Phalacrocorax auritus auratus and common 
mergansers Mergus merganser (Butler et al. 2015). Avian 
piscivores can cause significant mortality of out-migrating 
salmon smolts. For instance, predation by waterfowl can 
account for up to 28% of mortality of out-migrating salmon 
smolts in the lower Columbia and Snake rivers and estuary 
(Evans et al. 2016) and up to 30% in California catchments 
(Osterback et  al.  2013). In northern Oregon, Clements 
et al. (2012) documented high levels of predation by avian 
and mammalian predators on hatchery Coho Salmon 
out-migrants in the Nehalem River and determined that 
predation by cormorants alone accounted for up to 60% 
of the smolt mortality. Aquatic predators such as Pacific 
Spiny Dogfish Squalus suckleyi and harbor seals Phoca vit-
ulina, which are also common in our study area, may be a 
source of mortality for out-migrating Coho Salmon smolts 
as they are in other systems and for other salmon popula-
tions (Beamish et al. 1992; Berejikian et al. 2016; Thomas 
et al. 2017; Allegue et al. 2020). The abundance of such 
predators during smolt migrations has been found to have 
significant negative effects on juvenile-to-adult survival for 
some hatchery populations of Chinook and Coho salmons 
in British Columbia (James et al. 2023). Furthermore, the 
“dead end” of Burrard Inlet, where smolts are released 
(i.e., Port Moody Arm), and the spatial constrictions that 
are characteristic of the inlet (e.g., at Caraholly Point) may 
create a “predator pit,” where predators aggregate and 
consume migrant smolts in high numbers (Zimmerman 
and Ward 1999; Petersen 2001). However, because we did 
not directly observe predation, more work is needed to 
confirm our suspicion of predation in the inlet.

In response to our assumption that predation poten-
tially contributes to smolt mortality in Burrard Inlet, 

some may conclude that predators should be eliminated 
to help the smolts survive. Indeed, predator removal is 
often considered as a management strategy to preserve 
economically important prey species or those that are at 
risk of extinction; however, predator removal programs 
are rarely successful (Lennox et  al.  2018). Furthermore, 
predators can provide ecological services that can bene-
fit prey. For instance, Furey et al. (2021a) found that mi-
grating Sockeye Salmon smolts that were infected with 
infectious hematopoietic necrosis virus (IHNv)—a virus 
that generates an acute, systemic disease that causes ne-
crosis of hematopoietic tissues of the kidney and spleen 
as well as damage to several other organs (Bootland and 
Leong 1999) and that can result in high smolt mortality 
shortly after infection (Lapatra 1998)—were 15–26 times 
more likely to be eaten by Bull Trout Salvelinus confluen-
tus than noninfected smolts. Thus, by reducing pathogen 
prevalence and transmission in the prey population, pre-
dation may aid “migratory culling” (Altizer et  al.  2011), 
where the physiological effects of the infection prevent 
successful migration by some individuals. We argue that 
predation can be viewed as an ecological service in many 
cases and that managers must consider the role of preda-
tors within the ecosystem and the potential consequences 
of their removal on prey.

In response to predation risk, salmon smolts can use 
behavioral adaptations to maximize their chances of sur-
vival, including nocturnal migration (Ibbotson et al. 2011; 
Clark et al. 2016) to decrease the foraging efficiency of vi-
sually based predators and synchronizing the migration 
with conspecifics to increase densities and numerically 
overwhelm predators (Furey et al. 2016, 2021b). We found 
evidence that survival across all migration segments may 
have improved with the addition of each release group to 
Burrard Inlet, as estimated survival was highest for the 
final release group and lowest for the first release group, 
particularly in the last three migration segments, where 
survival increased by 7–12% between groups, depend-
ing on the detection probability that was used to esti-
mate survival at the final two arrays. Thus, the addition 
of smolts with each release group, which each included 
up to 120 nontagged conspecifics, may have increased 
migrant density helping to swamp the local predators. 
However, although we observed a trend of higher survival 
with the addition of smolts from each release group, the 
substantial overlap in the 95% confidence intervals sug-
gests that larger sample sizes are needed to fully describe 
the differences in survival between the release groups. 
Our fish were released over multiple days rather than as 
a single group; the latter is the current approach of our 
partner hatchery. Consequently, it is possible that our re-
lease procedure facilitated predation opportunities and 
that our estimates of survival are lower than they would 

D
ow

nloaded from
 https://academ

ic.oup.com
/najfm

/article/44/2/359/7811671 by guest on 29 June 2026



      |  371MARINE MIGRATION OF HATCHERY COHO SALMON SMOLTS

have been if the smolts had been released as a single 
group. However, having never been exposed to preda-
tors in the wild, hatchery-reared fish may not respond to 
predator threats in the same way as do their wild coun-
terparts, and thus they may be particularly susceptible 
to predation (Osterback et al. 2013). Furthermore, given 
the intensity of the light emanating from the surround-
ing cities and the port infrastructure, these smolts may be 
exposed to a prolonged predation window during which 
they are unable to use nocturnal migration to avoid preda-
tors and thus are subject to increased predation (Yurk and 
Trites 2000; Tabor et al. 2004). Therefore, even if we had 
released the smolts at night as the hatchery typically does, 
survival may not have improved substantially. Numerous 
studies have in fact found that hatchery-reared smolts 
survive more poorly than wild smolts (e.g., Miller  1954; 
Reisenbichler and McIntyre 1977; Raymond 1988; Einum 
and Fleming 2001; Clements et al. 2012).

Hatchery fish may not be as adept at foraging when 
they are released into the wild as wild fish are, which, 
combined with poor prey availability, could result in lit-
tle growth or periods of starvation. Laboratory starva-
tion experiments have revealed that food deprivation of 
juvenile Chum Salmon O. keta (17–30 g) for 45 days (held 
at 9°C) and juvenile Sockeye Salmon (5–13 g) for 50 days 
(held at 7–13°C) resulted in minimal mortality, although 
whole-body energy and condition was significantly re-
duced (Fergusson et  al.  2010; Wilson et  al.  2021). Deeg 
et  al.  (2022) found that juvenile salmon that were sam-
pled from ocean regions with limited availability of prey 
showed evidence of immunosuppression and increased 
infection, which is unlikely to cause immediate mortality 
but could result in latent mortality. Given the large size of 
our tagged fish relative to those used in those starvation 
studies, the observation that most fish perished relatively 
early in our study and the fact that we could only track 
fish for up to 50 days given tag battery life suggest that it is 
highly unlikely that our tagged fish died from starvation. 
However, juvenile salmonids are likely to adopt riskier 
foraging strategies if food is limited, which would likely 
result in elevated levels of predation.

It is also conceivable that the poor initial survival that 
we observed between the release site and Caraholly Point 
may have been related to the smolts not being fully pre-
pared for saltwater exposure, which could also explain 
why the segment-specific survival estimates were higher 
beyond Caraholly Point. Physiological preparedness 
for saltwater exposure is a noted concern with hatchery 
fish, and there are several studies that demonstrate that 
hatchery-reared smolts have lower saltwater tolerance 
than comigrating wild smolts (Shrimpton et al. 1994; Hill 
et al. 2006). Chittenden et al. (2008) found that wild Coho 
Salmon smolts descending the Quinsam River had higher 
gill Na+/K+-ATPase activity than comigrating hatchery 

conspecifics, indicating that wild fish were likely more 
physiologically ready to enter seawater than hatchery-
reared smolts, which they suggested may have accounted 
for the higher survival of their tagged and tracked wild 
smolts. The ability to tolerate saltwater in wild smolts 
occurs well before they begin their downstream out-
migration (Hinch et  al.  2006; Clark et  al.  2016). Our 
smolts were showing signs of smoltification given their 
coloration and size, but we did not take any physiologi-
cal samples to confirm how prepared the fish were for 
saltwater entry. Water quality data were not collected 
at the release location on the release dates, so we could 
not determine whether the smolts were released directly 
into full-strength seawater. However, salinity measure-
ments that were taken near Caraholly Point (~3 km west 
of the release site) 1 week after our smolts were released 
indicated that the upper 10 m of the water column was 
highly saline (mean salinity = 23‰; Perrin, Limnotek). 
Additionally, salinity measurements that were taken near 
the release location in May and June of 2023 ranged from 
27‰ to 34‰, demonstrating that the release environment 
can be close to full-strength seawater. Thus, if our smolts 
were not prepared for saltwater entry at the time of re-
lease, the salinity of the release environment may have 
contributed to the poor initial survival that we observed. 
The potential lack of saltwater readiness may also explain 
the high number of smolts that was observed migrating to 
the Fallback array, located further within the dead end of 
the inlet close to the mouth of Mossom Creek. Given the 
freshwater inputs and limited relative mixing that would 
occur here, the smolts may have been using this habitat 
for acclimatization to the saline environment. Under nor-
mal operating procedures, our partner hatchery holds its 
smolts for up to 2 weeks in net-pens that are located near 
the mouth of Mossom Creek prior to release, which may 
aid the smolts in acclimatizing to saltwater. However, salt-
water preparedness should be assessed by evaluating Na+/
K+-ATPase activity before release, and water salinity data 
should be collected to further examine the potential ben-
efits of holding smolts in pens. Additionally, the slower 
migration rates that we observed in this initial segment of 
migration from release site to the Fallback array as well 
as the reversed migration from Caraholly Point to the 
Fallback array that some smolts exhibited suggest some 
milling behavior occurs that is not observed to the same 
degree in further subsequent migration segments, which 
may be further evidence for smolts attempting to improve 
their saltwater acclimatization.

The mean travel rates for Coho Salmon smolts ranged 
between ~4 and 18 km/day, depending on the migration 
segment, which is substantially slower than the travel 
rates that were estimated for hatchery steelhead smolts 
that migrated from the nearby Seymour River and through 
Burrard Inlet to the Strait of Georgia (15–30 km/day;  
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Healy et  al.  2017). Three of our fish were detected on a 
receiver in the Strait of Georgia ~21 km southwest of our 
final array. The travel rates for these fish from their final 
detection in the study area to the receiver in the Strait of 
Georgia ranged from 6.5 to 10.9 km/day (mean = 8.1 km/
day; SE = 1.4 km/day), which suggests that our acoustic-
tagged fish likely continued to travel at slow rates once 
they exited Burrard Inlet. Relatively slow travel rates ex-
hibited by marine migrating Coho Salmon smolts have 
been noted by others. For instance, the average time that 
was required for hatchery Coho Salmon smolts to migrate 
through the Columbia River estuary was 2.7 times and 6.7 
times greater than for hatchery and wild steelhead smolts, 
respectively (Clements et  al.  2012), indicating a much 
slower travel rate for those Coho Salmon smolts. Coho 
Salmon smolts that were tagged in the Squamish River that 
then transited into the Strait of Georgia traveled at signifi-
cantly slower rates in the marine environment than steel-
head and Sockeye Salmon smolts (Melnychuk et al. 2010). 
Using acoustic telemetry, Welch et  al.  (2011) found that 
both Coho and Chinook Salmon smolts took much longer 
to reach distant marine acoustic receiver arrays in coastal 
British Columbia (Figure 1) than steelhead and Sockeye 
Salmon smolts. If the risk of predation is proportional to 
the time that is spent within an area, which may occur if 
predators are highly mobile and repeated encounters are 
expected (Anderson et al. 2005), then slower travel rates 
are likely to increase exposure to predators. Therefore, the 
milling behavior and slow travel rates that were exhibited 
by our smolts may also have contributed to the relatively 
high mortality we that observed.

Our estimates of survival to the final array in Burrard 
Inlet (First Narrows) would be affected by our understand-
ing of the true detection probability at this array. We esti-
mated cumulative survival using both a very conservative 
and less conservative detection probability. We know the de-
tection probability for the final array was not perfect, as one 
of our fish that was not detected at this array was detected on 
an acoustic receiver in the Strait of Georgia ~21 km south-
west of the final array, thus providing evidence that some 
fish could pass the final array undetected. This lone receiver, 
where a few of our tagged fish were detected, was not part 
of a curtain array, so fish could pass around it and proceed 
further into the Strait of Georgia undetected. However, none 
of our fish were detected on other acoustic telemetry arrays 
that consist of intact curtains with high detection efficien-
cies ~125 km north of Burrard Inlet and ~170 km southwest 
of Burrard Inlet. The northern Strait of Georgia (NSOG) 
array and Juan de Fuca (JDF) array (Figure 1) consist of 29 
and 28 acoustic VR4 receivers, respectively, and are main-
tained by Canada's Ocean Tracking Network (OTN). These 
arrays are in the smolt migratory path of many populations 
that are heading to the open Pacific Ocean, including the 

steelhead smolts that have been tracked through Burrard 
Inlet by Balfry et al. (2011) and Healy et al. (2017) and Sockeye 
Salmon smolts in the Fraser River (Welch et al. 2011; Clark 
et al. 2016; Rechisky et al. 2019). If our Coho Salmon smolts 
were exhibiting direct migrations at the average speeds they 
exhibited after release of ~10 km/day, they should have 
reached the NSOG or JDF arrays in ~12.5 and ~17 days, re-
spectively. The fact that none did means that either the few 
fish that exited Burrard Inlet perished before reaching those 
lines or their milling behavior and potential residency in the 
Strait of Georgia slowed them to the point that their tag bat-
teries expired before they reached those arrays (battery life 
was estimated at 40–50 days).

Ours is one of only a few studies to report on acoustic 
tracking of Coho Salmon smolts in marine environments 
(Chittenden et  al.  2008; Melnychuk et  al.  2010; Welch 
et al. 2011; Clements et al. 2012) but is the first to acous-
tically track Coho Salmon smolts that have been released 
directly into a marine environment. Although the majority 
of hatchery Coho Salmon smolts in British Columbia are 
released into freshwater (Silverstein, personal communica-
tion), we used this release strategy to better reflect the ap-
proach that is used by the hatchery, which raised the smolts 
and is located near the confluence of Mossom Creek and the 
Port Moody Arm of Burrard Inlet. Assessments of marine 
survival of Coho Salmon smolts in past studies have been 
hampered by a combination of array locations and smolt 
behavior. Our study was affected by the relatively slow 
and nondirect migrations of the smolts. Because of this, 
some of the transmitters may have failed before the smolts 
in which they were implanted finished their migration 
through Burrard Inlet, which could influence our survival 
estimates. Furthermore, the limited battery life of our tags 
prevented us from examining a fuller picture of the migra-
tion pathways through the Strait of Georgia and Salish Sea 
and assessing longer-term survival. Most prior studies that 
tracked Coho Salmon smolts did so on large hatchery fish 
and, thus, were able to deploy larger tags (e.g., Innovasea 
V9 tags) with longer battery life than the tags that we used. 
Mossom Creek Hatchery smolts are smaller and more simi-
lar in size to many wild Coho Salmon smolt populations, re-
quiring a smaller and shorter-life transmitter (Innovasea V7 
tags). We deployed the largest acoustic tags possible given 
our tag-burden concerns and programmed them with the 
highest power output to maximize detections. A few tagged 
fish may have entered Indian Arm and resided there, but the 
lack of additional arrays in this region and limited transmit-
ter battery life prevented us from determining whether this 
is an area where some smolts reside for a portion of their 
life or simply a location where they died. Nevertheless, three 
fish were detected in the Strait of Georgia, implying that this 
population likely has a western migration trajectory after re-
lease and suggests that smolts might not use Indian Arm.
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Hatchery operation implications

The results of our study confirm previous results (Balfry 
et al. 2011; Healy et al. 2017) that indicate that Burrard 
Inlet is an area of high mortality for salmon smolts. These 
studies speculated that high levels of predation in Burrard 
Inlet or other factors in the inlet (e.g., contaminants) may 
be responsible for the high levels of early marine mortal-
ity. Healy et al. (2017) found that by transporting steelhead 
smolts to a federal fisheries research facility (DFO Pacific 
Science Enterprise Centre), situated where Burrard Inlet 
meets the Strait of Georgia, and releasing them directly 
into the ocean, thereby bypassing their natural migration 
through Burrard Inlet, increased cumulative survival to 
27% relative to 9% survival for smolts that were released 
in the Seymour River and that needed to migrate ~18 km 
downstream and through the Inner and Outer harbors 
of Burrard Inlet. It is conceivable that transporting Coho 
Salmon smolts from Mossom Creek Hatchery to a release 
location that is closer to the Strait of Georgia may improve 
their overall survival.

Given that most of the mortality occurred in the mi-
gration segment that is between the Fallback array and 
Caraholly Point, simply releasing smolts farther west from 
the current release location (e.g., west of Caraholly Point) 
may improve overall survival to the Strait of Georgia. Given 
its dead-end configuration and observations of numerous 
predators in the area, this release locale could be a “pred-
ator pit.” Smolts arrived at the Fallback array rapidly after 
release (Figure 4), and some smolts subsequently and rap-
idly migrated to the Caraholly Point array. Yet, the majority 
milled, presumably in Port Moody Arm for up to 6 weeks. 
This milling behavior likely contributed to higher mortality, 
further supporting the idea that survival may benefit from 
smolts being released west of Caraholly Point.

Current hatchery release practices involve holding 
smolts in pens in Port Moody Arm for a short period before 
releasing them as a single group. We did not simulate that 
action in the present study and instead released fish from 
shore over multiple days with no holding in pens. Whether 
our approach led to higher immediate mortality than the 
holding approach is not possible to assess, but our results 
suggest that releasing smolts at high densities to swamp po-
tential predators may help to enhance smolt survival (Furey 
et al. 2021b). We found that the fish in the third and final re-
lease group may have experienced greater survival, possibly 
because the accumulation of smolts in the local area could 
have increased density to swamp predators. Continuing to 
release fish in high densities, as the hatchery currently does, 
appears to be an important strategy.

Others have also found that releasing fish at night 
when predators are less effective on smolts (Clark 
et al. 2016) could be a further strategy to increase smolt 

survival, and timing hatchery releases in association with 
ebb tides to potentially decrease smolt milling behavior 
may also be beneficial. Our smolts were released during 
evening hours, which deviated from the typical strategy of 
the hatchery of releasing fish at night. Altering the timing 
of release may have influenced survival, as local predators 
may be more effective during daytime hours; however, the 
light from the cities surrounding Burrard Inlet may have 
negated many benefits of nocturnal migration (Yurk and 
Trites 2000; Tabor et al. 2004). Regardless, future studies 
should attempt to mimic the typical release strategy of the 
hatchery as closely as possible.

Following the approach that is currently used by our 
partner hatchery, our smolts were released in early May, 
which is similar to the release timing for many other Coho 
Salmon hatcheries in British Columbia. However, James 
et al. (2023) found that juvenile-to-adult survival for hatch-
ery Coho Salmon could be improved by releasing smolts 
later than the historical average release date at 16 hatch-
eries throughout British Columbia, with hatchery-average 
maximum survival associated with releases that occur 
between May 30 and July 5. This increased survival for 
fish that are released at later dates may be related to their 
saltwater preparedness. Thus, physiological sampling of 
smolts prior to release and examining for levels of Na+/
K+-ATPase, and measuring local salinity levels at holding 
and release sites, could help ascertain saltwater readiness 
and aid in deciding on release dates and locations, as 
hatchery-reared Coho Salmon smolts have been found to 
have significantly lower Na+/K+-ATPase activity and salt-
water tolerance than their wild conspecifics (Shrimpton 
et al. 1994; Chittenden et al. 2008). Later release dates may 
also be associated with larger-bodied fish, which are better 
able to resist starvation (Wilson et al. 2021). Our partner 
hatchery holds fish in marine pens for ~14 days prior to re-
lease with the hope that they increase in size through op-
portunistic feeding. Telemetry studies could be designed 
to investigate the benefits of all these hatchery practices; 
incorporating tagging and release of co-occurring wild 
smolts would help in interpreting the full effects of the 
hatchery practices on smolt survival.

In conclusion, small volunteer-run hatchery programs 
such as our partner hatchery often lack the capacity for 
long-term marking and monitoring programs—and be-
cause these facilities have a primary focus on educa-
tion, monitoring is generally not part of their programs. 
Nonetheless, we have demonstrated that a very focused, 
short-term tracking study that was relatively inexpen-
sive to conduct (only the transmitters needed to be pur-
chased; all other telemetry infrastructure was borrowed, 
and research personnel were volunteers) can provide 
valuable insights for understanding the temporal and spa-
tial patterns of released smolt survival and behavior. The 
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modifications to the hatchery operations that were pro-
posed are all ones that can be assessed for their effective-
ness with future similar telemetry studies.
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