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1  | INTRODUC TION

Anadromous salmon (Oncorhynchus spp and Salmo spp) sup-
port important fisheries and serve critical ecological functions. 
Unfortunately, these species have experienced dramatic declines 
in recent decades (Gresh, Lichatowich, & Schoonmaker,  2004; 
Gustafson et al., 2007; Mills, Pershing, Sheehan, & Mountain, 2013; 
Parrish, Behnke, Gephard, McCormick, & Reeves, 1998). Thus, know-
ing which factors affect survival and productivity throughout the 
life history is necessary for proper conservation and management. 
Migratory life stages of animals are generally considered high-risk 

(Alerstam, Hedenstro, & Akesson,  2003), as animals traverse mul-
tiple landscapes, experience novel environmental conditions and 
biotic interactions (e.g. predation, competition, and parasitism), and 
face multiple anthropogenic impacts (e.g. barriers, fishing). Of the 
two migrations experienced within salmon life history, the smolt life 
stage when juvenile salmon migrate from natal freshwater habitats 
to the open ocean is generally less intensively studied than adult 
spawning migrations (Drenner et al., 2012).

The downstream migration to sea can be high-risk for smolts par-
ticularly via exposure to predators. Predators aggregate to exploit 
smolts in rivers and estuaries (Zimmerman, 1999; Petersen, 2001; 
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Abstract
Migrations of juvenile salmon smolts are generally high-risk, with predation often im-
plicated in reduced survival. In theory, smolts can maximise survival via depensation, 
or synchronising movements to swamp predators. Depensation, however, is difficult 
to assess in the wild. Accounting for depensation could also generate more realis-
tic telemetry-based survival estimates for management. Here, we assess six years 
(2010–2014, 2016) of acoustic telemetry and outmigration density data for sockeye 
salmon (Oncorhynchus nerka) from Chilko Lake, British Columbia, Canada. Prevoiusly, 
depensation for this population wasassessed for a single year, but interannual con-
sistency is not known. We found evidence of depensation in each year, although its 
strength varied. In addition, by integrating depensation with outmigration densities, 
annual population-level survival estimates in this initial (14-km) migratory segment 
increased by 0.02–0.24 relative to previously published estimates. However, when 
extending these survival rates from the first 14 km through the entire tracked migra-
tion (1,044 km), increases in estimates were small (~0.01). Potential conservation and 
management applications of depensation include implications for recovering imper-
iled populations and informing hatchery release strategies.
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Furey, Hinch, Mesa, & Beauchamp, 2016; Furey & Hinch, 2017), in-
fluencing location-specific mortality (Evans et al., 2012; Osterback 
et  al.,  2013; Schreck, Stahl, Davis, Roby, & Clemens,  2006). Use 
of acoustic telemetry has identified landscapes of high mor-
tality for smolts (Michel et  al.,  2015; Stich, Zydlewski, Kocik, & 
Zydlewski,  2015; Thorstad et  al.,  2012), including small unim-
pacted rivers (Clark et  al.,  2016; Melnychuk, Welch, Walters, & 
Christensen, 2007). In response to high-risk environments, salmon 
smolts utilise behavioural adaptations to maximise chances of sur-
vival. Such behavioural adaptations that may specifically reduce pre-
dation risk include nocturnal migration (Clark et al., 2016; Ibbotson, 
Beaumont, & Pinder, 2011) to reduce foraging efficiency of visually 
based predators, and orchestrated aggregation and synchronisa-
tion of movements to numerically overwhelm or swamp predators 
(Furey, Hinch, Bass, et al., 2016).

Predator swamping has long been theorised as an adaptive ben-
efit of synchronised migrations (Ims, 1990). However, testing the im-
pacts of predator swamping on per capita risk empirically requires 
simultaneous characterisation of migrant densities and individual 
survival. Recently, telemetry combined with high temporal resolu-
tion data on outmigration densities revealed that sockeye salmon 
(Oncorhynchus nerka) smolts can synchronise the migration with 
conspecifics in order to increase densities and effectively swamp 
predators in freshwater (Furey, Hinch, Bass, et al., 2016). Smolt den-
sities can vary greatly throughout the outmigration window, and 
therefore, mortality risk for tagged smolts can be greatly affected 
by number of conspecifics initiating downstream migration (Furey, 
Hinch, Bass, et al., 2016). This work only assessed one year, however, 
and thus, it remains unclear whether such depensation can occur 
consistently among years and how its strength might vary. Knowing 
if migrant smolts consistently experience depensatory mortality 
would help inform conservation and management. First, understand-
ing how depensation may affect the survival of tagged smolts, and 
therefore telemetry-based survival estimates, can inform the use of 
these estimates within management models. Second, depensation 
may provide insight into barriers for recovery of depressed popula-
tions. Lastly, depensatory mortality could inform hatchery releases, 
as hatchery-reared salmon often experience high mortality rates 
relative to wild fish (Jonsson, Jonsson, & Hansen, 2003; Saloniemi, 
Jokikokko, Kallio-Nyberg, Jutila, & Pasanen, 2004) presumably from 
predation (Fritts, Scott, & Pearsons, 2007; Jackson & Brown, 2011; 
Thorstad et al., 2012).

The current study aims to assess whether migrating smolts ex-
perience consistent depensation among years, using sockeye salmon 
from Chilko Lake, British Columbia, Canada, as a model. Chilko sock-
eye salmon are a large population, with 5–70 million smolts emigrat-
ing from Chilko Lake and migrating downstream each spring. The 
federal fisheries agency (Fisheries and Oceans Canada; DFO) uses a 
counting fence to enumerate migrant smolts at a high temporal res-
olution that can be linked with telemetry data. Telemetry has been 
used to estimate outmigration survival of Chilko sockeye salmon 
smolts for 2010–2014 and 2016 (Clark et al., 2016; Furey, Hinch, Bass, 
et al., 2016; Rechisky et al., 2019). For 2014, a strong depensatory 

relationship between smolt survival and conspecific outmigration 
density was observed, providing support for the predator swamping 
hypothesis (Furey, Hinch, Bass, et al., 2016). Thus, this study aims to 
(a) determine if density dependent survival of smolts occurs consis-
tently among years and (b) determine the influence of accounting for 
depensation on telemetry-based survival estimates relative to those 
previously published that did not incorporate depensation (Clark 
et al., 2016; Rechisky et al., 2019; Stevenson et al., 2019).

2  | METHODS

2.1 | Model system/field site and acoustic telemetry 
data

Chilko Lake lies within the Cariboo region of British Columbia, and 
supports a large population of sockeye salmon, along with coho 
salmon (O. kisutch), Chinook salmon (O. tshawytscha), and steelhead 
(anadromous O. mykiss). Sockeye salmon smolts emigrating from 
the lake migrate >650 km through the Chilko, Chilcotin, and Fraser 
Rivers (Figure 1) before entering the Strait of Georgia. From 2010–
2014 and 2016, acoustic telemetry was used in the spring to esti-
mate survival rates of Chilko sockeye salmon smolts. Across these 
6 years, 1,461 age-2 smolts were tagged (Vemco V7, Bedford, Nova 
Scotia, Canada, 7-mm diameter, 22-mm long, 69 kHz) and released 
(Table 1). Other tag types were occasionally used (Clark et al., 2016, 
Rechisky et al. 2019), and recently, one-year-old smolts were also 
studied (Stevenson et al., 2019), but these were all excluded in this 

F I G U R E  1   Migration route of Chilko sockeye salmon smolts 
from the outlet of Chilko Lake into the Chilko river (A; release 
site) through the Queen Charlotte Strait (H), British Columbia. 
All lettered locations represent acoustic telemetry arrays from 
which data were used in analyses (B: Henry's Bridge, C: Siwash, 
D: Mission, E: Derby, F: Fraser River mouth, G: Northern Strait of 
Georgia (NSOG) and H: Queen Charlotte Strait (QCS)). Map source 
data include shapefiles via the British Columbia Freshwater Atlas 
(FWA) and Statistics Canada Census Boundary files
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study to simplify analyses and to allow us to focus our assessment 
on the influence of depensation among more similar groups of fish. 
Age-2 smolts only account for ~ 4% of the outmigrant population on 
average and are on average > 30 mm longer and ~ 3 times as heavy 
as age-1 smolts (Irvine & Akenhead,  2013), allowing these age-2 

smolts to be easily identified in the field. For details of tagging pro-
cedures, see Clark et al. (2016). Telemetry receivers (Vemco VR2W, 
VR3, and VR4) were placed throughout freshwater (Chilko, Chilcotin, 
and Fraser Rivers) and the early marine (Strait of Georgia) land-
scapes (Figure 1). These receivers allowed for smolts to be detected 

TA B L E  1   Summary of sockeye salmon smolts used in the current study. Last column is the estimate for the total number of sockeye 
salmon smolts to have migrated in that year based on DFO counting fence data and analyses (B Leaf and K Benner, pers. comm, 2019)

Year
# of smolts 
taggeda 

Mean FL mm 
(SD)

Mean mass g 
(SD)

Estimated number of 
outmigrant smolts

Average water 
temperature

Average 
discharge (m3/s)

2010 199 130 (4) 17.3 (1.8) 13,486,829 6.1 12.7

2011 254 133 (7) 18.0 (3.3) 34,198,181 6.1 8.5

2012 386 123 (4) 14.0 (1.6) 55,627,562 4.2 13.3

2013 203 123 (3) 14.5 (1.2) 47,459,317 4.4 8.3

2014 237 146 (9) 25.2 (5.0) 12,568,328 4.8 6.2

2016 99 128 (6) 15.3 (2.2) 62,748,092 5.3 29.9

aOnly smolts with implanted V7 tags and not transported were used in the current study; See Clark et al. (2016), Rechisky et al. (2019), and Stevenson 
et al. (2019) for details on additional tagged smolts not included here. Water temperatures are measured daily at the smolt enumeration fence to the 
nearest 0.5 degrees; the values presented are averaged over the days smolts were emigrating. Discharge is logged daily by a Water Office of Canada 
station (08MA002) in the Chilko River at the outlet of Chilko Lake; the values presented are averaged over the days smolts were emigrating 

F I G U R E  2   Hourly outmigration structure of sockeye salmon smolts exiting Chilko Lake, British Columbia, for 2010–2014 and 2016. 
Points represent smolts tagged with acoustic telemetry transmitters, and the corresponding date–time of initiating downstream migration 
and densities of conspecifics experienced. Note scaling of y axes are non-linear to improve visibility
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at distances of 14, 80, 599, 627, 657, 804, and 1,044 km from the 
release site at the outlet of Chilko Lake (Figure 1). Additional loca-
tions were used throughout the study, but were either deployed in-
frequently or had poor detection efficiency in some year(s), and thus 
were not used in these analyses (Clark et  al.,  2016; Furey, Hinch, 
Bass, et al., 2016; Rechisky et al., 2019).

2.2 | Original survival estimates

Survival was estimated from detections at receiver sites, using modi-
fied mark–recapture models (variants of the Cormack Jolly–Seber 
models) (Cormack,  1964; Jolly,  1965; Seber,  1965). These models 
estimate survival and detection efficiency simultaneously, except at 
the final array (QCS; array H) where these two estimates are con-
founded using these methods. In response, a detection efficiency 
of 0.67 was used at the QCS array by Clark et al. (2016). With fur-
ther examining of detections at the marine arrays (Northern Strait 
of Georgia; NSOG and QCS), Rechisky et  al.  (2019) set detection 
efficiency at 0.50, but tested the impacts of values between 0.30 
and 0.80. For further details on the approach as well as the original 
derived estimates, see Clark et al. (2016) and Rechisky et al. (2019).

2.3 | Counting fence data

Acoustic telemetry data were paired with data collected from the 
DFO counting fence. Approximately 1.3 km downstream of Chilko 
Lake, DFO installs a river-wide counting fence that funnels smolts 
over narrow gridded boards. Smolt densities are estimated from 
digital photographs taken above the counting boards as well as es-
timates of smolt speeds as they cross over the boards. From 2010 
to 2014, smolt densities were estimated every 5 min. In 2016, smolt 
densities were estimated every hour. An hourly outmigration density 
was assigned to each smolt released or detected at the fence site 
(Figure 2). For smolts tracked in 2010–2014, last detections at the 
fence site (or time of release for smolts not detected) were rounded 
to the nearest 5 min to match the fence count data, and the sum of 
the number of smolts estimated to pass through the fence between 
30  min prior and 30  min after this rounded time was used as the 
experienced conspecific density. In 2016, the hourly estimate in the 
hour of the last detection or release time was used as the experi-
enced conspecific density.

2.4 | Survival modelling

To investigate depensation, survival probability was estimated sepa-
rately from release to Henry's Bridge and from Henry's Bridge to 
QCS. We used this approach such that depensation only affected 
survival of smolts over the first 14 km, from release to array B, lo-
cally known as Henry's Bridge, and not the rest of the outmigration. 
Only allowing depensation to affect the first migratory segment 

assumes that either depensation does not impact survival in down-
stream reaches or the densities of conspecifics experienced by 
smolts at the lake–river outlet (e.g. release) are not experienced fur-
ther downstream. We hypothesise the latter scenario is more real-
istic, especially once smolts reach the Fraser River and the coastal 
environment and mix with other populations and species.

2.4.1 | Release to array B (Henry's Bridge)

Detections of tagged smolts (indexed by i  =  1…1,377) at Henry's 
Bridge (yi,hb) were modelled as a Bernoulli random variable using a 
generalised linear mixed model (GLMM) with logit link function:

where �i,t,hb is the probability that tagged smolt i survives from release 
to Henry's Bridge (hb) in year t; phb is the probability of detection at 
Henry's Bridge; α is the model intercept; γα,t is the random deviation 
from the intercept in year t; βdcs is the effect of the density of co-mi-
grating smolts; γβdcs, tγβdcs, t is the random deviation from βdcs in year 
t; xi,t,dcs is the standardised density of smolts (i.e. each value was sub-
tracted from the mean density and divided by the standard deviation 
of density) co-migrating with smolt i in year t; σα,T and ��acs,T are, respec-
tively, the standard deviation of the Normal distributions assumed to 
describe the yearly random deviations from α and βdcs.

2.4.2 | Henry's Bridge to queen Charlotte Strait

Detection histories of tagged smolts along receiver arrays located 
from Henry's Bridge to the final array (H; Queen Charlotte Strait 
[QCS]) were summarised in an m-array format and analysed using 
the Cormack–Jolly–Seber model, which enables apparent survival 
to be estimated when detection probability is <1.0 (McCrea & 
Morgan, 2015). The m-array was used to tally the number of smolts 
known to have passed by (i.e. “released” in the capture–recapture 
terminology) a given upstream receiver array and that were later de-
tected in subsequent downstream receiver arrays as well as those 
never detected again. Each row a of the m-array is assumed to follow 
a multinomial distribution (Kéry & Schaub, 2012):

where ya is row a of the m-array containing the number of fish detected 
at each receiver array downstream of receiver array a and the number 
of fish never detected again out of the total number of fish known to 

yi,hb∼Bernoulli(�i,t,hb ⋅phb)

logit(�i,t,hb)=�+��,t+ (�acs+��acs ,t) ⋅xi,t,acs

��,t∼Normal(0,��,T)

��acs,t ∼Normal(0,��acs ,T)

ya∼Multinomial (na,�a)
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have passed receiver array a (na); and π a is a vector with the probability 
for each cell in row a of the m-array, which is related to the survival 
probability, ϕa, from receiver array a − 1 to a and detection probability, 
pa, at receiver array a.

Survival probability for each migratory segment was modelled 
using GLMM with logit link function and a random intercept ac-
counting for the effects of year and river section between receiver 
arrays.

where ϕt,a is the survival probability from receiver array a − 1 to a in 
year t; µϕ is the model intercept; δµϕ,t is the random deviation from 
the intercept in year t; δμϕ,a is the random deviation from the inter-
cept in river section a; σµϕ,T and σµϕ,A are the standard deviation of the 
Normal distributions assumed to describe the random deviation from 
µϕ by year and river section respectively.

Detection probabilities were modelled similarly to survival 
probabilities, but the model also included a random effect for the 
interaction between year and river section; previous work has 
demonstrated detection in specific segments can vary among years 
(Clark et al., 2016; Rechisky et al., 2019).

where pt,a is the detection probability at receiver array a in year t; µp 
is the model intercept; ��p ,t is the random deviation from the intercept 
in year t; ��p ,a is the random deviation from the intercept in river sec-
tion a; ��p ,t,a is the random deviation from the intercept arising from 
an interaction between year t and river section a; ��p ,T, ��� ,A

 and ��� ,T,A
 

are the standard deviation of the Normal distributions assumed to de-
scribe the random deviation from µp by year, river section and their 
interaction respectively.

2.4.3 | Model fitting and assessment

All models (release to Henry's Bridge and Henry's Bridge to 
Queen Charlotte Strait) were implemented with a Bayesian ap-
proach using vague priors for all model parameters, except for the 

probability of detection at Henry's Bridge, phb, and probability of 
detection at the last receiver array in QCS, pqcs, which cannot be 
estimated under this modelling framework. Based on previously 
published estimates of detection probability at Henry's Bridge 
(Clark et al., 2016), we used an informative uniform prior for phb 
with parameters a = 0.95 and b = 1.0; detection efficiency at this 
array for V7 tags ranged between 0.98 and 1.0. We also fixed pqcs 
at 0.67, as in Clark et al. (2016), but see Rechisky et al. (2019). The 
models were run with four Markov chains, with each chain yielding 
100,000 samples from the posterior distribution of each model 
parameter. We discarded the first 50,000 samples from each chain 
and thinned the remaining 50,000 by keeping every 100th sam-
ple, which resulted in 500 samples from each chain or 2,000 sam-
ples in total. Convergence of the chains for each parameter in the 
models was assessed visually using traceplots and by the Brooks–
Gelman–Rubin (R̂) statistics (Brooks & Gelman, 1998), which indi-
cates convergence when its value is <1.1. Indeed, all chains in both 
models had R̂ < 1.1. The fit of the models to the data was assessed 
using posterior predictive checks (Gelman et al. 2013), and both 
models exhibited satisfactory fit (Bayesian P-values of 0.42 and 
0.25 for models of survival from release to Henry's Bridge and 
from Henry's Bridge to QCS respectively). The models were imple-
mented in JAGS 4.3 (Plummer, 2017) using the package jagsUI 1.5 
(Kellner, 2018) in R 3.5.1 (R Core Team, 2018).

2.4.4 | Predictions of survival probability

The parametrised models were used to predict survival from release 
to Henry's Bridge (using hourly estimates of the number of smolts 
outmigrating from Chilko Lake) and overall migration survival from 
release to QCS. Survival from release to Henry's Bridge was pre-
dicted in two ways: (a) model parameters sampled from their poste-
rior distribution were used at each iteration of the MCMC sampling 
to predict hourly survival based on hourly smolt counts available 
for the whole period of the smolt outmigration; and (b) calculating a 
weighted average of the predicted hourly survival, where the ratio 
between the hourly number of co-migrants and the total run size 
was used as the weights:

where St,m is the predicted survival in year t and MCMC iteration m; 
ϕt,d,h,m is the survival probability at hour h, day d of the migration sea-
son, year t and MCMC iteration m; nt,d,h is the number of smolts out-
migrating from Chilko Lake at hour h, day d of the migration season 
and year t; and Nt is the total number of outmigrating smolts in year t.

Overall migration survival from release to QCS was computed 
at each iteration of the MCMC sampling by multiplying the pre-
dicted hourly survival based on hourly smolt counts (as described 
above in 1) and the section-specific survival probabilities estimated 
for each year.

logit
(

�t,a

)

=��+��� ,t
+��� ,a

��� ,t
∼Normal

(

0,��� ,T

)

��� ,a
∼Normal

(

0,��� ,A

)

logit
(

pt,a
)

=�p+��p ,t+��p ,a+��p ,t,a

��p ,t∼Normal
(

0,��p ,T

)

��p ,a∼Normal
(

0,��p ,A

)

��p ,t,a∼Normal
(

0,��p ,T,A

)
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d=1

∑24

h=1
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3  | RESULTS

3.1 | Depensation in the first migratory segment

The estimates for the total number of smolts emigrating from Chilko 
Lake each year ranged between ~12.5 million (2014) and ~68.5 mil-
lion (2016; Figure 2; Table 1). Survival from release to Henry's Bridge 
(A–B; 14  km) exhibited a positive relationship with the density of 
co-migrating smolts in all six years (Figure 3). However, both the ex-
pected survival at mean smolt densities (represented by variability 
in the model intercept) and the strength of the density-dependent 
effects (represented by variability in the model slope) varied among 
years (Figure 4). Survival at mean densities was higher in 2010 and 
2014 and lower in 2016 than the average survival across years 
(Figure  4a). The strength of density dependence was greatest in 
2014 and lowest in 2012 (Figure 4b). The variability in the model in-
tercept and slope for density dependence generated interesting re-
lationships between survival and density of co-migrating smolts. For 
example, despite expected survival at mean abundance being one 
of the highest in 2014 (Figure  4a), the strongest depensation was 
observed in 2014 (Figure 4b) resulting in the lowest survival prob-
abilities at low co-migrating smolt densities compared to all other 
years (Figure 3).

The median of the predicted survival between release (A; 
Figure 1) and array B (Henry's Bridge) among the hours of outmigra-
tion varied (Table 2) from 0.51 (2014) to 0.84 (2012) and the shape 
of the predicted survival distribution varied considerably across 
years (Figure 5). However, when estimating the weighted (by smolt 
density) average across outmigration hours, survival estimates for 
this segment increased to between 0.77 (2014 and 2016) and 0.92 
(2013), reducing interannual variability. Incorporating both the ex-
pected depensation and the number of smolts experiencing such 
depensation increased our survival estimates of this segment by 

between 0.06 (2012) and 0.26 (2014). We used our estimates in-
corporating the outmigration structure of the entire population to 
estimate survival throughout the rest of the migratory corridor (see 
below).

3.2 | Survival from Henry's Bridge (array B) to QCS 
(array H) and overall migration survival

Survival from Henry's Bridge to QCS varied between two periods 
during the study, with survival being lower than the six-year aver-
age in 2010–2012 and higher than average in 2013–2016 (Figure S1). 
Segment-specific survival was somewhat variable among migration 
sections, being lowest in the sections between C-D (Siwash, BC to 
Mission, BC) and G-H in the coastal environment (Figure  S1). The 
highest segment-specific survival occurred in the short sections be-
tween D-E (Mission, BC to Derby, BC) and E-F (Derby, BC to the 
Fraser River mouth) within the lower Fraser River (Figure S1). In all 
years, survivorship declined sharply at the beginning of outmigration 
through array C, particularly in 2014 and 2016 (Figure 6). Thereafter, 
survivorship declined at a moderate, consistent rate by distance up 
to array G in the northern Strait of Georgia (although survivorship is 
high over the short stretch of the lower Fraser River), then at a faster 
rate between arrays G and H in the marine environment (Figure 6). 
The median survival probability from release to the final array H 
(QCS) ranged between 0.04 in 2010 and 0.11 in 2013 (Figure 6 and 
Figure S2).

4  | DISCUSSION

We found evidence that depensation is consistent among years in 
the upper Chilko River for outmigrant sockeye salmon smolts; in each 

F I G U R E  3   Predicted survival of 
sockeye salmon smolts between release 
and the first array 14 km downstream 
by experienced density of co-migrants. 
Individual points represent tagged fish as 
either apparent survivors (value = 1.0) or 
apparent mortalities (value = 0.0). Points 
are jittered in the vertical direction and 
partially transparent to aid visibility
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year, survival of smolts increased with increasing densities of migrant 
conspecifics. This helps to confirm earlier findings that initially iden-
tified the depensatory relationship (Furey, Hinch, Bass, et al., 2016). 
Benefits of synchronising movements such as migrations or emer-
gence events have long been supported in theory (Ims, 1990) with 
some empirical support (Furey, Hinch, Bass, et al., 2016; Sweeney & 
Vannote,  1982; Williams, Smith, & Stephen,  1993) and our results 
provide firm field-based multiyear evidence. Thus, our work fur-
ther strengthens a long-standing ecological theory regarding animal 
migrations.

By accounting for depensation, we demonstrated that previously 
published telemetry-based survival estimates for this first migration 

segment could be increased by ~2%–45% (0.02–0.24). In all cases, 
our estimates of survival for this segment exceeded those of Clark 
et  al.  (2016) and Rechisky et  al.  (2019), but the magnitude of this 
increase varied between 0.02 (2013) and ≥0.09 (2010, 2011, and 
2014). These represent increases above these previously published 
estimates by ~2%–18%. Stevenson et  al.  (2019) assessed survival 
of V7-tagged age-2 smolts in 2016 and estimated survival for the 
first 14 km as 0.53; we estimated survival (once accounting for de-
pensation and the contribution of each hour of outmigration to the 
population) to be 0.77, an increase of 0.24 or 45%. Tagged fish that 
migrated with few conspecifics had low chance of survival, but rep-
resented a small proportion of the outmigrant population relative to 

F I G U R E  4   Random effect estimates 
of the intercept (left) and slope for the 
effect of co-migrant density (right) in the 
binary GLMM modelling smolt survival 
from release to the first downstream array 
(Henry's Bridge, Chilko River, 14 km). 
Estimates represent the deviation from 
the mean intercept and slope of co-
migrant density

TA B L E  2   Estimates of survival to the first (14 km; A in Figure 1) and final (1,044 km; H in Figure 1) telemetry arrays in the current 
study, incorporating depensatory relationships and assuming 0.67 detection efficiency at the final array, and two previous studies (Clark 
et al., 2016 and Rechisky et al., 2019)

Year
Distance/array 
(km)

Current study across all 
outmigration hours

Survival estimate

Current study weighted by migrant 
density across all hours

Clark et al. 
(2016)

Rechisky 
et al. (2019)

2010 to 14 0.77 0.85 0.74 0.74

to 1,044 0.03 0.04 0.03 0.04

2011 to 14 0.80 0.90 0.81 0.76

to 1,044 0.06 0.07 0.07 0.09

2012 to 14 0.84 0.90 0.83 0.86

to 1,044 0.05 0.05 0.07 0.11

2013 to 14 0.77 0.92 0.90 0.9

to 1,044 0.10 0.11 0.10 0.14

2014 to 14 0.51 0.77 – 0.66

to 1,044 0.07 0.10 – 0.08

2016 to 14 0.57 0.77 – –

to 1,044 0.06 0.08 – –

Note: Clark et al. (2016) assessed survival in 2010–2013 and Rechisky et al. (2019) assessed survival in 2010–2014. We only include estimates for V7, 
age-2 smolts released directly at the lake–river outlet from these studies (Clark et al., 2016; Rechisky et al., 2019) in this table.



     |  25FUREY et al.

tagged samples, resulting in underestimating population-level sur-
vival when not incorporating depensation and outmigration struc-
ture. Thus, accounting for density dependence and outmigration 
structure can be important for researchers attempting to provide 
realistic and accurate telemetry-based estimates of survival of mi-
gratory fishes.

These increases in survival estimates during the first migra-
tory segment, however, had little impact on our estimates of smolt 
survival to the open ocean at Queen Charlotte Strait (1,044  km 
from our release site). At most, our annual estimates of survival to 
this final array were 0.01 greater than those of Clark et al. (2016) 
but were generally lower (by 0.02–0.06) than those of Rechisky 
et al. (2019) who assumed a lower detection efficiency at this array 

(0.5 vs. 0.67). Stevenson et  al.  (2019) did not assess survival at 
this open ocean site due to low sample sizes. Thus, uncertainty in 
detection efficiency at this array is more likely to impact estimated 
smolt survival to the open ocean than the degree of depensation 
accounted for very early on in the migration. Development of a 
“double array” at Queen Charlotte Strait or use of modelling tools 
that allow for the estimation of detection efficiency at final ar-
rays (Muthukumarana, Schwarz, & Swartz, 2008) would help fur-
ther refine telemetry-based estimates of salmon smolts in during 
their early marine migration. Depensation may still occur further 
downstream, and future work may be able to use downstream 
monitoring (e.g. rotary screw traps in the Fraser River) to assess 
depensatory effects as smolts enter the Strait of Georgia. Thus, 

F I G U R E  5   Probability densities 
of estimated survival of sockeye 
salmon smolts from release to the first 
downstream array (Henry's Bridge, Chilko 
River, 14 km) for each year of the study. 
Grey curves represent the estimated 
hourly survival of smolts. White curves 
represent the weighted average of the 
population survival (i.e. weighted by 
incorporating the year's outmigration 
structure) (as shown in Figure 2). The grey 
number in top-left corner of each panel 
is the mean survival estimate associated 
with the grey curve, and the black number 
is the mean survival estimate for the 
population depicted in the white curve 
(95% credible interval in parentheses)

F I G U R E  6   Estimated survivorship of 
sockeye salmon smolts from release at 
Chilko Lake (0 km) to Queen Charlotte 
Strait (1,044 km). Error bars indicate 95% 
credible interval
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segment-specific (except from release to Henry's Bridge) and cu-
mulative survival rates were similar to previous estimates (Clark 
et al., 2016; Rechisky et al., 2019). Collectively, these studies high-
light poor survival in the early freshwater migration (Chilko and 
Chilcotin Rivers) and in the coastal environment. Survival is high-
est in the turbid and fast-flowing Fraser River. Further discussion 
of landscape-specific behaviour and survival is included in Clark 
et al. (2016) and Rechisky et al. (2019), but our results affirm land-
scape-specific trends in survival for this population across multi-
ple approaches to mark–recapture modelling.

The observed depensation during outmigration is likely driven 
by the presence of predators and their ability to feed on smolts. 
Numerous predators are observed in the Chilko river, including pi-
scivorous fishes, birds, and mammals (Clark et al., 2016). In particu-
lar, bull trout (Salvelinus confluentus) in this system feed exclusively 
on smolts (Furey, Hinch, Lotto, & Beauchamp, 2015) and binge-feed 
(Furey, Hinch, Mesa et al., 2016) during the outmigration. While 
travelling through this landscape, smolts largely travel only at night 
(Clark et al., 2016; Furey, Hinch, Bass, et al., 2016), further evidence 
that predation is important and drives smolt behaviour at this loca-
tion. Predator swamping is likely important in this system because 
of the apparent synchronisation between the outmigration and bull 
trout behaviour; the predator returns to lake–river outlet seemingly 
in preparation for the outmigration each year (Furey & Hinch, 2017). 
Predators aggregating in response to migrant smolts are common, 
including other fishes (Petersen,  2001; Zimmerman,  1999), birds 
(Evans et al., 2016), and marine mammals (Yurk & Trites, 2004). The 
importance of depensation is likely population- and predator-spe-
cific, requiring system-specific research.

Although depensation or predator swamping was consistent 
among years, the strength of the effect and shape of density–sur-
vival curves varied considerably. For reasons unknown, the strength 
of depensation we observe in the upper Chilko River appears cor-
related to interannual variability in size of the outmigrant popula-
tion and smolt body size. The number of smolts outmigrating each 
spring can vary wildly (between ~10 and 70 million) and is largely 
dependent upon number of spawners the prior year (Irvine & 
Akenhead, 2013). In our models, 2014 and 2010 were identified as 
having the strongest depensatory relationships and corresponded 
to the smallest outmigration populations within our 6-year time se-
ries, with ~13.1 million fish in 2010 and ~12.6 million fish in 2014. 
In the other four years, at least 30 million smolts were estimated to 
emigrate. In years with lower outmigration abundance, we are more 
likely to see a stronger depensatory effect as more fish experience 
low conspecific densities at outmigration, where the strongest im-
pact on survival is observed. The size of the outmigrant population 
is inversely correlated with the average body size of migrant smolts. 
In general, Chilko cohorts with lower abundance migrate at larger 
size (due to less density dependence while rearing and foraging in 
the lake), resulting in considerable interannual variability (~3-fold) 
in mean body mass of migrant smolts (Irvine & Akenhead,  2013). 
Smolts do appear prepared for saltwater even upon exiting Chilko 
Lake (Clark et al., 2016), but osmoregulatory preparedness has not 

been examined consistently among years. Other metrics of physical 
condition is also likely to vary among years. For example, the pres-
ence and prevalence of infectious agents found in Chilko sockeye 
smolts can vary among years or between age classes (Furey, 2016; 
Stevenson et al., 2019), with specific infections correlated with mor-
tality (Jeffries et al., 2014). Infected smolts can be at higher risk of 
predation (Furey, 2016; Miller et al., 2014), as well as fish that are 
simply in poor condition (Hostetter, Evans, Roby, & Collis,  2012; 
Tucker, Hipfner, & Trudel, 2016). Thus, some smolts are predisposed 
to predation or mortality, likely independent of conspecific densi-
ties, and the proportion of such fish can vary interannually.

We expect river conditions, namely discharge, turbidity, and 
temperature to potentially impact smolt survival and potentially the 
strength of depensation. Given that smolt predators are largely vi-
sually based foragers, turbidity can provide cover for prey (Gregory 
& Levings,  1998), potentially weakening density–survival relation-
ships. Temperature affects not only physiological performance but 
also the metabolism of ectothermic predators such as bull trout 
(Mesa, Weiland, Christiansen, Sauter, & Beauchamp, 2013). Among 
rivers, smolt migration rates appear positively correlated with river 
flow (e.g. travel rates in the slow-flowing Chilko are much slower 
than in the larger and faster Fraser River; Clark et al., 2016; Rechisky 
et al., 2019), and thus within the Chilko, travel rates may vary among 
years if discharge rates differ. However, smolt migration rates in small 
rivers such as the Chilko are generally still correlated with body length, 
implying active swimming (Melnychuk, Welch, & Walters, 2010). We 
saw no evidence of a relationship between discharge (Table 1) and 
outmigration densities (Figure S3) with discharge increasing through 
the season (Figure S4) and patterns of outmigration being much more 
complex (Figure 2). Future research should explore not only the vari-
ability in migration rates among years, but also within the migratory 
season (water levels continue to rise throughout the migratory pe-
riod), and attempt to link such variability in behaviour to changes in 
both environmental condition and smolt physical condition.

5  | CONSERVATION AND MANAGEMENT 
IMPLIC ATIONS

Our results demonstrate that incorporating depensation can im-
prove telemetry's ability to provide realistic estimates of survival 
for migrant populations. Telemetry-based estimates of survival are 
generally used in a relative sense (e.g. identify high-risk regions) or 
for measuring bycatch or catch-and-release mortality (Donaldson, 
Arlinghaus, Hanson, & Cooke,  2008; Pollock & Pine,  2007). 
Integration of density dependence into telemetry data may fa-
cilitate use of survival estimates as definitive within management 
models, albeit only over short distances (for which depensation 
can be quantified and assumed to persist). Continued efforts to 
integrate telemetry-based survival estimates into management 
should involve stakeholders as early in the research process as 
possible to ensure results are usable (Crossin et  al.,  2017; Hays 
et al., 2019).



     |  27FUREY et al.

The consistent impacts of migrant densities on survival high-
light the need for healthy migratory fish populations. Predators can 
act to exploit migrations (one of the reasons why migrations can be 
high-risk (Alerstam et al., 2003)), and thus know where and when 
to expect feeding opportunities (Furey, Armstrong, Beauchamp, & 
Hinch, 2018; Sergeant, Armstrong, & Ward, 2015). In such cases, 
it is advantageous for migrant populations to be as large as pos-
sible to exploit predator swamping. As population sizes decrease, 
so do the benefits of predator swamping and increased mortality 
is possible. Thus, reduced populations of migratory fish may not 
only affect their important ecosystem functions (Hall, Jordaan, & 
Frisk, 2012; Schindler et al., 2003), but also weaken the benefits 
of depensation and lengthen the already-long lists of challenges 
for conserving migratory fishes (Arthington, Dulvy, Gladstone, 
& Winfield,  2016; Cooke, Paukert, & Hogan,  2012; Dugan 
et al., 2010; Lassalle, Béguer, Beaulaton, & Rochard, 2008; Runge, 
Martin, Possingham, Willis, & Fuller,  2014). However, severe de-
clines in migratory populations result in lost feeding opportunities 
for predators (Hall et  al.,  2012), which could eventually result in 
predators no longer aggregating in preparation for migrations. In 
other words, small populations may not be large enough to attract 
predators, and thus, predation is these systems would likely be op-
portunistic. Regardless, generalist predators can still be impactful 
(Osterback et al., 2013), and therefore, maintaining high densities 
of migrant fishes is likely to have greater impacts than those aimed 
at reducing predation.

Our results, even though focused on a wild population of sock-
eye salmon, may inform hatchery release strategies. Predation on 
hatchery fish can be high, particularly shortly after release (Olla, 
Davis, & Ryer, 1998). Although such predation is generally attributed 
to differences in behaviour and condition of hatchery fish relative 
to wild (Fraser,  2008; Jackson & Brown,  2011), there may still be 
short-term value in releasing more fish over a shorter amount 
of time (albeit selection pressures will still exist further along the 
migration). However, predator swamping is not the only factor in-
fluencing when and how many fish to release, as other temporal 
factors also influence migratory success. Nocturnal migration also 
appears important for smolts traversing high-risk landscapes (Clark 
et al., 2016; Ibbotson et al., 2011). More broadly, general (e.g. sea-
sonal) timing of ocean entry can be important to juvenile salmonids 
(Scheuerell, Zabel, & Sandford,  2009), presumably due to match–
mismatch dynamics with favourable estuarine and ocean conditions 
(Satterthwaite et al., 2014). Thus, managers need to balance the ef-
fects of depensation with helping ensure salmon experience benefi-
cial environmental conditions.

6  | CONCLUSIONS

Although our study focuses on sockeye migrating through upper 
freshwater reaches in a system inhabited by bull trout, the potential 
for depensatory relationships exists for other populations and spe-
cies of salmon, exploiting predators, and landscapes. The early marine 

phase may play an important role in population productivity, and 
predators include marine mammals (Thomas, Nelson, Lance, Deagle, 
& Trites, 2016) and birds (Tucker et al., 2016), among others. More re-
search is needed to understand at what densities and for which pred-
ators predator swamping is possible. Particularly for long-depleted 
populations, it is possible for increased densities of smolts to result 
in predator attraction rather than swamping. In addition, generalist 
predators may exhibit great flexibility in their space use while forag-
ing, and may not be adapted to exploit specific outmigration events. 
Furthermore, more information is needed on if multiple populations 
or species comigrate to increase densities, such as when distinct pop-
ulations overlap in lower rivers and the coastal environment. Even less 
studied are the influences of densities in one diadromous migration 
on the survival of a second species migrating in the opposite direction 
(e.g. river herring migrating upstream while Atlantic salmon smolts 
migration downstream or other forms of “prey buffering” (Saunders, 
Hachey, & Fay, 2006). However, in individual systems with predators 
of large populations anticipating smolt migrations, depensation is a 
likely adaptive benefit of migratory synching for smolts.
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