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Abstract
Climate change is subjecting aquatic species to increasing temperatures and shifting hydrologic
conditions. Understanding how these changes affect individual survival can help guide conservation
and management actions. Anadromous Pacific salmon (Oncorhynchus spp.) in some large river
systems are acutely impacted by the river temperatures and flows encountered during their spawning
migrations. However, comparatively little is known about drivers of en route mortality for salmon in
smaller coastal watersheds, and climate impacts may differ across watersheds and locally adapted
salmon populations. To understand the effects of climate on the survival of coastal sockeye salmon
(Oncorhynchus nerka; hísn in Haíɫzaqv), we tagged 1785 individual fish with passive integrated tran-
sponders across four migration seasons in the Koeye River—a low-elevation watershed in coastal
British Columbia—and tracked them during their relatively short migration (∼13 km) from river
entry to spawning grounds. Overall, 64.7% of sockeye survived to enter the spawning grounds, and
survival decreased rapidly when water temperatures exceeded 15 °C. The best-fitting model included
an interaction between river flow and temperature, such that temperature effects were worse when
flows were low, and river entry ceased at the lowest flows. Results revealed temperature-mediated
mortality and migration delays from low water that may synergistically reduce survival among
sockeye salmon returning to coastal watersheds.

Key words: climate change, conservation, fisheries management, migratory species, Bayesian
mark-recapture

Introduction
Variation in climate is a key determinant of species distributions (Parmesan and Yohe 2003; Perry
et al. 2005), population productivity (Gjerdrum et al. 2003), age structure (Carlson and Quinn
2007), and rates of individual growth and survival (Ludwig et al. 2006; Martins et al. 2012a). The life
cycles of migratory species link climate variability spanning vast distances as they traverse seasonal
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gradients through diverse habitats connecting abundant feeding areas with productive breeding
grounds (Dingle 2014). Timing of migration, breeding, and other critical life-history events for these
species has evolved to match climate conditions that maximize the survival and fitness of individuals
(Cushing 1990; Bradshaw and Holzapfel 2008). Given their reliance on these varied and distant
habitats, the energetic demands of migration and the importance of seasonal phenological transitions
(Dingle 2014), migratory species may be especially vulnerable to climate change (Robinson et al.
2009). Given the paramount role of climate in survival among migratory species and the rapid
ongoing progression of anthropogenic climate change (IPCC 2013), understanding how climate
impacts migration and survival is foundational for conservation and management of these species.

In the coastal ecosystems of the Pacific Northwest of North America, anthropogenic warming is
predicted to increase air temperatures and reduce precipitation during the summer and early fall
months (Mote et al. 2003; Murdock and Spittlehouse 2011), altering water temperatures and flow
during the freshwater phase of Pacific salmon (Oncorhynchus sp.) spawning migrations (Mantua et al.
2010; Murdock and Spittlehouse 2011; Isaak et al. 2018). Climate warming has the potential to under-
mine the long-term viability of cold-water fish populations such as salmon (Isaak et al. 2010; Crozier
et al. 2019). Adult migration timing of populations can be adapted to the prevailing temperature and
flow conditions within their natal watersheds (Hodgson and Quinn 2002; Beechie et al. 2006; Eliason
et al. 2011). However, climate change has already increased water temperatures in many systems,
pushing species to the limit of their thermal tolerance and driving shifts in migratory phenology
(Quinn and Adams 1996; Reed et al. 2011; Kovach et al. 2013). In well-studied large river systems
such as the Fraser River, where adult salmon make energetically costly migrations hundreds of
kilometers upstream, extensive research has documented that high temperatures and high flows can
increase en route mortality of salmon (Rand et al. 2006; Farrell et al. 2008; Martins et al. 2011).
These relationships between survival and flow and temperature are now used to inform in-season
fishery management, and fisheries harvest rates are reduced when environmental conditions are less
favorable (Hague and Patterson 2007; MacDonald et al. 2010). Thus, there is a critical need to evaluate
the behavioral and demographic consequences of increasing water temperatures for salmon popula-
tions and to incorporate this understanding of climate impacts into the management of fisheries.

Migratory salmon in smaller coastal watersheds may be more or less vulnerable to climate change
than their large-river counterparts. While mortality during spawning migrations has been well
documented in populations of sockeye salmon in the Fraser and Columbia Rivers (Crossin et al.
2008; Crozier et al. 2011; Martins et al. 2011), the extent and impact of temperature-mediated mortal-
ity in these smaller watersheds, such as those on the British Columbia coast, is virtually unknown. In
the low-elevation coastal watersheds of Washington, British Columbia, and Alaska small- to medium-
sized lakes support hundreds of populations of sockeye salmon. In British Columbia alone, these
coastal watersheds support at least 120 unique stocks, more than half of the 214 lake-type
sockeye salmon (juvenile rearing in lakes) populations in the province (Holtby and Ciruna 2007).
These lakes often share common features such as rain-dominated hydrology and unproductive
humic-stained waters (Stockner and McIsaac 1996). In coastal watersheds, sockeye salmon typically
migrate during late spring and early summer, thereby avoiding late-summer water temperatures that
can exceed 20 °C (Hodgson and Quinn 2002; Katinić et al. 2015), temperatures known to induce
physiological stress and mortality among populations in the Fraser and Columbia Rivers (Crossin
et al. 2008; Crozier et al. 2011; Eliason et al. 2011). Further, with small to medium catchment sizes
(e.g., <300 km2), minimal snowmelt, and darkly colored water resulting from humic staining, coastal
watersheds are likely to absorb solar energy more readily, making them sensitive to warming air
temperatures (Lisi et al. 2015; Chezik et al. 2017). Smaller watersheds have more variable hydrology
(Moore et al. 2015), and during summer drought periods many coastal systems experience low-flow
conditions that limit movements by adult salmon (Quinn et al. 2015). However, migration distances
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for coastal salmon populations are typically shorter, perhaps only a few kilometers in length, com-
pared with long-distance migrations in large rivers that impose greater energetic costs and
cumulative thermal exposure. Local adaptation in thermal tolerance may also act to modulate popu-
lation responses to warming (e.g., Eliason et al. 2011; Whitney et al. 2013). Importantly, these coastal
sockeye salmon stocks support subsistence fisheries that are vital to the culture, economy, and food
security of many remote and Indigenous communities. Despite their importance for the evolutionary
legacy of their species, and the socio-cultural value of these populations, data are lacking to under-
stand migratory behavior and climate sensitivity of sockeye salmon in coastal river systems.

Here we evaluate the potential vulnerability of coastal sockeye salmon to shifting hydrology and
warming waters in a remote and undeveloped watershed. Specifically, we examine four years of
tagging and survival data in a culturally important sockeye salmon population, the Koeye River of
the Central Coast region of British Columbia, Canada. We worked with the Haíɫzaqv (Heiltsuk)
Nation to build and operate a weir to tag adult sockeye salmon for subsequent mark-resight estimates
of population size to inform management and harvest opportunities for food, social, and ceremonial
purposes (Atlas et al. 2017). From 2016 to 2019, we installed and maintained an array of passive
integrated transponder (PIT) antennas to track the migration and survival of 1785 sockeye salmon
tagged and released at the weir. Using these data, we asked three questions: (i) How long does it take
tagged sockeye salmon to reach Koeye Lake? (ii) What percentage of tagged stock survive to reach
their spawning grounds, and what is the relationship between temperature, river level, and survival?
(iii) Does river entry cease during periods of summer low water and cause migratory delays? By
reconstructing detection histories for individual fish and modeling apparent survival in relation to
the temperature and flow conditions encountered during their spawning migrations, we reveal new
understanding of climate vulnerability for sockeye salmon in coastal watersheds. Estimates of
temperature-mediated en route mortality will support forecasting of future climate impacts on sock-
eye populations in coastal ecosystems, underpinning adaptive management under climate change.

Methods

Study system
The Koeye River drains a watershed of 185 km2 on the mainland coast of British Columbia (Fig. 1).
The hydrology of the watershed is transitional rain–snow dominant, with peak flows typically
occurring during late fall and winter and a small pulse of snowmelt driven discharge during late
spring. The watershed has two medium-sized lakes, Koeye Lake (450 ha) and Upper Koeye Lake
(227 ha), which are lightly stained and mildly acidic (pH ∼ 6.7). Koeye Lake is located 6.2 km from
tidewater at 53 m above sea level and supports all sockeye salmon spawning and rearing, as they are
not believed to ascend the canyon downstream of Upper Koeye Lake. Importantly, the watershed is
undeveloped, unlogged, and entirely protected within conservancy, a rarity among coastal watersheds
of the Pacific Northwest.

Sockeye salmon return to the Koeye River from June through September. Most fish enter freshwater
between mid-June and mid-July and hold over-summer in Koeye lake (Fig. 2). Spawning occurs in
September and October in two tributaries of the lake, the Upper Koeye River and a smaller tributary
that enters on the lake’s south shore—referred to hereafter as Left Tributary—that provides spawning
habitat for a few hundred individuals annually. Lakeshore spawning is not believed to occur. Since the
1950s spawning sockeye salmon abundance in the Koeye River has ranged from a few thousand to
18 000; however, prior to 2013, population estimates were infrequent and unreliable (English
et al. 2016).
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Tagging and tracking
Since 2013, the Haíɫzaqv Nation and research partners have used a traditional-style cedar fish weir to
capture and tag sockeye salmon in the Koeye River (Fig. 1), shortly after their freshwater entry (Atlas
et al. 2017). In 2019, the weir was upgraded to a more durable floating aluminum fence, enabling
higher capture efficiency at the weir site. Most years, the weir is installed in early June and operated
until the end of July. Fish are captured in the trap box of the weir and in weekly seining events in
the pool immediately downstream, anesthetized with tricaine mesylate and tagged with visually
identifiable FLOY anchor tags (FLOY Tag, Seattle, Washington, USA) on both sides of the posterior

Fig. 2. Daily numbers of adult sockeye salmon tagged at the Koeye River weir (grey bars), mean daily river
temperature (red line), and mean daily river flow height (m) (blue line) across the four seasons of study.

Fig. 1. A map of the Koeye River watershed, depicting the location of the weir, spawning tributaries, and PIT antennas. From Esri, HERE Map Content.
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dorsal muscle, and evaluated visually for recent wounds, net scarring, and major scale loss (Simon
Fraser University Animal Care #1129B-14 and 1270B-14). Following twice-weekly pool seining, a
panel is removed from the weir to minimize migration delays imposed by the fence. Only a small
fraction of the total Koeye River sockeye return is captured and tagged at the weir. We aim to tag
approximately 500 fish annually for mark-recapture estimates, which is<10% of the total return in
most years. Tagged fish are subsequently resighted during repeated fall stream counts to generate
estimates of spawner abundance.

From 2016 to 2019, we installed and maintained an array of solar and fuel-cell powered PIT antennas
(Oregon RFID, Portland, Oregon, USA) across the longitudinal extent of the Koeye watershed.
Initially, pass-over antennas were installed at three locations: the top of tidal influence about 300 m
upstream of the weir, the lake outlet, and the lower end of the Upper Koeye River, which is situated
above Koeye Lake where ∼85% of spawning typically occurs. The length of the antennas at these three
sites ranged from 25 to 30 m. Antennas were built using a loop of 12-gauge antenna wire, covered in
irrigation hose and tied to a lead line using braided nylon twine. For pass-over antennas, the two sides
of the antenna loop were held approximately 1 m apart to maximize read range, and anchored to the
stream bed using duckbill stream anchors (MacLean Civil Products, Fort Mill, South Carolina, USA)
driven into the substrate.

In 2017, we added a smaller (15 m) seasonally deployed pass-over antenna in the lower end of the Left
Tributary of Koeye Lake. PIT antennas in the Koeye River below the lake were installed in spring,
prior to the start of the spawning migration. Antennas above the lake were installed in late-August
or early-September, prior to entry on spawning grounds. The configuration and operational schedule
of PIT antennas in the tributaries of Koeye Lake varied slightly among years. For example, the
antenna in the Left Tributary of Koeye Lake was not installed until 2017, and in that year a bear
damaged the equipment at the Upper Koeye River site shutting down the antenna for 8 d in mid-
September. All antenna sites were operated until late October when spawning and river entry is
complete.

Sockeye salmon captured at the weir were tagged with PIT tags (23 or 32 mm HDX) (Oregon RFID)
implanted in the dorsal muscle in addition to the FLOY tags. Using this network of antennas, we
tracked the migration and survival of PIT-tagged adult sockeye salmon from freshwater entry to
spawning grounds. Across the four years of study, we tagged and released a total of 1785 adult sockeye
salmon at the weir (Table 1), redetecting 1079 in spawning tributaries above Koeye Lake. Daily mean
temperatures and river levels on the day of tagging were estimated using a Hobo U20 water level and
temperature logger (Onset Corporation, Bourne, Massachusetts, USA) deployed in the lower Koeye
River approximately 500 m above the weir. Sex, length, and injuries for tagged fish were recorded
during handling. Net and predator injuries were treated equally when analyzing their effects on
survival.

Data analysis
We estimated the effects of water temperature, sex, river level, injury, and tag size on the apparent
survival of adult sockeye salmon from the weir to spawning grounds above Koeye Lake. To under-
stand associations between environmental conditions and survival, we compared coefficient estimates
and statistical support for a series of Bayesian logistic regression models. These models were pared
down from a full model that included the interaction between river level and mean daily water tem-
perature, their main effects, and the effects of sex, individual injuries, whether the fish was tagged in
the weir trap box or seined in the downstream pool, and tag size on the probability of being detected
on the spawning grounds. Continuous environmental covariates were centered and standardized by
subtracting the mean and dividing by two standard deviations, and coefficient estimates are reported
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in this way to facilitate comparisons of effect sizes across covariates (Gelman 2008). We accounted for
the nonindependence of fish tagged on the same day by fitting a cohort-level random intercept
term and included a year-specific random effect to account for variation in the configuration and
operational schedule of the antenna array among years.

logitðpiÞ = aj + βγ1 : : : γnγ1j : : : γnj : : : + βSSexi + βweirWeiri + βInjInji + βTTagi + εyear (1)

Our model estimated the probability of survival for individual sockeye tagged in the four-year study
(pi). The model included a random intercept (α) for each cohort (j), continuous environmental
covariates γn with the estimated coefficient βγn, the effect of injury (βInj), tagging location (βweir),
categorical tag size (βT), and a year-specific random intercept term (εyear) (eq. (1)). The effects of
sex (βsex) and temperature (βtemp) were included in all models, given evidence that both are important
for survival in other systems (Martins et al. 2012b). Tagging location (weir trap box or seine) was also
included in the model based on evidence that fish tagged at the weir trap box had lower postrelease
survival. Priors for α were drawn from a hyper-distribution with a normally distributed mean of zero
and a variance term τ, which was one over the standard deviation squared. Standard deviations for
τ were drawn from a uniform distribution bounded between 0 and 2. For β, we used uninformative
normally distributed priors with a mean of zero and a standard deviation of 10.

We compared models of apparent survival to spawning grounds using an information theoretic
approach, computing widely applicable information criterion (WAIC) scores for each model using
the R-package “loo” (Vehtari et al. 2018). We then evaluated evidence for effects of environmental
conditions, sex, injury, and tag size on the probability of redetection on spawning grounds above
Koeye Lake by comparing median coefficient estimates and credible intervals for each variable. For
the suite of models receiving a high degree of support, we further estimated model predictive perfor-
mance using an area under the curve approach implemented in the R-package “ROCR” (Sing et al.
2015) and tested the prediction accuracy at a 0.5 probability cutoff.

To estimate the migration rate and survival of sockeye salmon from the weir to Koeye Lake, we used
detections at the lake outlet antenna site as indication of successful migration to over-summer holding
areas in the lake. Survival estimates accounted for detection efficiency by estimating survival as part of
a Bayesian multinomial probability statement, where Nt is the number of fish tagged at the weir in a
given year. This multinomial probability (Supplementary Material 1) accounted for all possible
detection histories (e.g., N1,1,1 for the number of fish detected at Outlet, Left Tributary, and Upper
River) to estimate annual probabilities of survival to the lake outlet (φo,y), and transition into the
Upper River (φu,y) or Left Tributary (φt,y) spawning areas.

Survival and detection efficiency were estimated by borrowing information across years and locations
and by using prior information to constrain parameter estimates within reasonable bounds.
Transition probabilities (survival) were estimated hierarchically assuming beta distributed

Table 1. Dates of weir operation, number of sockeye salmon tagged, weighted mean temperature at tagging (μ), annual survival to the Lake Outlet (φo), and
survival to spawning tributaries for all sockeye passive integrated transponder tagged across the four-year study.

Year Dates of operation Number tagged Temp, °C (μ) Mean φo (%) Total survival (%)

2016 8 June–2 July 193 14.42 91.3 (82.6–97.9) 64.7 (54.9–76.5)

2017 10 June–1 August 587 15.88 89.7 (87.1–92.1) 66.2 (56.9–79.3)

2018 15 June–26 July 382 16.15 83.8 (79.8–87.5) 64.6 (59.0–70.4)

2019 10 June–8 August 627 17.02 90.8 (88.3–93.0) 63.1 (58.5–67.9)
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probability. Alpha and beta priors for these transition probabilities were bounded between 2 and 5 for
φo and φu. Examination of posteriors suggested different underlying distributions for the probability
of transition into the Left Tributary (φt) and we bounded uniform alpha priors for that site between
1.5 and 2.5 and beta priors between 6 and 9. Using these hierarchical transition probabilities we
inferred the proportion of fish entering the Left Tributary in 2016 by drawing on data from the latter
three years of the study.

Detection efficiency for the lake outlet for each year (ρo,y) was estimated from the multinomial
probability with uniform priors bounded between 0 and 1. After the first year of the study we
corrected issues with electrical interference that had limited tag read ranges, and model estimates of
detection efficiency were consistently >0.95 at the lake outlet site. Thus, for Upper River and Left
Tributary sites at the upper extent of the array, where detection efficiency could not be estimated
separately from survival probability, we used informative uniform priors bounded between 0.9 and
1 for detection efficiency. Because the Upper River antenna site lost power for 8 d in 2017 we likely
missed between 15% and 30% of sockeye entering the Upper Koeye River. While some of these fish
were undoubtedly detected later in the season during and after spawning, we bounded detection
efficiency (ρu,17) between 0.6 and 0.9 to account for uncertainty stemming from missed detections.
Detection efficiency for the Left Tributary site in 2016 was fixed at 0. Overall survival for each year
(Sy) was then estimated as the product of survival probabilities to the lake outlet and into either of
the spawning tributaries after subtracting the probability that a fish entered both spawning
areas (eq. (2)).

All models were then run for 30 000 iterations in JAGS in the statistical program R (R Core Team
2017), using the rjags package (Plummer 2019), with three parallel chains, a burn in period of
20 000 iterations, and a thinning rate of five. Model convergence was evaluated visually using trace
plots.

Sy = φo,yðφt,y + φu,y − φt,φu,yÞ (2)

Results and discussion
Sockeye salmon spawning migrations began in early June with a peak in late June and early July
(Fig. 2). Fish tagged at the weir migrated quickly to Koeye Lake taking an average of 3.73 d to reach
the lake outlet; however, migration duration was highly variable and ranged from a minimum of
1.01 d to a maximum of 25.3 d. Across the four years, daily mean water temperatures during the
migration period ranged from 11.5 to 20.5 °C, and median estimates of survival to Koeye Lake (φo)
ranged from 83.8% to 91.3% with an average of 88.9% (Table 1). Detection efficiency at the lake outlet
site (ρo) was lowest in the first year of the study (51.3%; CI 43.2%–59.6%) (all credible intervals
reported are 95% CI); however, modifications to antennas and power systems designed to reduce
electrical interference yielded dramatic improvements in detection efficiency in the latter three years
of the study (mean = 97.9%; CI 96.0%–99.7%). Antennas installed at the Upper Koeye and Left
Tributary sites indicated that on average 81.5% and 18.5% of spawners entered the two sites,
respectively. Seventy-seven individuals (4.3% of fish) actually entered both spawning areas. An addi-
tional 24.2% mortality was estimated to have occurred during over-summer lake holding across the
four years. These combined estimates of survival from tagging at the weir to Koeye Lake and from lake
entry to spawning tributary entry yielded a mean survival to spawning of 64.7% (Table 1).

Bayesian logistic models of apparent survival to spawning, based on detection on antennas in
spawning tributaries of Koeye Lake, revealed strong evidence for negative effects of elevated water
temperature and injury on the probability of survival. Temperature, sex, injury, and tagging location
(weir or pool seine) were included in all models receiving a high degree of support, and coefficient
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estimates for these variables did not overlap zero, indicating strong evidence of a negative effect on
survival (Table S1). Two models received nearly equal WAIC support, one including only the main
effects of temperature, sex, injury, and tagging location (Model 2), and another that also included
the interaction between temperature and water level (Model 1). These models correctly predicted
the survival of individual sockeye to spawning areas above Koeye Lake 65% and 64.9% of the time
(Table 2). Parameter estimates for yearly random intercept terms trended towards lower detection
probabilities in 2016 and 2017 when PIT antennas were not deployed in the Left Tributary and bears
damaged the Upper River site for about a weak during September (Table S2).

Higher water temperatures decreased apparent survival among sockeye salmon, and coefficient
estimates were consistently negative for the temperature coefficient (Fig. 3; Table S1). However, the
effect of temperature was modulated by the inclusion of interactions with flow, sex, or injury. For
example, standardized coefficient estimates for temperature in models that included only main effects
averaged −0.55 (CI −1.00 to −0.13) and never overlapped zero. In Model 1, which included an
interaction between temperature and flow and received the greatest WAIC support, the estimated
effect of increasing temperature was far greater but more uncertain (−1.75; CI −3.57 to −0.14) and
was offset by a positive interaction between temperature and flow (1.88; CI −0.5 to 4.55). The
interaction between temperature and flow meant that as flow decreased, the negative effects of warm
temperature on survival were more acute (Figs. 3B–3D). Coefficient estimates for the main effect of
flow was near zero in all models, with an average value of 0.04.

Mean temperature at tagging across the four years of study was 16.2 °C, and the two top models had
similar median predictions of survival at this temperature. However, at the mean water level, Model 1
predicted higher survival at low temperatures and steeper declines in survival as temperatures
increased (Table 3). For example, in Model 2, increasing temperature from 14 to 18 °C resulted in a
decline in median predicted survival probability from 0.65 to 0.48 and 0.72 to 0.57 for females and
males, respectively, that were tagged during pool seine events. By contrast, median predicted survival
decreased with this same increase in temperature from 0.81 to 0.29 and 0.85 to 0.36 for females and

Table 2. Bayesian logistic models of adult sockeye salmon survival probability, ranked by widely applicable information criterion (WAIC) score, with area
under the curve (AUC) and predictive performance reported.

Rank Model WAIC SE AUC Prediction

1 αj+ βTempϒ1j: βFlowϒ2j+ βSexϒ4i+ βInjϒ3i+ βweirϒ6i + εyear 2318.9 25.5 0.669 0.650

2 αj+ βTempϒ1j+ βSexϒ4i+ βInjϒ3i+ βweirϒ6i+ εyear 2319.5 25.2 0.667 0.649

3 αj+ βTempϒ1j: βSexϒ4i+ βInjϒ3i + βweirϒ6i+ εyear 2320.3 25.4 0.670 0.645

4 αj+ βTempϒ1j+ βFlowϒ2j+ βSexϒ4i+ βInjϒ3i + βweirϒ6i+ εyear 2320.5 25.4 0.668 0.649

5 αj+ βTempϒ1j: βFlowϒ2j+ βSexϒ4i + βInjϒ3i+ βTagϒ5j+ βweirϒ6i+ εyear 2320.8 25.7 0.670 0.649

6 αj+ βTempϒ1j+ βSexϒ4i+ βInjϒ3i+ βTagϒ5i+ βweirϒ6i+ εyear 2320.9 25.4 0.667 0.650

7 αj+ βTempϒ1j: βInjϒ3i+ βSexϒ4i + βweirϒ6i+ εyear 2321.3 25.3 0.668 0.649

8 αj+ βTempϒ1j: βSexϒ4i+ βInjϒ3i+ βFlowϒ2j+ βweirϒ6i + εyear 2321.3 25.5 0.670 0.645

9 αj+ βTempϒ1j: βInjϒ3i + βSexϒ4i+ βFlowϒ2j+ βweirϒ6i + εyear 2322.4 25.4 0.668 0.649

10 αj+ βTempϒ1j+ βSexϒ4i+ βweirϒ6i + εyear 2328.7 24.4 0.665 0.646

Note: A cohort-specific intercept term αj was included in all models, as was a yearly intercept term (Epsilon). Models also included a range of
environmental and individual predictors of survival (Y1–Y6) and their coefficients (βTemp, βFlow, βSex, βInj, βweir). Some models also included an
interaction between predictors, denoted as “:”.
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Fig. 3. (A) Median estimates and 95% credible intervals (gray shading) of the relationship between temperature
and survival for Model 2, which included only main effects of temperature, sex and injury. (B–D) Estimates and
95% credible intervals for the relationship between temperature and survival for Model 1, which also included
the interaction between flow and river temperature. Panels depict the median model fits at the lower quantile
(B), median (C), and the upper quantile of flow (D).

Table 3. Median estimates of survival at a range of temperatures for male and female sockeye salmon, with and without injuries for the two models receiving
the highest WAIC support (Model 1 and Model 2).

Model 1: Temp: Flow+ Sex+ Injury Model 2: Temp+ Sex+ Injury

Female Male Female Male

Injury (°C) No Yes No Yes No Yes No Yes

Median μ (16.2) 0.56 0.38 0.64 0.47 0.54 0.36 0.62 0.44

survival 10 0.79 0.65 0.84 0.72 0.98 0.95 0.98 0.97

14 0.65 0.48 0.72 0.56 0.81 0.67 0.85 0.74

18 0.48 0.31 0.57 0.39 0.29 0.16 0.36 0.21

22 0.32 0.18 0.39 0.24 0.04 0.02 0.05 0.03

Note: For Model 1, which included an interaction between flow and temperature, flow was set to the mean value. All estimates of survival are
for fish tagged during pool seine events.
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males, respectively, in Model 1. When the interaction between water level and temperature was
included, predicted survival among tagged sockeye salmon declined more steeply in response to
temperature when flows were low. For example, a ∼30-cm increase in water depth from the lower
quantile value of water levels among our tagging cohorts (0.48 m) to the upper quantile of water levels
(0.74 m) resulted in an increase in predicted survival from 0.25 to 0.46 for males and from 0.19 to 0.38
for females at 18 °C (Figs. 3B and 3D). Few fish were tagged at the highest observed flows because
these conditions often resulted in unimpeded passage at the weir.

Female fish had a significantly lower probability of survival to spawning grounds (coefficient =−0.32,
range of −0.52 to −0.12) than males, with a median estimate of 13% lower survival among females at
the mean tagging temperature. Parameter estimates for the effect of injury was also consistent across
models and averaged −0.72 (CI −1.13 to −0.33); on average injured fish had a 32% lower probability
of surviving to spawning grounds. Likewise, coefficient estimates for the effect of tagging in the weir
trap box—as opposed to during pool seining events—were consistently negative (coefficient =−0.27,
range of −0.56 to 0.01). Among the 1785 individuals handled in the study, 119 had recent injuries
from predators or gill nets. There was no evidence for differences in detection with tag size, and in
all cases models without tag size received higher support (Tables 2 and S1).

The risk posed by warm water to migrating fish was reduced by a dramatic cessation in migration
when flows were lowest and water temperatures were warmest. River entry as indexed by daily tagging
numbers declined sharply when the gauge height dropped below 0.4 m, and only 11 fish were tagged
under these low water conditions despite the fact that water levels fell below 0.4 m on 26 d across the
four years of tagging (Fig. 4). This cessation of river entry meant that very few fish encountered the
most inhospitable river conditions. In total only 201 of 1785 sockeye were tagged at temperatures
above 18 °C, and these conditions occurred on day 31 of the 237 d of weir operation from 2016 to
2019. Thus, uncertain model fits at high temperatures were partially the result of low tagging numbers
when temperatures exceeded 18 °C.

Overall, we found strong evidence for a rapid increase in mortality among migrating sockeye salmon
when temperatures surpassed 15 °C and when water levels were lowest. The thermal sensitivity of sockeye
salmon in the Koeye River therefore appears comparable with that of sockeye populations in the Fraser
Basin (Martins et al. 2011). Thus, temperature-mediated mortality appears to be a
potentially important source of climate vulnerability for coastal sockeye salmon despite their shorter
summer migrations, possibly due to lower aerobic scope among coastal populations (Eliason et al. 2011).

Fig. 4. The number of sockeye salmon passive integrated transponder tagged across the observed range of river
flows during the four-year study, with the blue line depicting the density distribution of river flow heights on days
when the weir was operational.
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We found higher risk of en route mortality among female sockeye, with females having 13% lower
apparent survival compared with males at the mean tagging temperature. These findings are
consistent with previous research revealing greater temperature sensitivity among female salmon
(Martins et al. 2012b). Injuries from fishing nets or predators can also have lasting negative
consequences for the physiological status, infection risk, and survival of migrating adult salmon and
may reduce reproductive success among fish that survive to the spawning grounds (Baker and
Schindler 2009; Bass et al. 2018; Teffer et al. 2018; Cook et al. 2019). We found that injured fish had
a 32% lower probability of survival. Importantly, handling and tagging are likely associated with
elevated mortality risk, particularly when water temperatures are high (Kieffer 2000; English et al.
2005). The observed relationship between survival rate and temperature in our study was most
comparable with fish that were handled shortly after freshwater entry by Martins et al. (2011).
Thus, rates of temperature-mediated en route mortality among unhandled fish in the Koeye River
may be lower than we report here. Imperfect detection of survival to spawning grounds likely
increases uncertainty in estimated temperature effects. However, it is unlikely to bias overall temper-
ature and survival trends, since the probability of detection during spawning ground entry is
unrelated to the temperature experienced during summer migration.

Mortality of migrating sockeye salmon occurred both during their lower river migration and during
over-summer lake holding. On average, 31.5% of mortality occurred between tagging and the lake
outlet, and the remaining 68.5% of mortality occurred in the lake prior to spawning ground entry,
suggesting that both immediate survival through lower river migrations and delayed mortality related
to physiological stress and condition can contribute to reduced spawning success. In general, sockeye
salmon migrated through the lower river to Koeye Lake in just a few days, with an average migration
time of 3.73 d. These relatively short migrations to Koeye Lake likely reduce the risk of predation or
acute temperature-driven mortality, since fish can find and use cooler water in the hypolimnion of
Koeye Lake for over-summer thermal refugia (W. Atlas, unpublished data). On average fish in the
Koeye River entered spawning tributaries 88 d after tagging at the weir (range = 42–129 d). There
are no fisheries in Koeye Lake. However, the metabolic and physiological consequences of exposure
to high temperatures or other stressors clearly play out over a prolonged period in adult sockeye
salmon, and delayed mortality following high temperature, handling stress or injury, has been
reported in other sockeye populations (Crossin et al. 2008; Baker and Schindler 2009; Bass et al. 2018).

This population of coastal sockeye salmon migrate upstream prior to peak river temperatures in most
years. While this early migration may minimize the risk of exposure to warm river temperatures it
does comes at an energetic cost, since fish forgo foraging opportunities in the ocean and do not feed
in freshwater (Quinn et al. 2015; Katinić et al. 2017). Despite these forgone growth opportunities,
early migration and prolonged lake holding is characteristic of many coastal sockeye salmon popula-
tions (Katinić et al. 2015) and may increase reproductive success by allowing sockeye to behaviorally
thermoregulate by moving across temperature gradients in lake hypolimnions (Newell and Quinn
2005; Roscoe et al. 2010). Early arriving fish with prolonged lake holding can more readily regulate
their thermal exposure, contributing to longer spawning ground residence and lower egg retention,
indicative of higher reproductive output (Minke-Martin et al. 2018).

It appears that flow may mediate the impacts of temperature on survival. We predicted higher mortal-
ity at lower river levels, as migrating salmon in smaller river systems can be vulnerable to predation or
become stranded in low and warming pools when water levels decrease rapidly (Carlson and Quinn
2007). Unlike the Fraser and other large river systems where the en route survival of sockeye salmon
is negatively impacted by the energetic costs associated with migrating during high flows (Rand et al.
2006), survival during the relatively short migrations of many coastal populations of sockeye salmon
is likely bolstered by higher water levels. WAIC support was highest for a model (Model 1) that
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included an interaction between river temperature and flow, with median coefficient estimates sup-
porting the conclusion that higher water levels moderate the negative effects of warmer temperatures.
The uncertain effects of water level on survival may reflect the relatively narrow range of flows that
most fish were tagged at or interannual differences in the overall risk of en route mortality that were
driven by unmeasured factors (e.g., differences in pathogen prevalence). Regardless, the trend towards
higher survival at higher flow highlights key differences between the impacts of climate-induced
changes in hydrology on salmon in coastal rivers like the Koeye and larger rivers like the Fraser.

Low river flows not only seemed to exacerbate temperature-induced mortality but also delayed migra-
tion, as river entry by adult sockeye salmon stopped during low water. This observation has important
implications for how we understand and forecast climate impacts in populations of coastal sockeye
salmon. Climate models predict warmer and drier summers in the coastal Pacific Northwest
(Murdock and Spittlehouse 2011). However, if sockeye in the Koeye River and other coastal river sys-
tems delay freshwater entry because of low water and remain in coastal marine waters longer,
increased vulnerability to predation and fisheries may act as proximate drivers of mortality and
reduced population viability. During the summer of 2018, the Central Coast region experienced a pro-
longed drought, with <6 mm of rainfall between 8 July and 24 August (Hakai Institute, unpublished
data). Drought conditions overlapped with the latter half of the sockeye spawning migration, and in
late August we observed large numbers of sockeye displaying spawning colors while holding in
saltwater at the mouth of the nearby Namu River, almost a month before spawning typically begins.

As climate warms and summer droughts intensify, the interactive effects of increased temperature
stress and migratory delays in saltwater could reduce survival among coastal sockeye salmon arriving
at their natal river mouths at historically optimal times. Steep declines in the probability of individual
survival when river temperatures exceed 15 °C indicate that coastal sockeye salmon have relatively low
thermal tolerance (Eliason et al. 2011), despite the regularity of low, warm water conditions that often
surpass this threshold during mid-summer. The cessation of migration during the lowest water
conditions suggests that behavioral mechanisms may drive migratory delays, allowing fish to avoid
the most stressful river conditions. However, waiting for summer rains to increase river levels and
reduce water temperatures may increase the risk of predation, capture in fisheries, or injury during
prolonged marine holding, reducing the overall likelihood of survival (Morita 2019). Such impacts
of climate-induced delays in migrations could be exacerbated by increasing marine mammal popula-
tions (Olesiuk 2010; Chasco et al. 2017; Nelson et al. 2019). The dual impacts of temperature and
prolonged saltwater holding are likely to have consequences for population productivity and sustain-
able harvest opportunities, as well as the long-term viability of hundreds of sockeye salmon popula-
tions across the coastal watersheds of Washington, British Columbia, and Alaska. Thus,
management strategies that account for migration conditions by reducing fishing pressure during
prolonged periods of low-warm water may be necessary to mitigate the effects of migration delays
resulting from changing climate conditions. Similar climate-linked management models have been
developed for the Fraser River, with reductions in harvest rates when temperatures reach levels
predicted to elevate the risk of en route mortality among adult sockeye salmon (Hague and
Patterson 2007; MacDonald et al. 2010).

Conclusions
Our observations that contemporary climatic variability is driving substantial mortality of migrating
sockeye salmon in this intact coastal watershed is important for several reasons. First, these findings
reveal that coastal sockeye salmon are also vulnerable to climate change despite their short migrations
and maritime climates. Thus, climate risks extend beyond large river systems with long migrations
and higher cumulative thermal exposure (Patterson et al. 2007). Second, it is important to emphasize
that the study watershed is entirely undeveloped, having never been logged; thus, it has not suffered
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from land-use driven temperature increases and altered flow regimes (Tschaplinski and Pike 2017;
Gronsdahl et al. 2019). Previous observations of temperature-induced mortality in migratory salmon
generally originate from watersheds that have suffered from substantial human land-use alterations
(Martins et al. 2011; Barnett et al. 2020). We find that even watersheds with intact habitat are vulner-
able to oncoming climate changes, and sockeye salmon in coastal systems that have been logged or
otherwise degraded are likely even at greater climate risk than we observed here.

Adaptive shifts in migration timing are likely to be an important process in maintaining viable
populations of sockeye salmon given projected climate warming (Hague et al. 2011; Reed et al. 2011).
Migration timing is highly heritable (Carlson and Seamons 2008), and species phenology may be more
capable of rapid contemporary evolution than thermal tolerance (Bradshaw and Holzapfel 2008).
Sockeye salmon grow slowly during their last summer of marine life, thus the fitness tradeoffs between
early migration reducing mortality risk and additional marine growth associated with later migration
likely favor earlier migration (Katinić et al. 2017). Within coastal populations there is precedent for
migrations earlier than is currently observed among sockeye salmon in the Koeye River (Hodgson
and Quinn 2002). For example, most populations of sockeye salmon in Haida Gwaii migrate earlier,
beginning in April and May (Katinić et al. 2015), and some populations in smaller, low-elevation
watersheds within Haíɫzaqv territory begin their freshwater migrations as early as late April
(W. Housty personal communication, 2019). Given this precedent for earlier-run timing, and ongoing
examples of adaptive shifts in sockeye salmon migration timing (e.g., Quinn and Adams 1996), climate
warming and the loss of late-spring snowmelt may drive populations in many watersheds towards
earlier migrations. Alternatively, some sockeye populations in the lower Fraser River with short
migrations have traditionally delayed freshwater entry until September when river temperatures cool
(Hinch et al. 2012). Thus, climate warming may push some portion of sockeye salmonmigrations later,
particularly if summer droughts preclude river entry during the latter half of the run.

To meet and manage oncoming climate impacts species conservation and management should seek to
maintain diverse phenotypes by minimizing artificial selection imposed by harvest or other human
activities (Allendorf and Hard 2009). Maintaining phenotypic diversity and population size underpins
the potential for adaptation to drive evolutionary rescue in populations threatened by changes in
climate, promoting the persistence and recovery of species in the face of ongoing anthropogenic cli-
mate change (Rice and Emery 2003; Carlson et al. 2014). Moreover, understanding climate impacts
on migrating adult salmon can inform climate-resilient harvest regimes, reducing fishery intensity
in warm and dry years where more salmon are expected to perish. Quantifying climate impacts and
risks during animal migrations is a critical element of management and conservation efforts seeking
to promote adaptation and resilience under climate change. Moving forward, these data will support
development of adaptive-harvest management plans for Haíɫzaqv sockeye salmon fisheries.
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