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Abstract

The conservation and management of Pacific salmon in Canada faces an uncertain future. While fisheries policies, like
Canada’s Wild Salmon Policy, increasingly emphasize conservation, salmon continue to decline due to cumulative pressures
of climate change, habitat loss, and overfishing, requiring precautionary management. We quantified population dynamics for
52 coho salmon populations along the North and Central Coast of British Columbia from 1980 to 2020 to determine population
status, assess risks from mixed-stock fisheries spanning U.S., Canadian, and Indigenous jurisdictions, and implemented for-
ward simulations of alternative productivity and harvest scenarios to inform collaborative management. Since 2017, we found
productivity shifts associated with marine heatwaves led to a 37% decline in coho abundance and 40%-69% of populations
falling below biological reference points. Although long-term coho recovery depended on future productivity trends, reduced
harvest across U.S. and Canadian fisheries can improve short-term recoveries. While rebuilding coho will depend largely on
whether productivity improves, harvest management remains one of the few tools available to provide a safe operating space
for coho populations and their fisheries to adapt to ongoing ecosystem changes.
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Introduction

Marine species face increasingly unprecedented conditions
from climate and ecosystem changes (Poloczanska et al. 2016;
Bindoff et al. 2019). Migratory and anadromous species, like
Pacific salmon, are particularly vulnerable to these changes,
as their life histories evolved to track the seasonal and geo-
graphic variation in climate and ecological regimes evident
in both marine and freshwater environments (Arthington et
al. 2016; Hardesty-Moore et al. 2018; Putman 2018). Climate-
driven regime changes in productivity of exploited marine
fishes can undermine conservation and erode the sustain-
ability of critical social-ecological systems including fisheries
(Vert-Pre et al. 2013; Poloczanska et al. 2016).

Over the past century, Pacific salmon have been managed
into multiple conservation concerns—including an ongoing
and widespread decline (Irvine and Fukuwaka 2011; Price et
al. 2019; Walters et al. 2019). The reasons underlying these
declines vary, but common themes include multiple stressors
from extensive climate, ocean, and freshwater changes inte-

grated across a complex migratory life cycle (Lin et al. 2017;
Cline et al. 2019; Wilson et al. 2022), degradation and loss
of freshwater habitat (Gregory and Bisson 1997; McClure et
al. 2008), and a legacy of overfishing (Achord et al. 2003).
In 2014, for example, the North Pacific marine heatwave
emerged from a suite of novel climate conditions (Di Lorenzo
and Mantua 2016) that led to persistent changes in temper-
ature, primary production, and trophic structure across the
North Pacific (Suryan et al. 2021) and lowered marine survival
for salmon populations from California to Alaska (Grant et al.
2019; Priest et al. 2021; PSC NBTC 2022). Ecosystem changes
continue to impact salmon across the North Pacific and are
associated with highly variable and non-stationary popula-
tion dynamics that place tremendous pressure on salmon
conservation and management (Peterman and Dorner 2012;
Dorner et al. 2018).

In response to domestic fishery collapses, the Canadian
government has attempted to establish a foundation for pre-
cautionary management of wild Pacific salmon fisheries by
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enacting policies under the Sustainable Fisheries Framework (SFF)
including the Wild Salmon Policy (WSP) and the Fish Stocks
Provisions of the revised federal Fisheries Act (Holt et al. 2009;
Price et al. 2017; Imhofet al. 2021). The guiding principles un-
derlying the SFF are germane to fisheries management glob-
ally and include: (1) establish biological or ecosystem ref-
erence points that set low- and high-risk thresholds to be
avoided (known in the SFF as the upper stock reference (USR)
and the limit reference point (LRP), respectively); (2) con-
duct stock assessment that quantifies population status rel-
ative to those reference points; and (3) identify harvest strat-
egy that allows some harvest while maintaining fish popula-
tions above the reference points with varying tolerance (i.e.,
high probability to avoid the LRP). Reference points used in
stock assessments are typically based on adult abundances
or biomass at maximum sustainable yield (Sysy) since popu-
lation sizes below MSY are more likely to produce lower re-
cruitment and lost fishing opportunities. In practice, British
Columbia salmon management has routinely used 80% of
Smsy to define the USR before a population falls into a “cau-
tious zone” that warrants precautionary management ac-
tions to promote recovery (we use the term USR interchange-
ably with 0.8Sysy throughout). Similarly, practitioners have
typically defined the LRP, before a population falls into a “crit-
ical zone”, as the spawner abundances that recover a popula-
tion to Sysy within a single generation (termed Sggn). How-
ever, neither reference point has been formally enshrined
into policy nor mandated in practice. When applied at a
Conservation Unit scale under the WSP these two reference
points delineate red, amber and green zones of biological
“status” and are termed biological benchmarks (Holt and
Irvine 2013).

Despite establishing a precautionary framework in
Canada, efforts to conduct rigorous stock assessments
and estimate reference points for wild Pacific salmon popu-
lations remain limited due, in large part, to the large number
of salmon populations, scale mismatches between local pop-
ulation dynamics and larger-scale management units (e.g.,
Stock Management Units or Conservation Units; Wilson et al.
2023), and erosion of monitoring programs and associated
budget cuts over time (Price et al. 2008, 2017; Walsh et al.
2020). This lack of monitoring data precludes quantifying
reference points for many wild salmon populations, which
can undermine precautionary fisheries management and the
constitutionally protected rights of Indigenous communities
for traditional food, social, and ceremonial (FSC) harvest.
These challenges are well illustrated by coho salmon (On-
corhynchus kisutch) along the North and Central Coast (NCC)
of British Columbia.

Coho in the NCC support vital commercial, recreational,
and FSC fisheries, including for the Central Coast First Na-
tions (CCENSs). Fishers harvest coho salmon from hundreds of
mixed and comigrating populations in the coastal environ-
ments of British Columbia and Southeast Alaska (Beacham
et al. 2020; Priest et al. 2021). Despite their importance,
understanding and managing coho salmon populations re-
mains challenged by difficult and remote access, later run
timing into the winter, relative timidity compared to other
salmon species, and limited resources and capacity through-

out the NCC for monitoring and assessment at ecologi-
cally relevant scales (Atlas et al. 2021; PSC NBTC 2022). Lo-
cal insights from Indigenous knowledge holders, Nation-
led monitoring programs, and limited quantitative assess-
ments since 2017 suggests an ongoing decline in coho abun-
dances that coincided with the emergence of marine heat-
wave conditions in recent years (Grant et al. 2019; PSC NBTC
2022).

Here, we developed a Bayesian time-series model to evalu-
ate spatial and temporal patterns in coho salmon population
dynamics across 52 populations and six regions spanning the
NCC. Overall, our goals were to estimate fishery reference
points, assess current conservation status of NCC coho pop-
ulations, and provide explicit management and ecological
evaluations that illuminate a path forward for precautionary
fisheries management. As several of us work directly for and
with CCEN, our findings help to advance Indigenous-led fish-
eries management efforts and generates evidence-based ad-
vice for ongoing collaborative management agreements and
conservation plans.

Methods

Spawner escapement and harvest data

We compiled time-series of adult spawner abundances and
harvest rates from 52 coho salmon populations across the
NCC (Fig. 1) spanning a 41-year period from 1980 to 2020
and 16 conservation units (CUs; Table S1 in Supplementary
Material A), populations grouped on the basis of their ge-
ographic locations, genetics, life histories, and habitat con-
ditions under the WSP (Holtby and Ciruna 2007). Available
time-series data on spawner abundances were compiled from
multiple sources including English et al. (2018), public data
in NuSEDS (Fisheries and Oceans Canada 2020a), and Atlas et
al. (2021). While coho escapement data along the NCC goes
back into the 1950s, we focused on 1980 and onwards ow-
ing to consistent survey methodologies and improved docu-
mentation (Fig. S1 in Supplementary Material A). The meth-
ods used to collect spawner abundance data varied across
populations, and included weirs, overflight counts, stream
walks, and mark-recapture studies. While each enumeration
methodology varies in data quality and precision, we did not
take into account in our analyses (but see Glaser et al. (2025)
for one such example). We chose to focus on populations
that had relatively continuous monitoring over time across
the period of interest although monitoring efforts and data
availability has generally declined in recent years, which may
cause increased uncertainty in current assessments (Price et
al. 2017; Atkinson et al. 2024). Harvest rates for coho salmon
are highly uncertain and remain unmonitored across most
of the NCC, except for three coded-wire tag (CWT) indicator
populations on the Nass (Ksi Ts’oohl Ts’ap Creek—the only
wild coho salmon indicator in the region), Skeena (Tobog-
gan Creek—a hatchery indicator), and Haida Gwaii (Deena
Creek—a hatchery indicator). We used these indicator popu-
lations to develop estimates of total harvest rates from all sec-
tors (Alaskan commercial and domestic Canadian commer-
cial, recreational, and FSC) for coho across the NCC (Fig. 2)
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Fig. 1. The Pacific Fisheries Management Areas and regional groupings for 52 coho salmon populations along the North and
Central Coast of British Columbia. Datum was in NAD83/BC Albers and was made available from the Government of British

Columbia (Teucher et al. 2021).
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based on methods outlined in English et al. (2018), with mod-
ifications detailed in Appendix A.

Coho population dynamics

The life cycle for each population was defined as a cohort
of spawning coho adults and the number of subsequent adult
recruits produced by that cohort. For our purposes, adult re-
cruits were the sum of returning adults harvested in fisheries
and those that successfully returned to their natal rivers to
spawn (termed spawner escapement). Harvest was calculated
based on harvest rates as modified from indicator popula-

tions (Fig. 2) and spawner escapement, and returning fish
were assigned to their parental brood year using age com-
position data in English et al. (2018). Coho salmon exhibit
relatively simple age-structure compared to other salmonids.
Accordingly, when populations lacked historical age compo-
sition data, we used the average proportions-at-age among
populations (Table S2 in Supplementary Material A), which
assumed that freshwater rearing lasted 1-3 years (1.15 years
on average) and a fixed 2-year period at sea prior to return
as current spawning escapement counts include only adult
spawners and not jacks (male coho that return after a single
summer at sea).

Can. J. Fish. Aquat. Sci. 82: 1-18 (2025) | dx.doi.org/10.1139/cjfas-2025-0023 3



http://dx.doi.org/10.1139/cjfas-2025-0023

Can. J. Fish. Aquat. >CI. Downloaded Trom cansciencepub.com by 216.19.1/¢.4 on 06/16/Z0

‘Canadian Science Publishing

Fig. 2. Trends in Canadian (open triangles) and Alaskan (filled circles) fisheries exploitation rates (ERs) for eight regions. Ex-
ploitation rates were estimated based on methods in English et al. (2018). Exploitation rates for coho populations in the Haida
Gwaii, Nass, and Skeena regions were inferred from coded-wire tag recovery data from the Deena, Zolzap, and Toboggan Creek
monitoring programs, respectively. Harvest rates for non-CWT regions were estimated as described in Appendix A and reflect
the assumption that all regions are subject to the same average Canadian domestic exploitation rates. CWT, coded-wire tag;

CU, conservation unit.

Haida Gwaii Skeena

Inner Waters (Douglas/Kitimat CU) 4 Central Coast (South)

Region Sector ® Alaska A Canadian
® Nass @ Hecate Lowlands Inner Waters @® Central Coast (Rivers/Smith CUs)
Haida Gwaii Nass Skeena

0.4

0.2

0.0

Hecate Lowlands Inner Waters (Douglas/Kitimat CU) Inner Waters

o,
E 0.4
“% %%mlgﬁ é.‘; ?-b&
= \H I
:% 0.2 e . 1 ﬁ@ﬁﬁé
Ll

0.0 s

Central Coast (South) Central Coast (Rivers/Smith CUs) 1980 1990 2000 2010 2020
04
0.2 ' LN L Tt
Ao gééfmﬁé
0.0 & H : 3

1980 1990 2000 2010 20201980

Bayesian hierarchical model

We developed a hierarchical Bayesian multivariate state
space model to describe non-stationary changes to the intrin-
sic productivity of 52 coho salmon populations within six re-
gions among the NCC. Multivariate state space models are a
useful way to analyse time-series data because they can si-
multaneously estimate shifts intrinsic productivity while ac-
counting for the temporal dependency between observations
(i.e., the autoregressive property), correlations between two
or more time series (i.e., the multivariate property), and two
sources of uncertainty: observation error and natural biolog-
ical variation (i.e., the observation vs. process states). Recruit-
ment dynamics were analysed at the level of individual popu-
lations, rather than aggregating population dynamics across
larger groups, because coho typically have low dispersal lead-
ing to density dependence regulating individual spawning
populations rather than regional aggregates (Westley et al.

1990 2000 2010 2020

Year

2013; Anderson et al. 2015). We modelled intrinsic productiv-
ity arising from a hyperprior that nested populations within
six regional groups to account for common temporal trends
among regions.

We chose to model hierarchical productivity using regional
groupings rather than CUs under the WSP for a few reasons.
First, 11 of 16 CUs were only represented by 1-2 populations
in this dataset, which left very little degrees of freedom to
model within-group variation in recruitment dynamics (Table
S$1 in Supplementary Material A). Second, many of the recon-
structed exploitation rates in English et al. (2018) were based
on a combination of DFO Pacific Fishery Management Areas
and CUs, and further disaggregating and reconstructing ex-
ploitation rates at the CU scale were not immediately justi-
fiable. Rather, one of our aims was to revise Canadian har-
vest rates for Central Coast coho (multiple overlapping CUs)
to acknowledge relatively high catches based on recent catch
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monitoring in the Central Coast (Appendix A). Third, there
is current effort underway to improve coho genetics baseline
across the North and Central Coast, and the provisional coho
CUs under current WSP implementation are highly uncer-
tain and may not be representative of underlying population
dynamics. Last, the regions provide a grouping structure for
similar watershed characteristics, like land use or freshwater
change, marine climates, and fishery interceptions that bal-
anced similar biological considerations of CUs under the WSP
without sacrificing sample size.

We assessed potential trends in recruitment productiv-
ity for coho salmon using a Ricker model (Ricker 1975;
Brinnstrom and Sumpter 2005) that describes a station-
ary density-dependent relationship between adult spawners
S and subsequent recruitment R. The basic Ricker stock-
recruitment model for population i follows:

(1) Rip = oSje P

where «; was the recruits produced per unit spawner at low
densities (i.e., maximum intrinsic productivity) and g; reflects
the strength of density dependence such that % is the adult
abundances that produce the maximum number of recruits.
We linearized the Ricker model into a simpler regression-like
form such that

(2) In (%) = In () — BiSis

measures the observed recruitment produc-

where In (&

Sit
tivity for population i in year t. Hence, a linearized Ricker
model allowed us to quantify how intrinsic productivity («;)
and density-dependence ($;) jointly shaped recruitment pro-
ductivity in NCC coho salmon populations.

The above eq. 2 assumes that the stock-recruitment rela-
tionship, defined by «; or 8;, remains constant through time,
resulting in a stationary regime where recruitment dynam-
ics respond solely to changes in adult densities or stochas-
tic processes. We added a time-varying component (i.e., non-
stationary) to eq. 2 to allow us to estimate persistent trends
in coho productivity regimes, modelled as In («; ), that varies
for each population i at time ¢t such that:

(3) In <%) =1In(ait) — BiSit + Vir

it

where v;; represented normally distributed errors with mean
zero and standard deviation o. Modelling recruitment as a
time-varying process allowed us to estimate and detect trends
in productivity regimes (Dorner et al. 2008; Wilson et al.
2022). Similar to Dorner et al. (2008), we evaluated for non-
stationary changes in In («) rather than shifting g; (or both).
These types of time-series models are commonly used in stock
assessments when productivity is believed to be temporally
variable (Fisheries and Oceans Canada 2020Db).

Annual variations in intrinsic productivity In (e ¢) for each
population i were then allowed to (co)vary among the six
regional groupings g following a multivariate distribution
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such that
(4) In (i) =In (Olt,g) + Uit

where u;; represented normally distributed errors with mean
zero and standard deviation o, 4 (i.e., shared variance for pop-
ulations within group g). If there was no evidence of time-
varying productivity, then estimates for u;; in the process
state would drop towards zero, leading to a constant and
stationary regime that only varies between groups. Specifi-
cally, we characterized changes in intrinsic productivity for
each of the six regional groups using a multivariate normal
distribution with a mean vector In(e;g) describing the ex-
pected intrinsic productivity for populations within six re-
gional groupings at time t and a variance-covariance matrix
¥, modelling process error within and between these groups.
The hierarchical regional averages In(«;,¢) followed an autore-
gressive time-varying process state such that

In (or,1) Po 10 (0te—1,1) + a1

In (0 2) Po IN (@t 1,2) + a2

_ | In(ons) | peIn(at—13) + a3

(5) In (at’g) | In(ora) T peIn(op_1.4) + Haa
In (ort,5) P I (tt—1.5) + pas

In (o,6) Po 1IN (0tr—1,6) + 1,6

~MVN (pot In (at—l) % ZP)

where p was the temporal autocorrelations between suc-
cessive time-steps and a long-term mean . The variance-
covariance matrix (Xp, a 6 x 6 matrix) was drawn from a vague
inverse-Wishart prior. Spawner abundances followed similar
temporal dependencies between time-steps (but no regional
hyperpriors) such that

(6)  Sit = psSit—1 + Msi+ Vst

where vg;; represented lognormal errors, p was temporal au-
tocorrelation, and mean ps. Model shape parameters, such
as annual productivity o or trend terms, were estimated by
fitting eqs. 3-6 to observed recruitment productivity (eq. 3).
The dynamics represented in eqs. 5-6 presumed that intrin-
sic productivity (or spawner escapement) would be expected
to correlate to the previous year’s productivity (or escape-
ment) and will likely return to a long-term mean g, (Or us).
Below, we relaxed and tested the assumption of productivity
or spawner abundances reverting to a long-term mean.

Reference points

Current fishery policies in Canada establish a need for set-
ting biological reference points to determine population sta-
tus and assess conservation risk (Fig. 3). Two biological refer-
ence points are typically used in practice at the scale of the
conservation unit: (1) 0.8Sysy, which corresponds to the WSP
upper reference point (Holt et al. 2009; Holt and Bradford
2011) and which for the purposes of this paper we consid-
ered synonymous with the USR (delineating “healthy” from
“cautious” status) and (2) Sggn, Which corresponds to the WSP
lower reference point and which we considered synonymous
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Fig. 3. Coho salmon population dynamics in Martin Creek from 1980 to 2020. The horizontal lines show three reference points:
the de facto limit reference point (Sggn) that delineates “critical status” (red) from “cautious status” (amber), the de facto upper
stock reference point (0.85ysy) that delineates “cautious status” from “healthy status” (green), and an alternative upper stock
reference (USR) (mean spawner escapement in a period of “good years” from 2000 to 2015) that delineates “cautious status”
from the perspective of the Central Coast First Nations. LRP, limit reference point; CCFN, Central Coast First Nation.
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with an LRP (delineating “cautious” from “critical” status).
These reference points revolve around the concept of a sta-
tionary (i.e., non-trending) production regime that can be
used to describe a population’s maximum sustainable yield,
typically estimated using numerical methods from the un-
derlying production model. We followed Scheuerell (2016) to
estimate spawner abundances at maximum sustainable yield
Smsy for population i such that

1—W (eli-tnie)

(7)  Swsvi= 5

where W was the solution to Lambert’s function and «; and
Bi were the long-term average demographic parameters
estimated from our Bayesian hierarchical time-series model
fitted to 1980-2020 data to approximate a presumed station-
arity regime. We then used Sysy to estimate Uysy (the harvest
rate at MSY) and Sggny using numerical methods following
Holt et al. (2009). We added a third reference point unrelated

2000

2010 2020 WSP CCFN

to MSY based on a population’s average spawner abundances
between 2000 and 2015 (termed Spaseline), as this time-period
corresponded to a widespread recovery and improved har-
vest from the Central Coast First Nations following a 3-year
reduction of domestic coho harvest rates from 1998 to 2000
(Fig. 3). We derived posterior distributions for each of 0.8Sysy
and Sgen for each coho population using posterior distribu-
tions of « and g values from preliminary model fits to the
spawner-recruitment datasets. For simplicity, our analyses
only used the posterior mean for each reference point. We
also demonstrate how reference points fluctuate temporally
as the underlying demographic parameters, like «, change
through time.

Forward simulations and fishery risk analysis

We fitted egs. 3-6 to empirical observations of In (%) and
then forward simulated recruitment dynamics five genera-

tions (20 years) into the future under five alternative harvest
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scenarios and three assumptions about future productivity
trends. For our harvest scenarios, future recruitment from a
spawning cohort at time t followed:

(8) Rir= 011',tsi,t€7ﬂist

where the abundance of returning adult spawners A; ; de-
pended on the proportion-at-age in the ocean p; , of that pop-
ulation (from 3 to 5 years):

5
O A= Za:3pi,aRi$t,a
(10)  Sie = (1 —hit) A,
(11)  hi; ~ normal (up g, ong)

where h; ; was the harvest rate (truncated positive) experi-
enced by population i at time t, j1g, ; was the scenario-specific
mean annual harvest rate and oy, was the standard devia-
tion in annual harvest rates for populations within region g
from the past 10 years (2009-2019). We did not apply the log-
normal bias correction to eq. 8, which allowed for the risk as-
sessments in forward simulated dynamics to reflect the pos-
terior median recruitment rather than the posterior mean.
We evaluated five harvest scenarios: (1) no harvest, (2) harvest
continues at the recent 10 year average, (3) 50% reduction of
BC harvest, (4) 50% reduction of Alaska harvest, and (5) 50%
reduction of both BC and Alaska harvest. These scenarios cap-
ture the full range of potential management interventions
from status quo to domestic reductions (in BC or Alaska) to
internationally coordinated reductions (in BC and Alaska) to
complete cessation of commercial, recreational, and FSC fish-
eries.

Our forward projections then evaluated outcomes across
three alternative future states of nature as indexed by alter-
native assumptions for non-stationary shifts in the maximum
intrinsic productivity In (o ¢) (Fig. S2 in Supplementary Ma-
terial A). The first scenario simulated maximum intrinsic pro-
ductivity returning to a long-term mean such that

(12) In (at.g) = Pugln (atfl,g) + Uog T Ut g

where p, , was the temporal correlation between productiv-
ity at time t and time t—1, u, ¢ Tepresented average productiv-
ity for group g, and u;, were process errors estimated from a
variance-covariance matrix (eq. 6). The AR(1) process implied
by eq. 12 reverts to a long-term mean of ; Mo T . The second sce-
nario simulated maximum intrinsic product1v1ty and adult
spawners continuing along a random walk such that

(13)  In(oxy)

The third scenario simulated maximum intrinsic produc-
tivity following long-term linear trends such that

=1In (ce-1g) +Urg

(14) I (crg) = (8t + 1ag) + Pug
(In (or-1.g) — (8 (t — 1) + Hag)) + g

where 8, was the annual rate of change in average produc-
tivity ¢ for group g and p,, was the temporal correlation
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between time-steps. Note that eq. 14 models a linear trend in
the long-term average productivity where the expected pro-
ductivity was centered on the long-term trend plus a propor-
tional deviation from the previous autocorrelated time-step
to account for the temporal dependency among consecutive
years (Fig. S2 in Supplementary Material A).

We used forward simulations of alternative scenarios to
quantify risks for each population, each regional group, and
the NCC aggregate, with risks measured in two ways. First, we
quantified the frequency of the posterior samples that popu-
lations fell below each of the above fishery reference points
(0.8Smsy, Sgens and Spaseline)- Second, we quantified population
status measured as the ratio between simulated abundances
and these reference points across all projection years.

Inference and model diagnostics

We estimated the Bayesian model on a joint posterior us-
ing four Markov Chain Monte Carlo (MCMC) chains in JAGS
version 4.3.1 run via R version 4.3.1 with rjags and run.jags
packages (Plummer 2003; Denwood 2016; R Core Team 2023).
Each chain took 1500 posterior samples for a total of 6000
samples, and we thinned every 200 samples after a warmup
period of 125000 samples. We used several complementary
methods to diagnose model suitability. MCMC chain con-
vergence was inspected visually on trace plots. In addition,
we ensured effective sample sizes were >1000 for each
parameter (Gelman et al. 2013). We used the Gelman-Rubin
diagnostic test on each parameter to determine whether
independent chains converged to a common posterior mode,
with potential scale reduction factors (PSRF) < 1.1 suggesting
convergence. We then used graphical posterior predictive
checks to test for model misspecification by comparing
the predictive distribution of adult escapement (simulated
from the posterior sample for each observation) to observed
population dynamics. Last, we inferred the weight of evi-
dence for a given assumption on forecasted productivity by
calculating the absolute median error between predicted
and observed escapement for 2017-2020 return years for
the three productivity models. We used absolute median
errors because it is robust to outliers that can emerge from
forecasting population dynamics under lognormal errors.

Marine climate-productivity associations

Coho marine survival has been linked to coastal sea sur-
face temperatures in both winter and summer seasons (Cole
2000). Accordingly, we derived an index of marine heatwaves
for each of the six regional groupings to explore the poten-
tial role of climate change on coho salmon. First, we de-
rived ocean entry locations for each region by averaging the
ocean entry coordinates for coho populations within each
region. We then compiled gridded sea surface temperature
(SST) data from NOAA ERSST (Boyin et al. 2017; Malick 2019)
to calculate annual SST anomalies within 200 km of each re-
gion’s ocean entry point. We then averaged SST anomalies
at both an annual (January-December) and summer (May-
September) time-period for each region to reflect the marine
climate conditions that coho would experience during their
first year at sea. Last, we used linear regression to relate an-

Can. J. Fish. Aquat. Sci. 82: 1-18 (2025) | dx.doi.org/10.1139/cjfas-2025-0023 7



http://dx.doi.org/10.1139/cjfas-2025-0023

Can. J. Fish. Aquat. >CI. Downloaded Trom cansciencepub.com by 216.19.1/¢.4 on 06/16/Z0

‘Canadian Science Publishing

Fig. 4. Total abundance (spawner escapement plus harvested salmon) of coho salmon since 1980. Abundance was mean cen-
tered and scaled by one standard deviation for each population within a region. Solid lines indicate the summed total abun-
dance of coho populations within a region, which was then scale-transformed.

Haida Gwaii
Region
== Nass

Haida Gwaii Nass

-2

Hecate Lowlands Inner Waters

Scaled total abundance (escapement + harvest)

1980 1990 2000 2010 20201980 1990

nual SST anomalies to the posterior mean estimates of the
regional time-varying productivity 2 years earlier (presuming
an average of 1 year spent in freshwater) to explore the as-
sociations between marine heatwaves and coho population
dynamics (Mueter et al. 2002).

Results

Trends in coho populations

In general, we found that NCC coho populations have un-
dergone widespread declines in recent years (Fig. 4). Since
2017, coho spawner abundance and total run size (pre-
harvest abundance) have declined by 37% and 32%, respec-
tively, compared to their contemporary averages from 2000
to 2015 (e.g., Spaseline)- Local monitoring indicated that 39 of
52 populations were below Sgaseline from 2017 to 2020 while
6 populations remained above; 7 populations were not mon-
itored in recent years. The magnitude of population changes
varied among regional groups. For example, Hecate Lowlands
populations declined the most (mean: —47%, range: —88%—
66%) while Nass River populations declined the least (mean:
—13%, range: —40%-17%).

Intrinsic productivity of NCC coho populations exhibited
large fluctuations with several boom-and-bust cycles since
1980 (Fig. 5). For example, a period of increased productivity

Skeena

2000 2010
Year

Inner Waters

=e= Hecate Lowlands =e= Central Coast (South)

Skeena

Central Coast (South)

iy B

20201980 1890 2000 2010 2020

across several regions (e.g., Inner Waters in Fig. 5), was asso-
ciated with a rapid recovery due to high recruitment years,
which coincided with reduced harvest in the fishery after
the 1997 “coho collapse”. Since 2010, however, intrinsic pro-
ductivity (In «) for all six regions has substantially declined
relative to their contemporary baselines with productivity
nearing or exceeding record lows for three regions: Hecate
Lowlands (posterior median percent changes of —74%; 95%
credible intervals (Cls): —87% to —54%), Central Coast-South
(—44%; CI: —68% to —2%), and Skeena Watershed (—69%; CI:
—78% to —56%). Populations among the Central Coast Inner
Waters changed by —45% (CI: —55% to —34%)—a large decline,
but not the record low that occurred in the early 1990s. Esti-
mated productivity trends were more moderate for coho pop-
ulations among the Nass Watershed (—26%; CI: —45%-4%) and
were highly uncertain for populations among Haida Gwaii
(—12%, CI: —74%~114%).

Current population status

Many coho populations were below WSP risk-based biolog-
ical conservation targets in recent years (Fig. 6), while seven
populations lacked monitoring data necessary to determine
status since 2017. Of 45 monitored populations, 15 fell be-
low their LRP (Sggn) in at least 1 year between 2017 and 2020
and two populations fell below in each year, placing them
in or nearing “critical” status. Eleven coho populations fell
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Fig. 5. Trends in the intrinsic productivity (In «) from 52 coho salmon populations (points indicate population-specific posterior
median estimates) within six regions of the North and Central Coast (lines indicate region-specific posterior median, and the
shaded regions indicating 95% credible intervals). The size of each point indicates the long-term average abundance for each

population.
P Haida Gwaii Skeena Inner Waters
Region
= Nass = Hecate Lowlands == Central Coast (South)
Haida Gwaii Nass

Hecate Lowlands Inner Waters

Intrinsic recruitment productivity (In a)

A
1980 1990 2000 2010 1980 1990

below the de facto USR (0.8Sysy) in each year they were
monitored, and 34 populations were below in at least 1 year
suggesting “cautious” status (Fig. 6). Not all populations de-
clined in spawner abundances. For example, 11 populations
averaged spawner abundances higher than 0.8Sysy in each
year since 2017 and could be considered “healthy” under cur-
rent policy (Fig. 6). However, six populations that were above
0.8Symsy were still below Spaseline in each year since 2017, and
44 populations were below either 0.8Sysy OT Spaseline iD at least
1 year indicating uncertain status.

The role of fishing in driving declines in coho populations
status varied over the past 40 years (Fig. S3 in Supplementary
Material A). In the 1990s, many populations were overfished
and undergoing overfishing ([% > 1), but fisheries manage-
ment generally reduced harvest beginning in 1997 (Fig. S3
in in Supplementary Material A) leading to mixed conserva-
tion outcomes (Fig. 6). For instance, coho populations in the
Skeena or the Central Coast (South) regional groupings saw

Mean spawners ¢ 100 o 1,000 O 10,000 O 50,000

Skeena

Central Coast (South)

2000 2010 1980 1990 2000 2010
Year

an increased frequency of populations in Healthy status zone
after harvest reductions in 1997, while the Hecate Lowland or
Inner Waters region continued to see a relatively large pro-
portion of populations remain in Cautious or Critical status
zones (Fig. 6). Time-varying productivity drove non-stationary
changes in reference points, like Uysy, likely underestimating
conservation risks in regions with large productivity declines
(Fig. S3 in Supplementary Material A).

Marine climate and productivity

Based on post hoc regression analyses, we found re-
gional differences in the response of intrinsic productivity
to warmer ocean climates indicated by annual and summer
SST anomalies (Table 1; Figs. S8 and S9 in Supplementary
Material A). For example, the posterior mean estimates of
intrinsic productivity for the Nass and Haida Gwaii regions
had weak or uncertain associations with either SST metric
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Fig. 6. Population status of coho salmon in the North and Central Coast of British Columbia among three different time-periods.
Population status indicated by posterior mean estimates of spawner abundance relative to estimated reference points. Healthy
status is indicated if spawner abundance was above both the upper stock reference point and the contemporary baseline.
Cautious status is indicated if spawner abundance was below either the upper stock reference point or the Contemporary
Baseline. Critical status is indicated if spawner abundance was below limit reference point. Data deficiency is if there was
no observed spawner abundance for the population during that time-period. LRP, limit reference point; USR, upper stock

reference.
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[&)]
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Skeena

(Table 1). However, SST anomalies were negatively associated
with intrinsic productivity for more southern regions of coho
salmon, including populations in the Skeena, Central Coast
South (albeit uncertain effect), Hecate Lowlands, and Inner
Waters regional groups.

Forward simulations and recoveries

Forward simulations indicated that coho population re-
coveries depended upon future productivity trends and
harvest management (Fig. S4 in Supplementary Material
A; see Supplementary Materials B, C, and D for historical
and forward simulations from all coho populations under
each harvest scenario for mean reverting, random walk, and
trending AR(1) productivity scenarios, respectively). In aggre-
gate, models with declining productivity trends improved

| ..
, s

Cautious (USR) . Critical (LRP) . Data Deficient

Hecate Lowlands  Inner Waters Central Coast (South)

Region

the predictive accuracy of 2017-2020 spawner abundances
by 3.6% compared to models with productivity returning
to a long-term mean (Fig. S5 in Supplementary Material A),
but forecasted trends varied among populations and regions
(Fig. 7). Across the entire NCC, fishery risks under status
quo management varied among the productivity models
(Fig. 7 and Fig. S6 in Supplementary Material A). Overall,
the “mean reverting” model, where intrinsic productivity
returned to contemporary baselines, led to improved abun-
dance and returned many populations into “healthy” status
(posterior frequency of future population-years: 7%<LRP,
29%<USR, and 65%<baseline abundances). However, both
the “random walk” and “trending” productivity models
generally predicted declining productivity and led to lower
abundances and increased conservation risks (“random
walk”: 38%<LRP, 59%<USR, and 78%<baseline abundances;
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Table 1. The mean estimated effect, p-value, 95% confidence interval (CI), and correlation (p) between sea surface tem-
perature anomalies (annual and summer) and posterior mean estimates of intrinsic productivity In («) for six regional
groupings of coho salmon populations based on regression analyses.

Change in In ()

Region SST period Mean estimate p-value 95% CI p from 1980 to 2016
Haida Gwaii Annual —0.062 0.397 —0.209-0.085 —0.143 —6.5%
Nass Annual 0.015 0.898 —0.217-0.247 0.022 1.1%
Skeena Annual —0.368 0.005 —0.618 to —0.119 —0.452 —29.9%
Hecate Lowlands Annual —0.500 0.002 —0.804 to —0.196 —0.491 —41.8%
Inner Waters Annual —0.315 0.032 —0.603 to —0.028 —0.353 —27.0%
Central Coast (South) Annual —0.182 0.064 —0.374-0.011 —0.308 —16.8%
Haida Gwaii Summer —0.034 0.548 —0.146-0.079 —0.102 —4.8%
Nass Summer 0.022 0.801 —0.153-0.197 0.043 2.15%
Skeena Summer —0.239 0.018 —0.434 to —0.043 —0.386 —26.0%
Hecate Lowlands Summer —0.389 0.002 —0.621 to —0.156 —0.498 —43.4%
Inner Waters Summer —0.278 0.013 —0.494 to —0.063 —0.405 —31.5%
Central Coast (South) Summer —0.113 0.140 —0.264-0.039 —0.247 —14.5%

Note: Percent changes were calculated based on the expected In («) from sea surface temperature anomalies in 1980 compared to 2016.

“trending”: 44%<LRP, 62%<USR, and 78%<baseline abun-
dances). The extent of these risks varied within and among
regions (Fig. 7 and Fig. S7 in Supplementary Material A).
Across productivity scenarios, populations among Haida
Gwaii, Nass Watershed, and the Central Coast-Inner Waters
would likely maintain above their respective USR but the
risks that populations fell below their LRP increased for
“random walk” and “trending” scenarios (Fig. 8 and Fig. S7 in
Supplementary Material A). Conversely, large risks remained
for populations among Hecate Lowlands and Central Coast
South even under the “mean reverting” model (Fig. 8 and
Fig. S7 in Supplementary Material A).

The forward simulations suggest precautionary fisheries
management (i.e., reductions in mixed-stock harvest) would
benefit future coho recoveries, but the magnitude of conser-
vation benefits are expected to vary among productivity sce-
narios, regions, and risk metrics. For example, a 50% reduc-
tion in exploitation rates from all fisheries (Canadian and
Alaskan) was projected to reduce the frequency of future
population-years falling below their USR by 10% (< Sgaseline:
12%) under the “mean reverting” productivity model, 8%
(= Sgaseline: 7%) under the “random walk”, and 6% (< Sgaseline:
4%) under the “trending” model. In contrast, closing all fish-
eries was projected to reduce the frequency of falling below
their USR by 20% (< Spaseline : 20%), 12% (< Spaseline : 12%), and
10% (< Spaseline: 9%) for the “mean reverting”, “random walk”,
and “trending” models, respectively. The relative population
status after 20 years of forward simulations varied among re-
gions and depended on productivity trends and management
scenarios (Fig. 8 and Fig. S6 in Supplementary Material A). For
example, reducing harvest by 50% among both fleets would
improve population status by 28% under the “mean revert-
ing” productivity model, 32% under the “random walk”, and
31% under the “trending” model. In general, regions with
larger declines in productivity, like Hecate Lowlands, bene-
fited more from precautionary management and their status
shifted from near or below fishery reference points (under
status quo harvest) to above fishery reference points under

fishery reductions (Fig. 8), but this effect varied among pro-
ductivity scenarios.

Discussion

Our findings provide new insights into recent declines of
coho salmon along the North and Central Coast of British
Columbia and their prospects for rebuilding. We found four
main takeaways after evaluating 40 years of population dy-
namics and forward simulations of ecological and manage-
ment scenarios. First, we found strong evidence that non-
stationary productivity regimes contributed to large declines
in coho salmon, altering their ability to support fisheries
(Fig. S3 in Supplementary Material A). Based on recent es-
timates of spawner abundances since 2017, we found that
36% of NCC coho populations were in a “cautious zone” (i.e.,
above their LRP but below their USR) and 15% of populations
were in a “critical zone” (i.e., below their LRP)—which is con-
sistent with a recent assessment of status for coho salmon
CUs across the NCC (Price et al. 2017; Atkinson et al. 2024).
Second, we found that precautionary fisheries management
that reduces harvest from both Canada and Alaska fisheries
can benefit coho returns. Third, we found that the long-term
abundance of coho largely depended on whether productiv-
ity improves in the future. Last, we found that different refer-
ence points convey different insights into population status.
Reference points based on MSY, which assume stationary dy-
namics no longer apparent in an era of rapid climate change,
may be overly optimistic compared to long-term ecological
baselines such as those reflected by Indigenous knowledge
(Jardine 2019; Lamb et al. 2023). By bridging how standard-
ized monitoring of wild salmon status can inform integrated
strategic planning, this work helps guide implementation of
Strategies 1 and 4 under the WSP.

Pacific salmon face unprecedented environmental condi-
tions driven by climate changes in the North Pacific. Over-
all, we found that coho total run sizes (i.e., pre-harvest abun-
dances) declined by 32% across the North and Central Coast
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Fig. 7. Posterior frequency distributions (outer violin plots show distribution and inner box-and-whisker plots show median,
interquartile, and range in outcomes) that future years of North and Central Coast coho salmon populations (points) fell below
either of three fishery reference points under forward simulations of three productivity and five harvest management scenarios
at the aggregate scale. Each point represents an individual population with that region.
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of British Columbia and was driven by coast-wide declines
in intrinsic productivity, with record or near-record low pro-
ductivity observed for several regions. Coho population abun-
dances have high natural variability and are subject to cycli-
cal dynamics driven by variation in marine and freshwa-
ter climates (Bradford 1995; Logerwell et al. 2003; Briscoe
et al. 2005). However, the timing of recent declines appears
strongly associated with impacts by recent marine heatwaves
that have persisted in varying degrees of intensity since 2014

(Di Lorenzo and Mantua 2016; Mantua 2019; Suryan et al.
2021) and increased high seas competition with hatchery
pink salmon releases (Ruggerone et al. 2023; Connors et al.
2024). These impacts continue to impact salmon ecosystems
across British Columbia (Grant et al. 2019; PSC NBTC 2022).
Unfortunately, this paints a more pessimistic outlook on the
pathway for coho salmon recoveries along the NCC—a likely
reason underlying our stronger empirical support for recent
trends in intrinsic productivity.
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Fig. 8. Posterior distributions of the relative population status
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of North and Central Coast coho salmon populations under

forward simulations of three productivity and five harvest management scenarios at aggregate (top panel) and regional scales.
The violin plots show the shape of the posterior distribution and inner box-and-whisker plots show median, interquartile, and
range in status at each scale. Each point represents an individual population with that region. The horizontal dashed line
indicates a population status of 1.0 whereby populations above that line would be “healthy” and below that line would be

“cautious” or even “critical”.
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Preliminary explorations of associations between  ocean on survival and recruitment. However, Skeena and

nearshore ocean temperatures and regional trends in coho
salmon productivity revealed apparent geographic differ-
ences in the role of warm ocean climate on annual estimates
of regional coho productivity. Linear models relating SST and
intrinsic productivity for Nass and Haida Gwaii populations
had near zero slopes, suggesting limited effects of warm

three regional groupings of Central Coast coho populations
(Inner Waters, Central Coast South, and Hecate Lowlands)
all showed evidence of negative associations between warm
nearshore ocean conditions and intrinsic productivity. There
was also apparent divergence across these regions in pro-
ductivity trends, with evidence for more stable productivity
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among Nass and Haida Gwaii populations during recent ma-
rine heatwaves. These findings are consistent with research
that has demonstrated differential responses to climate
changes among salmon populations with more northern
and more southerly salmon populations of multiple species,
possibly due to differing oceanographic processes driving
productivity between the northern and southern bifurca-
tions of the North Pacific Current (Mueter et al. 2002; Malick
et al. 2017; Litzow et al. 2018).

The emergence of non-stationary shifts in intrinsic pro-
ductivity challenges conservation as managers must navi-
gate a future with no historical analog. Traditional salmon
management by colonial governments has been informed
by retrospective assessments of broad-scale abundance data
aggregated among populations that establish equilibrium-
based reference points (Holt et al. 2009; Price et al. 2017).
However, ongoing climate and ecosystem shifts will drive
non-stationary marine and freshwater productivity regimes,
suggesting that time-varying reference points, like Upysy,
may be more appropriate (Fig. S3 in Supplementary Mate-
rial A). These non-stationary dynamics are a common fea-
ture among Pacific salmon (Szuwalski and Hollowed 2016;
Malick et al. 2017; Litzow et al. 2018; Wilson et al. 2022)
and force managers to aim at moving targets (Ingeman
et al. 2019). In addition to environmental changes, regime
changes can emerge from social or economic changes. For
example, previous NCC coho declines in the 1990s were
associated with large improvements to fishing technolo-
gies, including electronic navigation aids and GPS, that im-
proved capture efficiencies and led to more widespread
fishing activity throughout the NCC (Mike Reid, personal
communication).

Unfortunately, such rapid productivity changes may go un-
noticed for NCC coho because of declining monitoring ef-
forts and a lack of established reference points, in particu-
lar at locally and regionally relevant scales (Price et al. 2017;
Atkinson et al. 2024). Despite the socio-cultural and eco-
nomic importance of coho salmon, estimating fishery ref-
erence points for precautionary management of NCC coho
salmon remains challenged by limited spawner enumeration
and patchy catch monitoring. These limitations require re-
searchers and managers to rely on numerous assumptions
related to expansions of visual count data, population age
structure, and harvest rates across different regional popula-
tion groups. While the underlying trends in abundance and
productivity we document across regions are likely robust,
estimating individual population status and managing fish-
eries will require improved catch and spawner escapement
monitoring for culturally and ecologically significant popu-
lations.

Recent collaborative governance agreements between fed-
eral and First Nations fisheries managers illustrate the need
to improve monitoring that can navigate these concerns and
develop precautionary and adaptive management (Atlas et al.
2021). In some cases, current policy and institutional barriers
limit such opportunities for monitoring. For example, under
the Salmon Allocation Policy (currently undergoing review in
2023-25), federal managers are unable to reduce recreational
harvest (a substantial portion of domestic harvest) without

first identifying a conservation risk or closing commercial
fisheries (Fisheries and Oceans Canada 1999). This action has
not been undertaken in NCC coho fisheries since 1999. Yet, es-
tablishing reference points and taking a more active role in
managing fisheries in response to annual variations in pro-
ductivity will be critical if Pacific salmon are to continue sup-
porting Indigenous, recreational, and commercial fisheries
into an uncertain future (Whitney et al. 2020).

Reference points used to measure risk under current pol-
icy frameworks, like the WSP, often lack historical baselines
that reflect culturally meaningful abundances and may in-
advertently promote risk rather than precaution (Frid and
Atlas 2020; Lamb et al. 2023). Reference points such as Sysy
are designed to maximize fishery yields under stationary con-
ditions, but populations can exhibit non-stationary dynam-
ics that lead to time-varying reference points. These time-
varying refence points may serve to reinforce or accelerate
declining abundance in instances where productivity is low
or undergoing a declining trend. Managers lean on LRPs, such
as Sgen, to curtail harvest when populations fall below criti-
cal thresholds—in this case Sggy denotes the spawner abun-
dances necessary to recover the population to Sysy within one
generation. By definition, a USR of 0.8Sysy is 20% lower than
Smsy—a common reference point used in other jurisdictions
(e.g., the US Magnuson-Stevens Act; U.S. Department of Com-
merce 2007). Reference points based on MSY, including both
USR and LRP, allow for fisheries to reduce populations rela-
tively low abundances compared to historical baselines be-
fore management would reduce harvest (see Fig. 3; Frid et al.
2023). Indigenous communities, including the CCEN, would
prefer more precautious reference points (e.g., >Sysy) be es-
tablished that better incorporates Indigenous values and pro-
motes more robust conservation, recovery and local abun-
dance by placing greater restrictions on harvests, for a given
spawner abundance, than other less biologically precaution-
ary reference points like 0.8Smsy (Frid and Atlas 2020). One
such example could be our third reference point, Spaseline, the
mean spawner abundances from 2000 to 2015, a recent time
period when coho salmon provided reliable benefits to In-
digenous, recreational, and commercial fisheries and when
harvest rates were relatively consistent (PSC NBTC 2022). Sim-
ilar reference points based on recent time-periods of suitable
fishery catches have been used in the draft rebuilding plan
management of Pacific herring in Haida Gwaii (Haida Na-
tion et al. 2022) and Pacific cod (Fisheries and Oceans Canada
2024).

Precautionary fisheries management can help coho salmon
conservation but requires effectively implemented collabo-
rative governance and coordination between multiple sec-
tors and jurisdictions including Indigenous, Canadian, and
US fishery managers. Harvest rates based on indicator pop-
ulations suggests a historical legacy of overfishing for many
populations and regions of the NCC prior to the 1990s, when
the collapse of coho fisheries forced management to re-
duce harvest, restructure the commercial fleet, and imple-
ment precautionary management to protect less productive
populations (Fisheries and Oceans Canada 1999, 2020c; PSC
NBTC 2022). However, harvest remains unquantified for most
coho salmon populations, and there is likely considerable
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variability in harvest rates that is uncaptured by the three
CWT programs. While the three CWT programs suggest rel-
atively modest harvest in recent years, how harvest from di-
verse commercial, recreational, and Indigenous fishers varies
among coho populations depends on their marine distribu-
tion and patterns in migration timing (Beacham et al. 2020).
For example, troll fisheries in Southeast Alaska may dispro-
portionally harvest outer coastal populations of coho salmon
due to their prolonged over-summer feeding and residency
in coastal waters (Shaul et al. 2014). These insights depend
upon reliable harvest estimates, which has been challenging
for mixed stock fisheries like coho salmon in the NCC. Inac-
curate harvest estimates from unmonitored populations can
bias population productivity estimates and risk assessments,
jeopardizing recovery prospects and the ability of salmon
populations to sustain fishery opportunities. However, the
productivity values we report here are well within the range
of values observed for coho populations (Bradford et al. 2000),
and group-level productivity trends appear reliable since they
reflect aggregate dynamics that integrates variability within
and among populations.

The contrasting recovery scenarios we highlight illustrate
the sensitivity of future fishery opportunities to ongoing cli-
mate perturbations and changes in marine and freshwater
habitat conditions. Although harvest may not be the main
driver of declines among wild coho salmon populations, re-
ducing harvest rates may be one of the only tools avail-
able for management to try to increase the safe operating
space for coho into the future (Dearing et al. 2014; Carpenter
et al. 2017). Coho salmon are capable of high productivity
and rapid recovery during periods of favorable environmen-
tal conditions but increasing climate variability underscores
the need for improved monitoring, particularly to provide
high spatial- and temporal-resolution information on fresh-
water and marine survival, environmental indicators, fishery
catches, and returning spawner abundances. Hence, harvest
reductions may be a pragmatic choice to bolster the long-
term chances of rebuilding coho populations. In an uncer-
tain future, adaptive and precautionary management will be
essential for balancing fishery opportunities while limiting
conservation risks and fostering adaptation and resilience
among wild salmon (Mantua and Francis 2004; Schindler and
Hilborn 2015).
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Appendix A. Trends in harvest rates

Harvest rates for coho salmon are highly uncertain and re-
main unmonitored in most of the North and Central Coast,
with the exception of three coded-wire tag (CWT) indicator
stocks on the Nass (Zolzap Creek), Skeena (Toboggan Creek),
and Haida Gwaii (Deena Creek). Given limited data, we made
some simplifying assumptions about the magnitude of har-
vest in the NCC. First, we assumed that harvest rates of coho
populations within the Skeena, Nass, and Haida Gwaii re-
gions were equal to their local CWT indicator stocks. Sec-
ond, we estimated exploitation rates for coho in regions that
lacked CWT programs (pacific fisheries management area (PF-
MAs) 5-10) based on modifications from previous work by
English et al. (2018). For coho populations in PFMAs 5-10,
English et al. (2018) estimated harvest rates based on Tobog-
gan Creek and assumed that population-specific harvest rates
from Canadian and Alaskan fisheries declined as a function
of their location such that 100% of estimated harvest rates
from Toboggan Creek were applied to more northern popu-
lations in PFMA 6, 60% for coho populations in PEMAs 5-9,
and 40% of Canadian ER and 20% of Alaska for coho in PFMA
9-10. However, recent monitoring from the Central Coast
First Nations suggests that total harvest for coho salmon is
likely higher than initially assumed in English et al. (2018),
with harvest estimates in the Central Coast region approxi-
mating that of PFMAs 3 and 4 (Steel et al. 2021). In addition,
genetic stock identification suggests that Central Coast coho
comprise ~20% of the total catch in commercial troll fish-
eries in Haida Gwaii (DFO unpublished data). We therefore
assumed that populations in PFMAs 5-10 had higher harvest
rates from Canadian fisheries than previously assumed and
estimated domestic harvest rates for these regions by averag-
ing the annual domestic harvest rates from the three CWT

programs (Toboggan, Zolap, Deena). However, in the absence
of data on Alaskan interceptions of populations without CWT
marking and given the greater distances between PFMAs 5-10
and Alaskan coastal waters, we used Alaskan ERs estimated
by English et al. (2018) following the assumptions detailed
above.

Based on the above methods, coho harvest rates across the
majority of NCC areas declined between 1980 and 2020, how-
ever the trend in harvest rates varied dramatically between
CUs (Fig. 2). All populations had higher harvest rates in the
period from 1980 to 1997. From 1998 to 2003 harvest rates
were dramatically reduced in Canadian domestic fisheries in
response to a short-term collapse in coho populations during
the early 1990s.

In general, harvest rates increased gradually after about
2002, and equaled or exceeded current levels by 2005. Coho
returning to the Nass River, however, have been subjected
to much higher harvest rates (2009-2019 mean = 52.5% SD
10.2%), and are disproportionately intercepted by Alaskan
fisheries (mean Alaska ER = 35%, SD 13.8%). With the excep-
tion of the Nass River, recent harvest rates (2009-2019) have
generally been moderate for coho populations in the NCC,
ranging from an estimated low of 16.4% (SD 4%) for the Deena
River CWT indicator, to a high of 38.2% (SD 5.8%) for Skeena
River coho, and 38.1% (SD 4.4%) for coho in Area 6 rivers in
Douglas Channel and the waters surrounding Kitimat. Esti-
mated exploitation rates for Central Coast coho populations
(PFMAs 5-10) are based on extrapolation from regional CWT
indicators and should be interpreted with caution. However,
harvest rates from 2009 to 2019 among the Central Coast
regions were 21.8% for Rivers and Smiths Inlets, 25.1% for
Hecate Strait Mainland, and 29.4% for other Central Coast
populations in PFMAs 6-8.
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