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ABSTRACT 

Fraser River Pink Salmon spawn throughout the Fraser Basin in odd-numbered years and the 
Stock Management Unit is comprised of a single Conservation Unit. Landslides have occurred 
causing migratory impediments to returning adults at different periods with the most notable 
being Hells Gate in 1914 and more recently the Big Bar Landslide discovered in 2019. Fraser 
Pink Salmon marine survival is associated with sea-surface temperatures during early marine 
life, spring bloom timing, and the North Pacifc Current, all of which are expected to change as 
the North Pacifc warms as a result of climate change. Adult body size has declined over time, 
coincident with increasing abundances of salmon in the North Pacifc, which has the potential to 
impact reproductive output as fecundity scales with female size. We ft a state-space spawner-
recruitment model to available data to characterize stock dynamics and derive estimates of 
biological reference points to assess stock status. We then developed a simple closed-loop 
simulation model based on recent estimates of productivity to quantify future expected biological 
and fshery performance of the current harvest control rule (HCR), an illustrative alternative HCR 
and a no fshing scenario. We estimated the proposed Upper Stock Reference (USR) point 
of 80% SMSY to be 4.6 million (M) fsh (3.64-6.11M; median and 80th percentiles), the Limit 
Reference Point (LRP) Sgen to be 1.72M (1.10-2.70M), and the maximum removal reference 
rate (RR), UMSY to be 0.56 (0.47-0.63). The most recent (2023) observed estimate of spawner 
abundance for Fraser Pink Salmon is 9.58M and we conclude that the Stock Management Unit 
is in a “healthy” state. The existing HCR for Fraser Pinks has a very low probability (< 5%) of the 
stock falling below its LRP, and a relatively high probability (87.5%) of spawner abundance being 
above the USR over the next 10 years. Assuming fsheries fully utilize allowable catch, median 
annual catch is projected to be 10.3M over the same time period. Assessment of an illustrative 
alternative HCR, which is strictly compliant with DFO’s Precautionary Approach Framework, 
had similar biological performance and slightly worse fshery performance. The results of a 
robustness test, where productivity was reduced to 10% of its recent estimate, showed that the 
current and alternate HCRs had a 9% and 20% chance, respectively, of the stock falling below 
its LRPs over the next 10 years. We conclude with recommendations on re-assessment triggers 
and potential areas to focus future work. 
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1. INTRODUCTION

1.1. BACKGROUND 

1.1.1. Fraser River Pink Salmon 

The Fraser River is a large free-fowing river that is 1375 kilometers long and drains 233,000 
square kilometers. The basin has a wide diversity of habitats that have been divided into several 
distinct regions including two on the mainstem of the Fraser, one in Lillooet, and three in the 
Thompson drainage (“Conservation Units for Pacifc Salmon under the Wild Salmon Policy” In 
press). The Fraser River is home to all fve species of Pacifc salmon and most of their life history 
variants. The environmental complexity of the Fraser River, and the diversity of the salmon 
populations within it, has underpinned indigenous food security for millennia (Nesbitt and Moore 
2016) and likely contributed to the resilience of salmon populations to environmental disturbances 
through time. 

Fraser River Pink Salmon (Oncorhynchus gorbuscha) spawn on odd years in the Fraser River at 
great abundances. Currently, the largest aggregate of Pink Salmon spawns in the lower Fraser 
watershed. However, prior to the slide at Hells Gate, Fraser River Pink Salmon spawned at 
greater abundances in the upper Fraser watershed with signifcant populations in the Thompson 
and Seton systems (Pess et al. 2012). Pink Salmon fry migrate to the ocean in the spring, adults 
spend approximately 18 months at sea, then return to the Fraser River from mid-August to 
early October to spawn (DFO 2023). This obligate 2 year life cycle exhibited by Pink Salmon 
results in even and odd year cohorts that are reproductively isolated from each other and density-
dependent interactions between odd and even lineages likely often contributes to one cycle line 
being numerically dominant over the other (Krkošek et al. 2011). The even year Pink return to 
the Fraser is negligible, not assessed, and not part of this CU. 

Fraser River Pink Salmon migrate to the Fraser River estuary shortly after emergence and 
spend several months feeding in the Strait of Georgia before migrating as far north as the Gulf 
of Alaska where they reside for approximately one year (DFO 1998). When Fraser Pinks return 
to the Fraser River from the North Pacifc, a portion of the run migrates around the northern 
tip of Vancouver Island through Johnstone Strait, while others move around the southern tip 
through the Strait of Juan de Fuca; this ratio of northern to southern migration is known as 
the diversion rate (Folkes et al. 2018). This diversion rate is increasingly dominated by Pink 
Salmon taking the northern migration route, which affects the accuracy of run size estimates as 
a result of differential encounters with test fsheries (Hague et al. 2021). Changes in diversion 
rate could also have implications for survival via encounters with prey, predators, pathogens, and 
co-occurring species as a result of differing densities of fsh farms on either side of Vancouver 
Island (Grant et al. 2018). 

1.1.2. Spawners and Catch 

Data on catch and spawner abundance (i.e., escapement) has been collected for well over a 
century, with indices of abundance recorded back to 1901 (Ricker 1989). However, consistent 
and reliable spawner and catch data are only available from 1959 to present. More details on 
catch and spawner data used in this report are provided in the Data Sources section. 
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1.1.3. Enhancement 

Enhancement of Fraser Pinks is limited and has primarily occurred via spawning channels 
to create additional high quality spawning habitat. Records dating back to brood year 1955 
show estimates of several million Pink fry migrating out of spawning channels (see data in the 
repository linked in Supplement A). Estimates of outmigration varied in precision with monitoring 
programs primarily designed for other species. Rotary screw trap sampling and or egg to fry 
survival estimates were used to generate release numbers. Prior to the establishment of the 
Salmonid Enhancement Program (SEP), salmonid enhancement facilities on the Fraser were 
managed by the International Pacifc Salmon Fishing Commission (IPSFC) and production was 
limited to incidental stocking in spawning channels (i.e. Seaton, Jones, and Weaver). Following 
the establishment of SEP in 1977 Fraser Pink began to be enhanced in hatcheries where fsh 
would be incubated and reared in a facility to maximize incubation, egg, and fry survivals. Due 
to their limited time spent in freshwater, Pinks require less resources to enhance relative to other 
Pacifc salmon; a characteristic that has made them a popular fsh to raise for marine catch. SEP 
is currently re-evaluating stocking practices, and has reduced the number of fed fry produced 
since the late 2000’s (Figure 1), partly due to reduced catch opportunities, and evolving priorities. 

1.1.4. Current Management and Trends 

The current harvest control rule (HCR) for Fraser Pink Salmon was frst implemented in 1987. 
It consists of three management zones: 1) at run sizes below 7.059 million (M) Pinks, the the 
maximum allowable exploitation rate increases from 0% when there are no Pink Salmon to 
15% at 7.059M Pinks, 2) at run sizes between 7.059 and 20M Pinks, there is a fxed spawner 
abundance goal of 6M, and 3) at run sizes greater than 20M Pinks, the maximum exploitation 
rate is 70%. Documentation of the rationale for the current HCR has been diffcult to locate, but 
a handwritten International Pacifc Salmon Fisheries Commission memo from 1983 appears 
to calculate an egg deposition target of 5 billion eggs that would generate desired production 
and associated adult spawner target, assuming an average weight, that would meet the egg 
deposition target (S. Latham, Pacifc Salmon Commission [PSC], Vancouver, British Columbia, 
pers. comm.), Ricker (1989) also estimates UMSY at 70% which may have supported the current 
target Removal Reference rate (RR)(Figure 2). 

Additional management measures are often taken during fsheries directed on Fraser Pink 
Salmon to avoid stocks of concern where possible and to reduce impacts on co-migrating stocks 
of concern when it is not. Measures taken to reduce Sockeye bycatch have included: time and 
area closures (e.g., Interior Fraser Coho fshing window closure), gear requirements (e.g., use of 
beach seines or shallow seines instead of drift gill nets, bait ban for recreational fsheries), and 
operational changes (e.g., brailing requirements and maximum recommended set sizes for purse 
seines). 

In the 14 returns of Fraser Pinks prior to implementation of the 1987 HCR (i.e., spanning 1959-
1985), the average run size was 9.3M, average spawner abundance was 2.5M, and the average 
exploitation rate was 69%. In the 19 years of Fraser Pinks returns since the implementation 
of the HCR (1987-2023), there have been two years when the HCR exploitation rate limit was 
exceeded (1987 and 1997), the average run size was 12.9M, the average spawner abundance 
was 9.4M, and the average exploitation rate was 25%. Overall, Fraser Pink returns may be 
characterized as “variable, but stable”. In the last fve generations (10 years, 5 returns), the 
run size and spawner abundance have been slightly increasing with low interannual variability, 
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with an average run size of 7.38M, average spawner abundances of 6.89M, and an average 
exploitation rate of 6% (Figure 3). 

1.1.5. Fraser Pink Fisheries and Fish Stocks Provisions 

Canada’s Fisheries Act was amended in June 2019. It included new requirements under the Fish 
Stocks Provisions (FSP), which states that “the Minister shall implement measures to maintain 
major fsh stocks at or above the level necessary to promote the sustainability of the stock, 
taking into account the biology of the fsh and the environmental conditions affecting the stock” 
(DFO 1985). Fraser Pink Salmon has been identifed as a major fsh stock and to assist with the 
implementation of the FSP, the authors working in conjunction with DFO Fisheries Management 
have identifed candidate values for the aggregate-based component of the Limit Reference 
Point (LRP), the Upper Stock Reference point (USR) and the maximum Removal Reference 
point (RR). Increasing concern about potential impacts from climate change (e.g. warming ocean 
temperature, freshwater fooding events; MacDonald and Grant (2023)), potential for increasing 
inter- and intra-specifc competition in the ocean (Ruggerone and Irvine 2018; Ruggerone et al. 
2023), and evidence of changing demographics (Pacifc Salmon Commission 2023) all underscore 
the need to update our understanding of stock dynamics and status. The relationship between 
Fraser Pink population dynamics and management haven’t been assessed in over 30 years 
(last DFO assessment Ricker (1989)), partly due to concerns about calibration among spawner 
assessment methodologies (Grant et al. 2014). The new FSP requirements necessitate a careful 
re-examination of population dynamics and the sustainability of the current HCR. 

1.2. OBJECTIVES 

As the Fraser Pink Salmon Stock Management Unit (SMU) is comprised of a single Conservation 
Unit, we use DFO’s Wild Salmon Policy benchmarks, which should be biologically based and 
explicitly account for uncertainty (DFO 2005, 2009), to identify candidate FSP reference points. 

The objectives are to: 

1. describe current understanding of: (a) stock structure and distribution, (b) stock status and 
trends, and (c) ecosystem and climate factors affecting the stock; 

2. provide estimates of: (a) candidate reference points and (b) the expected biological and 
fshery performance of current and alternative harvest control rules; 

3. propose exceptional circumstances or assessment triggers for the stock; and 

4. identify areas requiring future work. 

2. STOCK STRUCTURE AND DISTRIBUTION 

Fraser River Pink Salmon predominantly spawn in the lower portion of the Fraser Basin, below 
the Fraser Canyon and Hells Gate (Figure 4). However, there is a large component of the stock 
that returns to the Thompson River and the Seton-Anderson complex. Before the slide at Hells 
Gate in 1914, most of the Fraser River Pink Salmon run returned and spawned in the upper 
Fraser River (Pess et al. 2012). Although there is a lack of abundance data at the tributary level 
in recent decades for Fraser Pink Salmon, assessment observations from other species have 
persistently noted Pink Salmon in the Quesnel, Chilcotin, and the Nechako Rivers. In 2019, DFO 
was alerted to a landslide in the middle Fraser near Big Bar. Pink Salmon were noted as being 
among the species delayed in their upstream migration by the slide. Slide mitigation efforts have 
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largely been successful and Pink Salmon were in the Nechako River upstream of the slide in 
2023 (R. Martin, DFO, Kamloops, British Columbia, pers. comm.). 

Fraser Pink Salmon are assumed to comprise a single Conservation Unit (“Conservation Units 
for Pacifc Salmon under the Wild Salmon Policy” In press). However, there is some evidence 
for life history differences between Pinks that spawn above and below Hells Gate. For example, 
Pink Salmon from above Hells Gate have higher maximum swimming speeds, allowing them 
to negotiate the Hells Gate rapids (Williams et al. 1986; Ricker 1989), which may be based on 
genetic differences (Beacham et al. 1988). In addition, Pink Salmon returning to areas upstream 
and downstream of Hells Gate have slightly different return timing as evidenced through recent 
sampling for genetic stock identifcation in lower Fraser test fsheries (S. Latham, PSC, Vancouver, 
British Columbia, pers. comm). The differences suggest that there may be more genetic and life 
history differences between spawning populations above and below Hells Gate than previously 
thought. The Committee on the Status of Endangered Wildlife in Canada (COSEWIC) is currently 
reviewing Pink Salmon population structure in Canada including in the Fraser River (B. Leaman, 
COSEWIC, Duncan, British Columbia, pers. comm.). 

3. ECOSYSTEM AND CLIMATE FACTORS AFFECTING THE STOCK 

As a result of their extensive migrations spanning both freshwater and marine environments, 
Fraser Pink Salmon interact with a broad range of ecosystem and climate conditions over the 
course of their life cycle. The freshwater habitats that Fraser River Pink Salmon spawn and 
incubate in are broadly distributed through the river basin (Figure 4). Most Pink Salmon production 
occurs in the lower Fraser from the Fraser Canyon downstream and habitats in this region are 
relatively highly impacted by anthropogenic activities. 

Pink Salmon have exceptional aerobic scope and cardiovascular performance which has been 
hypothesized to contribute to their resilience to warming freshwaters (Clark et al. 2011). However, 
due to their relatively small body size they are especially vulnerable to fow related impacts 
during return freshwater migrations. The impacts from the initial railway construction at Hells 
Gate in the 1880’s (i.e., rock dumping into river), construction of the new railway in 1913, and 
subsequent rockslide in 1914, created hydrologic barriers that severely limited upstream migration 
of Pink Salmon to spawning locations in the upper Fraser River. After observing a large population 
of Sockeye apparently stuck downstream of the slide in 1941, fsh passage facilities were completed 
in 1944 that enabled upstream migration and reestablished spawning populations in the upper 
Fraser (Roos 1991). The 2018/19 rockslide at Big Bar in the Fraser Canyon further upstream 
from Hells Gate created another partial barrier to upstream migration, during periods of high fow, 
to headwater spawning locations. 

In addition to fow related impacts on adult migration, extreme fows (e.g., from fall rain events) 
can cause high mortality in the egg to alevin stage of Pacifc salmon as a result of scouring 
spawning redds where eggs incubate (Montgomery et al. 1996). Though extreme fows and 
fooding have occurred in the lower Fraser in recent years (e.g., fall 2021) there has been little 
examination of extreme fow related impacts on Fraser River Pink Salmon incubation success. 

In the marine environment, Fraser Pink Salmon survival is negatively associated with above 
average sea-surface temperatures during early marine life (Mueter et al. 2002), earlier spring 
bloom timing (Malick et al. 2017), higher salinity (DFO 2021) and a weak North Pacifc Current 
(Malick et al. 2017), all of which index physical and biological oceanographic conditions that likely 
affect prey production, transport, and availability during early marine life. In addition, increasing 
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abundances of Pacifc salmon abundances across the North Pacifc (dominated by Pink, Chum, 
and Sockeye) are associated with declines in Fraser River Pink Salmon adult size (Figure 5) 
which may result from inter- and intra-specifc competition among salmon for limited prey resources 
at sea (Ruggerone et al. 2023). These declines in spawner size in turn likely impact reproductive 
output as fecundity scales with female size (Beacham and Murray 1993). 

The physical and biological oceanographic conditions that affect prey production and Pink Salmon 
survival are likely to continue to vary as the North Pacifc warms as a result of climate change 
(Litzow et al. 2024). These changes may include reduced production and availability of lipid rich 
zooplankton during early marine life and/or increasing mismatch between timing of ocean entry 
and timing of marine productivity (e.g., spring bloom (Wilson et al. 2023)). 

4. METHODS 

We compiled available data on Fraser Pink Salmon spawner abundance and catch, then developed 
and ft a state-space spawner-recruitment model to these data to describe stock dynamics 
and population characteristics. We then derived estimates of biological reference points to 
assess stock status. Lastly, we developed a closed-loop simulation model conditioned on recent 
estimates of productivity to quantify future expected biological and fshery performance of the 
current HCR, an alternative HCR and a no fshing scenario for the stock. Each of these steps is 
described in detail below. 

4.1. DATA SOURCES 

Spawner and catch data from 1959 to present were provided by the PSC (Pacifc Salmon Commission 
2024). Estimates of spawner abundance have been derived over this time period using a variety 
of approaches ranging from mark-recapture based methods in individual spawning tributaries or 
the Fraser mainstem to sonar based enumeration in the lower Fraser River in more recent years 
(Table 1). It should be noted that no calibration was done when switching between spawner 
abundance estimation methods, but methods prior to the extensive data review by Andrew and 
Webb (1987) have had corrections made, and more recent estimation methods benefted from 
lessons in that review and methodological advances. These approaches have varied in their 
precision but, based on conversations with area staff and other analysts familiar with the data, 
were assumed to account for the vast majority of the spawning population in any given year, and 
to not be systematically biased. 

Commercial catch has typically been estimated by multiplying the total coastal Pink catch (Canada 
and US) by the estimated contribution of Fraser stock to the coastal catch, where the contribution 
of the Fraser stock was estimated based on run-reconstructions (1959-85) and genetic stock 
identifcation methodologies (1987-present). Methods used to estimate catch vary by fshery type 
(i.e., commercial, recreational, First Nations) and country. The Canadian commercial catch is 
estimated using a sales-slip program that began in 1951, while US catch is estimated through 
mandatory catch reporting to state fsheries departments in Washington and Oregon. Data prior 
to 1959 were not available because commercial landings did not partition catch into specifc 
stocks, which is why our time series begins in 1959. Recreational catch is estimated through 
agency creel surveys (e.g., effort surveys of catch per unit effort paired with fights or other 
counts) in both countries. First Nations Economic Opportunity catch is reported using similar 
methods of estimating commercial catch, while the First Nations Food, Social, and Ceremonial 
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catch (FSC) is estimated using methods that differ by fshery and location. The total return (or 
recruitment) in any given year was assumed to be the sum of catch and spawner abundance. 

See Grant et al. (2014) for a detailed overview of the Fraser River Pink data landscape including 
methodologies used to collect spawner abundance, catch, and biological data. 

4.2. SPAWNER-RECRUIT MODEL 

We modeled the spawner-recruitment data in a state-space framework, following the approach 
described in Fleischman et al. (2013). State-space models allow for the separation of observation 
(e.g., sampling) error and true underlying process variation and have become increasingly common 
in ecological modelling (Auger-Mèthè et al. 2021). State-space spawner-recruitment models tend 
to generate less biased estimates of leading parameters (e.g., intrinsic productivity and density 
dependence) than traditional regression based approaches that do not separate observation 
error and process variation and hence can be vulnerable to errors-in-variables and time series 
biases (Su and Peterman 2012; Staton et al. 2020; Adkison 2021). 

4.2.1. Process model 

The process model is intended to represent the true population dynamics (i.e., free of measurement 
error). This component of our state-space spawner-recruitment model specifes productivity and 
density-dependence. Recruitment abundances of adult Pinks (Ry) in odd year y were treated as 
unobserved states and modeled as a function of spawner abundance in year (Sy−1) assuming a 
Ricker (1954) spawner-recruitment relationship with serially auto-correlated log-normal process 
variation: 

ln(Ry) = ln(Sy−2) + ln(α) − βSy−2 + vy (1) 

where α is productivity (intrinsic rate of growth), β is the magnitude of within brood year density-
dependent effects, and vy refects inter-annual variation in survival from egg to adulthood, which 
we term “recruitment anomalies”. This variation was assumed to follow a lag-1 autoregressive 
process (AR1) over time: 

vy = ϕvy−2 + εy (2)
εy ∼ N (0, σR) 

where ϕ is the correlation coeffcient and εy refects the portion of the recruitment anomaly vy 

that is temporally independent (i.e., white noise). The frst year of recruitment was not linked 
to observations of spawner abundance in the spawner-recruitment relationship (Eqn. 1) and 
were modeled as random draws from a log-normal distribution with mean ln(R0) and standard 
deviation σR 

2 . Rather than estimating ln(R0) as a free parameter as in Fleischman et al. (2013), 
we choose to follow Staton et al. (2020) and inform its value using the expected recruitment 
under equilibrium unfshed conditions ln(α)/β. 

Catch in a given odd year (Cy) was modeled as the product of total run size and the catch rate 
(Uy) experienced that year: 

Cy = RyUy (3) 

and spawner abundance (Sy) was modeled as the portion of Ry remaining after catch Cy: 

Sy = Ry(1 − Uy) (4) 
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4.2.2. Observation model 

We assumed that observation error in spawning abundance varied among assessment regimes, 
r (Table 1): 

Sy + σ2 (5)= Sobsy r,y 

and then directly accounted for this by assuming observed spawner abundance was log-normally 
distributed with the coeffcient of variation (CV) converted to log-normal variance following (Forbes 
et al. 2011): � � 

σ2 
r,y = ln CV2 + 1 (6)r,y 

We assumed that catch had a 5% CV and so catch observations were also assumed to be log-
normally distributed with the CV converted to log-normal variance as per Eqn. 6, then substituting 
catch, C, for spawners, S, into Eqn. 5 and dropping the regime script, r. 

4.2.3. Model ftting and diagnostics 

We ft the spawner-recruitment model in a Bayesian estimation framework with Stan (Carpenter 
et al. 2017; Stan Development Team 2023), which implements the No-U-Turn Hamiltonian Markov 
chain Monte Carlo (MCMC) algorithm (Hoffman and Gelman 2014) for Bayesian statistical 
inference to generate a joint posterior probability distribution of all unknowns in the model. We 
sampled from 4 chains with 2,000 iterations each and discarded the frst half as warm-up. We 
assessed chain convergence visually via trace plots and by ensuring that R̂ (potential scale 
reduction factor; Vehtari et al. (2021)) was less than 1.01 and that the effective sample size was 
greater than 200, or 10% or the iterations. Posterior predictive checks were used to make sure 
that the model returned data similar to the data used to ft parameters. 

Priors were generally uninformative or weakly informative and are summarized in Table 3. The 
β prior was moderately informative with a mean and variance of 75% of the maximum observed 
spawners, which prevents the model from exploring unrealistic parameter spaces of carrying 
capacity for Pacifc Salmon (D. Greenberg, DFO, Nanaimo, British Columbia, pers. comm.). 

4.3. BIOLOGICAL REFERENCE POINTS 

We calculated biological reference points for each MCMC sample to propagate uncertainty. 
The spawning abundance expected to maximize sustainable yield over the long-term under 
equilibrium conditions, SMSY was derived as: 

SMSY = 1 − W (e 1−ln(α))/β (7) 

where W is the Lambert function (Scheuerell 2016), and α and β are intrinsic productivity and 
the magnitude of within stock density dependence, respectively. We chose to apply this exact 
solution for SMSY instead of the commonly applied Hilborn (1985) approximation because the 
approximation only holds for 0 < ln(α) ≤ 3 such that infrequent, but large, posterior samples of 
α can result in biased estimates of the posterior distribution of SMSY . We used 80% of SMSY as 
the USR following Holt (2009) and DFO (2022). 

The catch rate expected to lead to maximum sustainable yield, UMSY was used as the RR and 
derived according to the solution proposed by Scheuerell (2016) as: 

1−ln(α))UMSY = 1 − W (e (8) 
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and Sgen, the spawner abundance expected to result in the stock rebuilding to SMSY in one 
generation in the absence of fshing (Holt 2009), which we considered the LRP, was solved 
numerically according to: 

αe−βSgen SMSY = Sgen (9) 

Equilibrium spawner abundance (Seq), where recruitment exactly replaces spawners, was estimated 
as: 

Seq = ln(α)/β (10) 

4.4. CLOSED-LOOP SIMULATION MODEL 

We developed a simple closed loop forward simulation, conditioned on our estimates of historical 
spawner abundance, and biological benchmarks illustrated in Figure 6. We used this simulation 
to project the stock forward in time and evaluate the biological and fshery performance of the 
current, and an illustrative alternative HCR. Details on model components and calculation of 
performance are provided below. 

4.4.1. Biological sub-model 

Because recruitment residuals tended to be negative in recent generations (Figure 7), and 
reproductive potential has likely declined through time due to declining size (Figure 5), we chose 
to reft a version of the model described in equation 2 with time-varying intrinsic productivity that 
could then be used to condition the biological sub-model for the forward simulation. Specifcally, 
we allowed the α parameter to evolve through time as a random walk, yielding annual estimates 
of productivity: 

αy = αy−2 + εy (11)
εy ∼ N (0, σα) 

and where recruitment anomalies were no longer modeled as being auto-correlated but all other 
parameters in equation 2 otherwise remained the same. We simulated future stock trajectories 
by starting with the most recent estimate (i.e., latent state) of spawners and the median estimate 
of productivity in the last 3 generations, then iterating the process model forward in time for fve 
Pink Salmon generations (10 years) This was done 1000 times to ensure that uncertainty in the 
spawner-recruitment relationships was propagated by drawing for the joint posterior distributions 
of estimated parameters in each iteration of the simulation. 

4.4.2. Fishery sub-model 

In each odd-year of the simulation, forecasted total returns of Pink Salmon were assumed to be 
estimated with error. This error was assumed to be lognormally distributed with a mean equal 
to the true run size and CV of 64% based on retrospective assessment of pre-season forecasts 
provided by the PSC for years 1987-2021. Forecasted returns were then used as an input into 
the HCR that specifed target exploitation rate given the expected run-size. Outcome uncertainty 
(i..e., deviations from targeted catch) was then applied to calculate realized catch and spawning 
abundance We assumed this outcome uncertainty was normally distributed around the target 
catch with a CV of 10%. 

In addition to evaluating the current HCR we also considered an illustrative alternative and a no 
fshing scenario. The alternative HCR is ft to Fisheries and Oceans Canada’s Precautionary 

8 



Approach Framework (DFO 2009) (Figure 2). Under this alternative (“PA alternate”) HCR the 
lower operational control point (OCP) is set to our median estimate of Sgen below which the 
target exploitation rate is zero, and an upper OCP is set to run-size associated with our median 
estimate of 80% SMSY where the maximum target exploitation rate is set to our median estimate 
of the RR or UMSY . At run-sizes between the lower and upper OCPs the target exploitation rate 
was linearly interpolated. An unintended consequence of this alternative is that the associated 
target spawner abundance declines slightly as run-sizes increases toward the upper OCP which 
is undesirable and problematic from a practical management implementation perspective. To 
avoid this, slight variations on this type of HCR have been used for Fraser Sockeye (Pestal et al. 
2012). 

4.4.3. Performance measures 

We quantifed the expected performance of the HCRs against biological and fshery objectives 
and associated quantitative performance measures (Table 2). Biological objectives included 
minimizing the probability spawner abundances fall below the LRP (Sgen), and maximizing the 
probability the stock maintains spawner abundances above the USR (80% SMSY ) and is hence 
in a “healthy” or desirable state. The values used for these biological reference points were 
based on the joint posterior distributions of estimated parameters in each iteration of the simulation 
thereby ensuring that uncertainty in these reference points was explicitly accounted for in the 
performance measure calculations. The percentages reported are simply the percentage of 
simulation-years that fall above or below a reference point (e.g. if a single year of spawners 
within a simulation is above or below the reference point it is counted). 

Fishery objectives included maximizing average catch and inter-annual stability in catch, and 
maximizing the probability annual catch fall above a minimum catch index level which, for illustrative 
purposes, was chosen as the mean catch of the highest three catches since the year 2001 (i.e., 
an indicator of a “good” fshing year). 

4.4.4. Robustness test 

We used a robustness test to evaluate the sensitivity of HCR performance to a potential situation 
where future intrinsic productivity of the Fraser Pink stock dramatically further declined due 
to, for example, large changes in marine or freshwater survival. To implement this we simply 
conditioned our biological sub-model using draws from the joint posterior distribution of Ricker 
parameters (i.e., α, β, σ) associated with the lower tenth percentile of the median posterior 
distribution of the last 3 generations of the productivity parameter (α), while draws from the 
starting state (i.e., spawners in 2023) and benchmarks were sampled from the full posterior 
distribution. 

5. RESULTS 

5.1. MODEL FIT AND DIAGNOSTICS 

Visual inspection of trace plots indicated all chains were well mixed for leading parameters, 
all parameters had R-hat < 1.01 (maximum of 1.003), effective sample sizes > 10% of draws 
(minimum 39% in time-varying model) suggesting reasonable model convergence, and posterior 
predictive checks that resembled data that was used to ft the model. (See Appendix A for details 
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of computing environment and details on reproducing analysis, and a link to a supplement describing 
model fts). 

5.2. BIOLOGICAL BENCHMARKS, STOCK STATUS AND TRENDS 

Posterior means, medians and 80% credible intervals for leading spawner-recruitment parameters 
and biological benchmarks are summarized in Table 4. We found that the Fraser Pink stock is 
moderately productive with intrinsic productivity (α) estimated to be 3.94 (3.02-5.02 recruits per 
spawner; median and 80% credible interval) and equilibrium stock size Seq, which is a function of 
intrinsic productivity (α) and the strength of within stock density dependence (β), estimated to be 
14.1M (11.41-18.48M). Recruitment anomalies were estimated to be weakly positively correlated 
through time with ϕ estimated to be 0.06 (-0.09-0.31) with no strong time trend, though the most 
recent 4 brood years were all negative. (Figure 7). Estimates of time varying productivity suggest 
a decline beginning in the 1980’s (Figure 8) with the median productivity in the last 3 generations 
estimated at 2.27 (1.44-3.62). 

As a result of relatively weak density dependence, expected yield (i.e., “surplus” production 
above replacement) and recruitment was relatively fat across a wide range of spawner abundances 
(Figure 9). Nonetheless, the spawner abundance expected to maximize long-term sustainable 
yield (SMSY ) was estimated to be 5.75M and so the USR of 80% SMSY was 4.6M (3.64-6.11M). 
The RR, UMSY (Eqn. 8) was estimated to be 0.56 (0.47-0.63), and lastly, the LRP Sgen was 
estimated to be 1.72M (1.1-2.7M). 

The history of the status of the Fraser Pink stock can be visualized as a “Kobe plot”, a common 
way to visualize stock status over time relative to biomass (or abundance) and exploitation rate 
based reference points. The Kobe plot for Fraser Pinks (Figure 10) highlights that the stock was 
overfshed and experiencing overfshing (i.e., catch above UMSY , with spawners below SMSY ) 
at the beginning of the time series in 1959 and that this generally continued until the current 
management regime was adopted in 1987. Overfshing may have been due, at least in part, to 
the troll fshery learning to catch Pinks in outside waters; and this overfshing was recognized 
in 1957 when the IPSFC was put in charge to manage Fraser Pink fsheries shared by the US 
and Canada (Ricker 1989). Since then, catch has been reduced and the stock has rebounded to 
higher levels of spawner abundance (Figure 3), with some years being intermediate where the 
stock was over fshed at high abundances (top right quadrant, Figure 10), and under fshed at 
low abundances (bottom left quadrant, Figure 10). Overall, the Kobe plot suggests the stock is 
currently being under fshed, but attaining the catch goal defned in the HCR can be diffcult due 
to other management considerations. 

The most recent (2023) observation of spawner abundance for Fraser Pink Salmon is 9.58M, 
which is well above the USR of 80% SMSY suggesting the stock is in a “healthy” state (Figure 11). 
The stock being considered healthy is consistent with the Wild Salmon Policy rapid status assessment 
tool that takes data quality and multiple metrics into account (Pestal et al. 2023), and which has 
assessed the stock as in the green with high confdence (Supplement A). 

5.3. HARVEST CONTROL RULE PERFORMANCE 

We found that the existing HCR for Fraser Pinks has a very low probability of the stock falling 
below the LRP (Sgen, 4.28%), and a relatively high probability of spawner abundance being 
above the USR (80% SMSY , 87.54%), over the next 10 years (Table 5; Figure 12). Assuming 
fsheries fully utilize allowable catch, which may not be the case if the Pink fshery is constrained 
to limit impacts on non-target species, the median annual catch is projected to 10.3m fsh. Approximately 
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64.3% of years are expected to result in catches greater than the “good catch” index (6.31M; a 
semi-arbitrary indicator of a ‘good year’ based on the average of the top 3 catches since the 
year 2000). In contrast, the alternative, illustrative Precautionary Approach compliant HCR had 
a slightly higher probability of the stock falling below the LRP (5.16% vs 4.28%) and performed 
similarly in spawner abundance being above the USR (87.46% vs 87.54%) (Table 5; Figure 12). 
These slightly increased biological risks were paired with 1.5M less fsh being caught in the 
alternate HCR. Compared to the current HCR, the no fshing scenario increased the probability 
of being above the LRP and USR by 0.32 and 5.6% respectively (Table 5; Figure 12). 

Performance in the low productivity scenario, where recent productivity was reduced to its lower 
10th percentile, showed the different HCRs perform in relatively the same way, but with increased 
biological risk and less catch. Percentage of simulations below Sgen or above 80% SMSY changed 
into riskier zones by up to approximately 15%, and catch was less than half of what it was in the 
base scenario (Table 5). The alternate HCR performed relatively worse than the current HCR 
under the low productivity scenario. In the alternate HCR the number of simulations with spawner 
abundance below Sgen quadrupled and the number above 80% SMSY was reduced to 72% of 
what it was in the base scenario, compared to the current HCR doubling the number below Sgen 

and a 84% reduction in the number of simulations above SMSY . 

6. DISCUSSION 

6.1. SUMMARY OF KEY FINDINGS 

In this research document we briefy review our current understanding of Fraser River Pink 
Salmon stock structure and distribution, assessment history, and ecosystem and climate factors 
affecting the stock. We then ft a state-space spawner-recruitment model to available to data 
to characterize stock dynamics, and derive estimates of biological benchmarks to assess stock 
status. Lastly, we developed a simple closed-loop simulation model based on recent productivity 
estimates to quantify future expected biological and fshery performance of the current, an 
illustrative alternative HCR, and a no fshing scenario. 

Odd year Fraser Pinks spawn throughout the Fraser Basin and comprise a single Conservation 
Unit though there is evidence of life history differences between populations that spawn in the 
upper and lower Fraser River (above and below Hells Gate). Landslides have occurred throughout 
the Fraser causing migratory impediments that have impacted returning adult salmon at different 
periods with the most notable being Hells Gate in 1914 and more recently the Big Bar Landslide 
in 2018/19. Fraser Pink Salmon marine survival is associated with sea-surface temperatures 
during early marine life, spring bloom timing and the North Pacifc Current, all of which index 
physical and biological oceanographic conditions that likely affect prey production, transport, 
and availability during early marine life. Adult body size has declined over time, coincident with 
increasing abundances of salmon in the North Pacifc, which has the potential to impact reproductive 
output as fecundity scales with female size. 

We found that the Fraser Pink stock is moderately productive with intrinsic productivity (α) estimated 
to be 3.94 (3.02-5.02 recruits per spawner) and equilibrium stock size SEQ equal to 14.1M 
(11.41-18.48M). We estimated the USR of 80% SMSY to be 4.6M (3.64-6.11M), and the Limit 
Reference Point Sgen to be 1.72M (1.1-2.7M). The most recent (2023) observation of spawner 
abundance for Fraser Pink Salmon is 9.58M which is well above the 90th percentile of the USR 
estimate suggesting the stock is in a “healthy” state which is consistent with the Wild Salmon 
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Policy rapid status assessment tool that has assessed the stock as in the “green” Wild Salmon 
Policy status zone with high confdence. 

A time-varying productivity model used to condition the forward simulation showed that productivity 
of Fraser Pinks has been declining since the 1980s, roughly coincident with onset of decline in 
average size of returning adults. Productivity in recent years is nearly half of what it was at its 
peak in the 1980s. 

We found that the existing HCR for Fraser Pinks has a very low probability (4.28%) of the stock 
falling below the Limit Reference Point, and a relatively high probability (87.54) of spawner 
abundance being above the USR, over the next 10 years. Assuming fsheries fully utilize allowable 
catch, which may not be the case if the Pink fshery is constrained, for example, to limit impacts 
on non-target species, average annual catch is projected to 10.3M over the same time period. 
Assessment of an illustrative alternative HCR which is strictly compliant with DFO’s Precautionary 
Approach Framework had similar biological performance with slightly less catch. When compared 
to the existing HCR, a no fshing scenario showed 0.3% and 5.6% more simulations being above 
the LRP and USR, respectively. 

The robustness test of the current HCR suggest that if stock productivity were to decline sharply 
and/or be depressed for a prolonged period the current HCR would have ~5% greater probability 
of falling below the LRP, ~14% greater probability of falling below USR in “amber” zone, and ~7M 
less fsh caught than under the baseline scenario. The alternative, strictly PA compliant, HCR 
performed relatively worse than the current HCR under the robustness test, possibly due to the 
higher allowable exploitation rates at intermediate run sizes under this HCR. To mitigate these 
risks, one option to explore in the future could be to use a dynamic version of our alternate HCR, 
where the removal reference UMSY changes in relation to current estimates of time-varying 
productivity. 

6.2. CAVEATS AND ASSUMPTIONS 

The performance measures from the forward simulations should be interpreted with caution for 
several reasons. First, our performance measures are calculated across the full fve generations 
of the simulations and so do not capture fner, shorter term performance as shown in the trajectory 
fgures (e.g., the relatively higher median catch in the current HCR could be due to a short term 
gain in catch in 2025). Second, we made the simplifying assumption that forecast error and 
outcome uncertainty were lognormally and normally distributed across run sizes, respectively. 
When run sizes are forecast to be low, there may not be additional commercial fshing data to 
support in season adjustments (Hague et al. 2022). Small sample sizes in Pink catch could also 
cascade uncertainty through the various methods to estimate stock size: test fsheries, CPUE 
analyses, genetic stock identifcation, and the hydroacoustic program (Hague et al. 2021). Low 
sample size and fshing effort can exacerbate forecast error at low run size, therefore potentially 
violating our assumption forecast error is consistent among run sizes. Second, outcome uncertainty 
(i.e., how close you are toward the target exploitation rate) may be lower than expected for 
practical management reasons (e.g., reducing Pink fshing effort to protect at-risk Sockeye 
populations). In addition, the price of Pink Salmon has been so low in recent years that it may 
not be economically feasible for commercial fshers to operate. Taken together, these reasons for 
reductions in fshing effort may make the shape of true outcome uncertainty right skewed, since 
fsheries are typically under harvesting their total allowable catch. Therefore, it is important to 
consider the values in table 5 as relative performance measures and not absolutes; catches may 
not be realized due to various management considerations. 
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6.3. EXCEPTIONAL CIRCUMSTANCES OR ASSESSMENT TRIGGERS FOR THE STOCK 

Exceptional circumstances are assessment triggers intended to proactively identify conditions 
and/or circumstances that may represent a substantial departure from those under which the 
advice in this assessment was developed (i.e., reassess model assumptions). In addition to 
routine re-assessment every 2 generations to ensure stock status can be updated and captures 
contemporary fshery and biological processes, we recommend a re-assessment be triggered if 
any of the following occur: 

• Stock productivity changes drastically, where the median estimate of time-varying productivity 
(annual Ricker α) falls outside the 50th percentile (i.e., 1.8-2.93), of the 3 generation median 
productivity used to condition our forward simulation; 

• New information becomes available that results in changes to the historical time-series of 
spawner abundance and catches used in this research document; or 

• New information becomes available that results in changes to our understanding of stock-
structure (e.g., the current Conservation Unit is split into two) and/or major drivers of stock 
dynamics. 

Lastly, should Fisheries Management consider changes to the existing HCR and/or revisions to 
the fshery objectives against which it needs to be evaluated, then the assessment model and 
closed-loop simulation framework we describe should be revisited to ensure they adequately 
capture key attributes needed to support decision making. 

6.4. AREAS OF POTENTIAL FUTURE WORK 

• Develop a Fraser Pink Salmon life cycle model. Outmigrating Fraser Pink fry abundance 
has been enumerated near Mission since 1984, and coarse methods have been used to 
estimate annual migration. Development of a life cycle model that partitions freshwater 
and marine dynamics, and explicitly accounts for changing reproductive potential (due 
to declines in body size, changing marine survival or egg to fry survival), would enable 
more explicit consideration of ecosystem and climate drivers of stock dynamics and enable 
them to be accounted for when estimating benchmarks and assessing stock status. When 
used to condition the biological sub-model in the closed loop simulations, these drivers of 
life stage specifc dynamics could then be explicitly accounted for when evaluating HCR 
performance. Adding time-varying productivity or trending marine survival, then pairing 
these with environmental data, will allow us to explore which processes are infuencing 
survival at certain stages. 

• Improve understanding of changes in spatial distribution of adult spawners. The last detailed 
assessment of changes in the spatial distribution Fraser Pink Salmon was conducted by 
Pess et al. (2012) with tributary level data through 1947-87. Since that time there has not 
been formal tributary level assessment of spawner abundance, but there has been anecdotal 
evidence of continued changes in the spatial distribution of spawning Pink Salmon. This 
information could be compiled, along with observations from assessment projects focused 
on other species, to critically re-examine our understanding of spatial dynamics of Fraser 
Pink Salmon and their implication for stock status and expectations of future production. 

• Adapt closed-loop simulation model to better capture contemporary fshery dynamics. The 
fshery sub-model we developed is extremely simple and does not capture a number of 
potentially important process that have the potential to infuence fshery outcomes. This 
includes the infuence of other, non-target, species like Fraser sockeye salmon whose 
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depressed abundance in recent years has led to restrictions on fsheries targeting co-migrating 
Fraser Pink Salmon. These weak stock fshery restrictions mean that our characterization 
of the biological and fshery performance of the current HCR may be pessimistic when it 
comes to conservation risk, and optimistic when it comes to fshery performance. A multi-
species Operating Model in our closed loop simulations that explicitly or implicitly incorporates 
contemporary Fraser Sockeye dynamics, and revised fshery sub-model that takes at-risk 
sockeye considerations into account, could be developed to enable more realistic evaluation 
of HCR performance. 
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8. FIGURES 

Figure 1. Number of Pink Fry released on the Fraser. Data only includes releases of fsh that were 
manually stripped of eggs and eggs placed in holding boxes (i.e. does not include progeny of fsh that 
naturally spawned in constructed spawning channels near hatcheries). 
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Figure 2. Current and alternative (PA alternate) harvest control rules (HCRs). The top panel is the HCR 
relating target catch to run-size while the bottom panel illustrates the resulting target escapement as a 
function of run-size. Vertical lines denote Limit (SGEN ) and Upper Stock (80%SMSY ) reference points, in 
run-size units. 

Figure 3. Spawning escapement and catch from 1959 to present. Resulting exploitation rate is show in red 
on secondary y-axis. 
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Figure 4. Fraser River Basin, extent of Pink Salmon spawning distribution (red), and approximate locations 
of the Mission hydroacoustics site, Hells Gate and Big Bar. Map adapted from (Grant et al. 2014). 
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Figure 5. Average body mass (kg) for Fraser Pinks over time and total returns of Pink Salmon across the 
North Pacifc, 1925-present. Body mass data were taken from Pacifc Salmon Commission (2023) and 
time series of North Pacifc wide Pink Salmon abundance are from (Ruggerone and Irvine 2018) and 
updated through present. 

Figure 6. Illustration of steps in the forward simulation highlighting alternate scenarios in population 
dynamics and harvest control rules. 
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Figure 7. Recruitment residuals from the Fraser Pink spawner-recruitment relationship over time. Thick 
black line is the median estimates while the shaded band is the 80th percentile. 

Figure 8. Time-varying productivity (Ricker α parameter) ft from the model used to project population 
dynamics forward in the closed-loop simulation. 
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Figure 9. Fraser Pink Salmon spawner-recruitment relationship. Error bars around points, which are 
colour coded by brood year, and relationship are 80% credible interval while the thick black line is the 
expected relationship. 
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Figure 10. Kobe plot of Fraser Pink status overtime. Years are colour coded and the frst and last ones are 
labelled. 80% credible intervals are included for the last year of assessment. 
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Figure 11. Posterior distributions of candidate reference points Sgen, the LRP (red), SMSY , the USR 
(green) and the latent state of spawners in the most recent generation (2023, black). 
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Figure 12. Projected Fraser Pink spawners and catch (both in millions of fsh; shaded and coloured lines) 
over next 10 years when either the current or alternative illustrative HCRs are applied. Historical 
escapement and catch (black) are included for reference. Shaded polygons are 80% credible intervals and 
solid lines are medians. The catch index in right hand panel is defned as the average of the top 3 years of 
catch from 2001 to present. 
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9. TABLES 

Table 1. Summary of changes in methods used to assess spawning escapement over time and assumed 
coeffcients of variation (CVs) for each period which were used to defne magnitude of observation error in 
state-space spawner-recruitment model. 

Years Assessment Method CV 

1957-61 Early International Pacifc Salmon Fishing 35% 
Commission (IPSFC, currently known as the 
Pacifc Salmon Commission, PSC) system 
specifc mark-recapture: low tagging effort 

1963-91 IPSFC (’63-’85) and DFO (’87-’91) system 25% 
specifc mark-recapture: high precision 
methods in larger systems (90% of stock) and 
lower precision in the remainder 

1993-01 DFO mainstem mark-recapture assessment 20% 
downstream of major spawning grounds 

2003-07 PSC test fshery: escapement derived from 50% 
seine boats in marine and catch data 

2009-present PSC Mission sonar 10% 
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Table 2. Biological and fshery performance measures used in the closed-loop simulations to assess HCR 
performance. 

Metric Description Equation 

% replicate simulations < LRP Probability the stock spawner 
abundance falls below the Limit 

Σnrep Σt1 St<Sgen 
s=1 s2 

t2−t1+1 

Reference Point across replicate 
simulations and years, where n rep is 
the number of replicate simulations 
and t1 and t2 are the frst and last 
years over which the metric is 
calculated 

% replicate simulations > USR Probability the stock spawner 
Σnrep Σt1 St>0.8SMSY 

s=1 s2 
t2−t1+1 

abundance falls above the Upper 
Stock Reference Point across 
replicate simulations and years 

Σnrep Σt1 StCt 

average annual catch Average catch across replicate 
simulations and years 

s=1 s2 
t2−t1+1 

catch stability (1/CV) Stability in average catch across 
replicate simulations and years(µC ), 

1 
σC 
µC 

where is σC the standard deviation in 
catch 

relative catch metric Probability annual catch is greater 
than the average of the top 3 years of 

Σnrep Σt1 Ct>Ctop 
s=1 s2 

t2−t1+1 

catch since 2000 (Ctop), a 
semi-arbitrary indicator of a ‘good 
year’ 
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Table 3. Prior probability distributions for parameters. 

Parameter Prior Bounds Description 

ln(α) ∼ N(1, 2) [0, inf] Natural log of intrinsic rate of 
growth. �

ln(β) ∼ N ln(1/SMAX ) − vuu 1 u ( )2 �
2 u σS  0.5σS , uln(1 + MAX )
MAX t 1 

( )2 
SMAX 

Magnitude of within 
brood-year 
density-dependence, where
SMAX is the maximum 
spawner abundance times 
0.75.

ϕ ∼ U(−1, 1) [−1, 1] Lag-one correlation in 
interannual variation in 
survival. 

σR ∼ N(1, 2) [0, inf] White noise process 
standard deviation in 
survival. 

ln(R0) ∼ N(0, 20) [0, inf] Natural log of unobserved 
recruitment in the frst year of 
process model. 

σR0 ∼ Inv − Gamma(2, 1) [0, inf] Standard deviation in 
unobserved recruitment in 
the frst year of process 
model. 
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Table 4. Posterior means, medians and credible intervals for leading spawner-recruitment parameters and 
associated biological reference points. Also shown are estimates of the effective sample size (Neff ) and 
potential scale reduction factor (R̂)for parameters estimated by the model. 

Median 10th percentile 90th percentile Mean Neff 
ˆ R

Sgen 1.72 1.10 2.70 1.91 
80% SMSY 4.60 3.64 6.11 4.86 
UMSY 0.56 0.47 0.63 0.56 
Seq 14.10 11.41 18.48 14.90 
α 3.94 3.02 5.02 1.36 2891 1.0006 
β 0.59 0.49 0.73 0.10 2769 1.0004 
ϕ 0.10 0.06 0.13 0.09 1574 1.0002 
σR 0.06 -0.09 0.31 1.09 3278 0.9992 

Table 5. Biological and fshery performance of current and alternative illustrative HCR for both baseline 
and robustness test operating model scenarios. 

HCR Scenario % below % above Median annual Catch stability % above 
Sgen SMSY catch catch 

index 

base current 4.28 87.54 10.3 (2.47-22.16) 1.21 (0.35-2.38) 64.3 
base PA alt 5.16 87.46 8.84 (2.62-18.38) 1.38 (0.48-2.8) 66.62 
base no 3.96 93.14 0 (0-0) NA 0 

fshing 
low prod current 9.4 73.48 3.44 (0.49-11.69) 0.73 (0.14-1.78) 35.8 
low prod PA alt 20.18 63.7 2.82 (1.14-10.73) 1.1 (0.36-2.57) 37.32 
low prod no 5.82 89.42 0 (0-0) NA 0 

fshing 
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APPENDIX A. COMPUTING ENVIRONMENT 

This document aims to be transparent and reproducible. All data and code to reproduce the 
analysis in the report, and generate it, is available in this Zenodo hosted GitHub repository 
The document describing model diagnostics and some additional fgures can be found within the 
repository at Supplement-model-check.html. 

To reproduce this report, clone the repository from GitHub, make sure you have the required 
software installed, run fit-sr-stan.R to ft the models, then index.Rmd to create the document. 
Look at documentation on the README on the main page of the repository for more details. 

R packages (and dependencies therein) necessary to recreate this analysis are: 

Package Version Date 

cowplot cowplot 1.1.3 2024-01-22 
csasdown csasdown 0.1.3 2024-02-23 
gsl gsl 2.1-8 2023-01-24 
here here 1.0.1 2020-12-13 
kableExtra kableExtra 1.4.0 2024-01-24 
rosettafsh rosettafsh 0.0.0.9000 2024-02-23 
rstan rstan 2.32.3 2023-10-15 
scales scales 1.3.0 2023-11-28 
tidyverse tidyverse 2.0.0 2023-02-22 
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