The status of Pacific salmon
in the Broughton Archipelago,
northeast Vancouver Island, and
mainland inlets

APPENDIX

A report from the

© Salmon Coast Field Station 2020

Salmon Coast Field Station is a charitable society and remote
hub for coastal research. Established in 2001, the Station supports
innovative research, public education, community outreach, and
ecosystem awareness to achieve lasting conservation measures
for the lands and waters of the Broughton Archipelago and
surrounding areas.

General Delivery, Simoom Sound, BC V0P 1S0
Musgamagw Dzawada’enuxw territory
info@salmoncoast.org | www.salmoncoast.org

Station Coordinators:
Amy Kamarainen & Nico Preston

Board of Directors:
Andrew Bateman, Martin Krkošek, Alexandra Morton,
Stephanie Peacock, Scott Rogers

Cover photo: Jordan Manley
1

Status of Pacific Salmon in Area 12: APPENDIX |

Contents
Data sources ................................................................................................................... 3
Data inclusion criteria ...................................................................................................... 4
Data compilation ............................................................................................................. 5
Spawner-recruit model fitting........................................................................................... 7
Benchmarks and assessment ......................................................................................... 8
References .................................................................................................................... 11

2

Status of Pacific Salmon in Area 12: APPENDIX |

Data sources
Our analyses and status assessments are based on river-level time series of spawner
abundance and associated annual recruitment estimates. Spawner abundance data
was sourced from the Government of Canada New Salmon Escapement Database
(NuSEDS). For this report, we consider a population to be a group of salmon of a given
species that breed together at the same time and place. In the context of NuSEDS, we
define a population as a unique species-waterbody combination (with the exception of
even-year and odd-year pink salmon which are treated as separate populations).
Counting methods vary by population but include foot surveys, aerial surveys, and
acoustic arrays. We considered all populations in Fisheries Management Area 12 with
at least one non-zero abundance record in NuSEDS and used the ‘MAX_ESTIMATE’
field in NuSEDS as our measure of abundance. Temporal coverage varied, but at most
spanned 1953-2017.
To generate recruitment estimates (methods below), we assembled available age-atreturn, catch data, and in some cases previously compiled recruitment estimates.
Unpublished age-at-return data and catch data were provided by the regional stock
assessment biologist at the Department of Fisheries and Oceans Canada (DFO).
Annual age-at-return distributions are typically estimated from the age distribution of fish
caught in commercial fisheries. In one case, for coho populations, we drew on
previously published spawner-recruitment data (Connors et al. 2010). Exploitation rates
generally refer to the proportion of total returns (catch plus spawner abundance) that
were caught in a fishery. Both age-at-return and catch data are only available at the
level of the Fisheries Management Area so we were unable to account for variation in
age distribution or exploitation among populations.
At the time of analysis, we had sufficient data to estimate recruitment for pink, chum,
and coho populations but not for Chinook or sockeye populations.
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Data inclusion criteria
We considered our total pool of populations in Area 12 to be all species-river
combinations with at least one non-zero abundance record in NuSEDS. For the
abundance indicator, we generated percentile benchmarks for a population if it had a
minimum of 15 or more abundance records (consecutive or non-consecutive). For
species with sufficient catch and age data to generate recruitment estimates (pink,
chum, and coho) we fit spawner-recruit models and generated associated
metrics/benchmarks for populations with spawner-recruit data for at least 50% of the
total available years. For odd- and even-year pink populations, we consider total
available years as total available odd or even years respectively.
For populations which met our criteria to generate benchmarks, we evaluated whether
there were sufficiently recent data to classify status as ‘green’, ‘amber’, or ‘red’. If the
most recent estimate for abundance/resilience was greater than 10 years old (i.e., fell
outside of 2007-2017), we assessed status for abundance/resilience as data deficient or
‘gray’.

Figure A1. Visual depiction of data compilation, filtering, and assessment process. Numbers below
vertical bars represent the number of populations (i.e., species-river combinations) for the given step
in the assessment process. Populations with “no recent data” were those assessed as “data
deficient”, whereas the 174 species-river combinations that were not assessed (top) had insufficient
data to calculate benchmarks.
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Data compilation
Estimating recruitment
To estimate population-level recruitment (the total surviving adult offspring from one
′
generation of spawners), we first calculated the returns, 𝑅𝑅𝑖𝑖,𝑡𝑡
, for each river, 𝑖𝑖, in each
return year, 𝑡𝑡. We estimated returns as the number of spawners, 𝑆𝑆𝑖𝑖,𝑡𝑡 plus those fish
′
intercepted by the commercial fishery. Here, we estimate returns, 𝑅𝑅𝑖𝑖,𝑡𝑡
= 𝑆𝑆𝑖𝑖,𝑡𝑡 /(1 − ℎ𝑡𝑡 ),
where ℎ𝑡𝑡 is the exploitation rate for a given return year and species and we assume that
all populations experience the same rate of exploitation. The number of recruits, 𝑅𝑅𝑖𝑖,𝑦𝑦 ,
are the returns produced by spawners in brood year 𝑦𝑦 that will return in subsequent
years. As an example, in the case of pink salmon which operate on a two-year cycle,
′
. In other words, the fish that return in year 𝑦𝑦 + 2 are the offspring (recruits)
𝑅𝑅𝑖𝑖,𝑦𝑦 = 𝑅𝑅𝑖𝑖,𝑦𝑦+2
of the spawners in year 𝑦𝑦. In this case, because odd- and even-year classes of pink
salmon in a given river are reproductively isolated from one another, we treat them as
separate populations. For species which return at different ages, such as chum, we
used annual area-level age-at-return data provided by DFO to estimate how many
adults return at age three, four, or five years old (though a small proportion return at age
two or six). Accordingly, recruits for chum are estimated as, 𝑅𝑅𝑖𝑖,𝑡𝑡 = 𝑧𝑧3,𝑡𝑡=𝑦𝑦+3 𝑅𝑅′𝑖𝑖,𝑡𝑡=𝑦𝑦+3 +
𝑧𝑧4,𝑡𝑡=𝑦𝑦+4 𝑅𝑅′𝑖𝑖,𝑡𝑡=𝑦𝑦+4 + 𝑧𝑧5,𝑡𝑡=𝑦𝑦+5 𝑅𝑅′𝑖𝑖,𝑡𝑡=𝑦𝑦+5 , where 𝑧𝑧𝑖𝑖,𝑡𝑡=𝑦𝑦+3 represents the estimated proportion of
total returns in brood year, 𝑦𝑦 = 𝑡𝑡 + 3, that were three-year-olds and so on for four- and
five-year-olds. Species-specific methods, notes on data, and considerations are outlined
below.

Pink
•
•

•

All pink exploitation data were sourced from a DFO run reconstruction report on
Inner South Coast (ISC) pink (Van Will 2017).
Exploitation rates for odd-year populations account for catch of southern fish
(e.g., Fraser pinks) using genetic stock identification (GSI). The exploitation rate
we used represents the assumed proportion of returns to Area 12 that were
caught in a fishery.
Fraser and US catch is assumed to be negligible for even years and all catch is
assumed to be of ISC origin.

Chum
•
•
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We used existing reconstructed exploitation rates for Area 12 chum originally
sourced from Pieter Van Will at DFO. These data account for the large proportion
of fish caught in Area 12 which are destined for non-Area 12 rivers further south.
The time series of reconstructed exploitation rates spanned 1954-2014. For
1980-2017, we had unadjusted Area 12 catch data (total number of fish caught in
Area 12, not all of which are of Area 12 origin). For the entire time series, we
calculated an annual unadjusted exploitation rate using the commonly
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implemented Pmax averaging technique to expand estimates of spawner
abundance to an area-level while accounting for rivers that are not counted (see
Godbout et al. 2004). We calculated exploitation for a given year as the total
catch divided by the sum of catch and expanded escapement. To impute the
missing adjusted exploitation rates for 2015-17, we calculated the long-term
average proportion, (𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒/𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒), and
applied that proportion (7.56% ± 0.018) to our calculated exploitation rates for
2015-17 (Figure A2).

Figure A2. Reconstructed commercial exploitation rates for chum salmon in Area 12.

•
•

We used age-at-return data provided by Pieter Van Will at an area-, annual-level.
These age distribution data are derived from commercial fisheries. For years with
missing data (1953-57 and 2017), we imputed the average age-distribution.
At the time of publication of this report, we are aware that an updated
reconstruction for inner south coast chum is currently being developed.

Coho
•
•

•
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We assumed a fixed 3-year life cycle for coho, so did not require age-at-return
data to generate spawner-recruitment data.
To compile spawner-recruitment data for Area 12 populations, we relied on
previously compiled spawner-recruitment data from a peer-reviewed publication
(Connors et al. 2010). These data spanned 1975-2009 and were generated using
exploitation rates estimated from coded-wire-tag (CWT) data for three indicator
systems: Quinsam, Qualicum, and Black Creek.
We used the previously compiled spawner-recruitment data for 1975-1999. For
2000-2017, we had commercial catch data which we used in conjunction with the
Pmax technique to generate recruitment estimates. We compared our recruitment
estimates with the previously compiled estimates for the overlapping time period
(2000-2009) to ensure they were comparable. Our calculated recruitment
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estimates were consistently ~4% lower than those of the previously compiled
data so we adjusted them accordingly by a correction factor. After 2000,
commercial exploitation was extremely low (sometimes null, Figure A3) so these
differences should not strongly influence estimates of recruitment.

Figure A3. Commercial exploitation rates for coho salmon in Area 12.

Sockeye and Chinook
•
•

We did not have sufficient data to generate spawner-recruit pairs for Chinook and
sockeye populations in Area 12, but we did generate percentile benchmarks for
populations with sufficient spawner abundance data.
To account as best as possible for systems which may have consistent
sockeye/Chinook abundance estimates but may not host actual populations (e.g.,
systems that get a few stray sockeye or Chinook each year), we only considered
populations with at least one abundance estimate of 100 or greater.

Spawner-recruit model fitting
To generate spawner-recruit benchmarks and productivity estimates for the resilience
indicator, we fit a Ricker population model (Ricker 1954) to populations with sufficient
spawner-recruit data (see Data inclusion criteria). To detect long-term signals in
population productivity amidst substantial year-to-year variability in salmon population
dynamics, we fit models that track time-varying productivity similar to the Kalman filter
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model often used for salmon population analyses (Peterman et al. 2003). We fit
spawner-recruit models for each population, 𝑖𝑖, in each brood year, 𝑦𝑦, that describe logtransformed recruits (𝑅𝑅𝑖𝑖,𝑦𝑦 ) per spawner (𝑆𝑆𝑖𝑖,𝑦𝑦 ) as a function of spawner abundance, timevarying intrinsic population growth (𝑒𝑒 𝛼𝛼𝑖𝑖,𝑦𝑦 ) and density-dependence (𝐵𝐵𝑖𝑖 ) according to the
linearised Ricker equation,
log 𝑒𝑒 (𝑅𝑅𝑖𝑖,𝑦𝑦 /𝑆𝑆𝑖𝑖,𝑦𝑦 ) = 𝛼𝛼𝑖𝑖,𝑦𝑦 + 𝛽𝛽𝑖𝑖 𝑆𝑆𝑖𝑖,𝑦𝑦 + 𝜖𝜖𝑖𝑖,𝑡𝑡 ,

(1)

where 𝛽𝛽𝑖𝑖 is assumed to be static but 𝛼𝛼𝑖𝑖,𝑦𝑦 varies over time and 𝜖𝜖𝑖𝑖 represents the
combined process and observation error assumed to be normally distributed with mean
2
zero and variance 𝜎𝜎𝜖𝜖,𝑖𝑖
. We allow for time-varying productivity by modelling the 𝛼𝛼𝑖𝑖,𝑦𝑦
parameter using a constrained random walk process (Dorner et al. 2008). At each time
step, we assume that 𝛼𝛼𝑖𝑖,𝑦𝑦 is related to the previous value associated with recruitment 𝑛𝑛
time steps prior (𝑛𝑛 ≥ 1, and 𝑛𝑛 > 1 if gaps exist in the spawner-recruit time series)
2
according to 𝛼𝛼𝑖𝑖,𝑦𝑦 = 𝛼𝛼𝑖𝑖,𝑦𝑦−𝑛𝑛 + 𝜖𝜖𝛼𝛼𝛼𝛼,𝑦𝑦 where 𝜖𝜖𝛼𝛼𝑖𝑖,𝑦𝑦 ~𝑁𝑁(0, 𝑛𝑛𝑛𝑛𝛼𝛼,𝑖𝑖
). The variance of the distribution
scales linearly with 𝑛𝑛 since variance is additive, reflecting higher uncertainty in the
estimate as temporal gaps between the data grow larger.

2
2
, and 𝜎𝜎𝑎𝑎,𝑖𝑖
parameters in a Bayesian framework using
We estimated the 𝛼𝛼𝑖𝑖,𝑦𝑦 , 𝛽𝛽𝑖𝑖 , 𝜎𝜎∈,𝑖𝑖
Markov Chain Monte Carlo (MCMC), via JAGS (Plummer 2003). We set uniform priors
for all parameters and ran four independent chains for 400,000 iterations, thinning every
40th iteration with an adaptation phase of 20,000 and a burn-in of 40,000. We assessed
for convergence by visually examining trace plots and evaluating the potential scale
reduction factor (Gelman and Rubin 1992). All analyses were conducted in R version
3.6.1 (R Core Team 2019) using the package ‘rjags’ (Plummer 2016).

Benchmarks and assessment
Abundance indicator – estimating current abundance
To estimate current abundance for each population, we calculated the geometric mean
of abundance over the most recent generation. We define our generation lengths based
on previous status assessment reports (Connors et al. 2013, 2018, 2019) which
consider generation length as the maximum age for those ages that comprise 90% of
the spawners for a given population. For pink salmon, the generation length would be
two years but because of the separation of odd-year and even-year populations, we
take the abundance estimate for the most recent year as current abundance.
Generation lengths for chum, coho, Chinook, and sockeye were set to four, four, five,
and five years respectively. Except for pink populations, we calculate geometric mean
abundance as:
𝑛𝑛

1
𝑛𝑛

𝑆𝑆𝐴𝐴𝐴𝐴𝐴𝐴 = �� 𝑥𝑥𝑦𝑦 � = 𝑛𝑛�𝑥𝑥1 𝑥𝑥2 ⋯ 𝑥𝑥𝑛𝑛
𝑖𝑖=1
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Here, 𝑛𝑛 represents the number of values (i.e., for a chum population with complete data
for the most recent generation, 𝑛𝑛 = 4).

Abundance indicator – percentile benchmarks

We calculated percentile benchmarks for each populations with sufficient abundance
data (including those without recruitment estimates). The delineation between ‘amber’
and ‘green’ status zones was defined by an upper benchmark, 𝑆𝑆75 , corresponding to the
75th percentile of the population-specific historical time series of abundance estimates.
The ‘red’ and ‘amber’ status zones were delineated by a lower benchmark, 𝑆𝑆25 ,
corresponding the 25th percentile of the historical time series of abundance estimates.
We compared current abundance, 𝑆𝑆𝐴𝐴𝐴𝐴𝐴𝐴 , against these benchmarks to assess
populations as ‘green’ (𝑆𝑆𝐴𝐴𝐴𝐴𝐴𝐴 ≥ 𝑆𝑆75 ), ‘amber’ (𝑆𝑆25 ≤ 𝑆𝑆𝐴𝐴𝐴𝐴𝐴𝐴 < 𝑆𝑆75 ), or ‘red’ (𝑆𝑆𝐴𝐴𝐴𝐴𝐴𝐴 < 𝑆𝑆25 ).

Abundance indicator – spawner-recruit benchmarks

For populations included in the spawner-recruit analysis, we used our fitted population
model to generate a second set of benchmarks based on the spawner-recruit
relationship. We estimated the upper benchmark, 𝑆𝑆𝑀𝑀𝑀𝑀𝑀𝑀 , numerically using a recently
published method (Scheuerell 2016). The lower benchmark, 𝑆𝑆𝐺𝐺𝐺𝐺𝐺𝐺1 , was estimated by
solving numerically for 𝑆𝑆𝐺𝐺𝐺𝐺𝐺𝐺1 using the ‘L-BFGS-B’ algorithm from the ‘optim’ library. To
assess status, we compared current abundance, 𝑆𝑆𝐴𝐴𝐴𝐴𝐴𝐴 , against the spawner-recruit
benchmarks to determine whether a population fell in the ‘green’ (𝑆𝑆𝐴𝐴𝐴𝐴𝐴𝐴 ≥ 𝑆𝑆𝑀𝑀𝑀𝑀𝑀𝑀 ), ‘amber’
(𝑆𝑆𝐺𝐺𝐺𝐺𝐺𝐺1 ≤ 𝑆𝑆𝐴𝐴𝐴𝐴𝐴𝐴 < 𝑆𝑆𝑀𝑀𝑀𝑀𝑀𝑀 ), or ‘red’ (𝑆𝑆𝐴𝐴𝐴𝐴𝐴𝐴 < 𝑆𝑆𝐺𝐺𝐺𝐺𝐺𝐺1 ) status zone.

Resilience indicator – estimating current resilience

We evaluated the resilience of populations using intrinsic productivity as our metric. In
the absence of density dependence (i.e., at low spawner abundance), 𝛽𝛽𝑖𝑖 𝑆𝑆𝑖𝑖,𝑦𝑦 ≈ 0 and
log 𝑒𝑒 (𝑅𝑅𝑖𝑖,𝑦𝑦 /𝑆𝑆𝑖𝑖,𝑦𝑦 ) approaches 𝛼𝛼𝑖𝑖,𝑦𝑦 . In biological terms 𝑒𝑒 𝛼𝛼𝑖𝑖,𝑦𝑦 represents the capacity of a
small population to rebound from low abundance – a measure of the population’s
intrinsic productivity or resilience. For those populations included in the spawner-recruit
analysis, we consider ‘current resilience’ as the average parameter estimate for
productivity, 𝑒𝑒 𝛼𝛼𝑖𝑖,𝑦𝑦𝑀𝑀𝑀𝑀𝑀𝑀 , in the most recent time step, 𝑦𝑦𝑀𝑀𝑀𝑀𝑀𝑀 . We compare this productivity
estimate against benchmarks delineated by the uncertainty surrounding the estimate to
categorize status.

Resilience indicator – benchmarks
We define benchmarks for the resilience indicator by using the 95% credible interval for
the 𝛼𝛼𝑖𝑖,𝑦𝑦𝑀𝑀𝑀𝑀𝑀𝑀 parameter estimate. Populations were assessed as being in the ‘green’
status zone if the mean estimate and the lower bound of the 95% credible interval
(𝐿𝐿𝐿𝐿𝐼𝐼𝑒𝑒 𝛼𝛼𝑖𝑖,𝑦𝑦𝑀𝑀𝑀𝑀𝑀𝑀 ) were both at or above replacement (i.e., 𝑒𝑒 𝛼𝛼𝑖𝑖,𝑦𝑦𝑀𝑀𝑀𝑀𝑀𝑀 ≥ 1 and 𝐿𝐿𝐶𝐶𝐼𝐼𝑒𝑒 𝛼𝛼𝑖𝑖,𝑦𝑦𝑀𝑀𝑀𝑀𝑀𝑀 ≥ 1 ).
Populations with a mean productivity estimate at or above replacement (𝑒𝑒 𝛼𝛼𝑖𝑖,𝑦𝑦𝑀𝑀𝑀𝑀𝑀𝑀 ≥ 1)
but for which the lower bound of the 95% credible interval fell below replacement
9
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(𝐿𝐿𝐿𝐿𝐼𝐼𝑒𝑒 𝛼𝛼𝑖𝑖,𝑦𝑦𝑀𝑀𝑀𝑀𝑀𝑀 < 1) were assessed as ‘amber’. Finally, if both the mean productivity
estimate and the lower bound of the credible interval fell below replacement (i.e.,
𝑒𝑒 𝛼𝛼𝑖𝑖,𝑦𝑦𝑀𝑀𝑀𝑀𝑀𝑀 < 1 and 𝐿𝐿𝐿𝐿𝐼𝐼𝑒𝑒 𝛼𝛼𝑖𝑖,𝑦𝑦𝑀𝑀𝑀𝑀𝑀𝑀 < 1 ), we assessed the population as ‘red’.

Figure A4. Overview of three assessment approaches. A) Assessing current abundance against
percentile benchmarks. B) Assessing current abundance against benchmarks derived from the spawnerrecruit relationship. C) Assessing resilience by evaluating intrinsic productivity relative to replacement.
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