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Figure 1. British Columbia Pacific Herring major
stock areas: Haida Gwaii (HG), Prince Rupert
District (PRD), Central Coast (CC), Strait of Georgia
(SOG), West Coast of Vancouver Island (WCVI),
and minor stock areas: Area 2W and Area 27.

Context:

Fisheries and Oceans Canada (DFQ) presently uses a management strategy evaluation (MSE) process
to collaborate with First Nations, non-governmental organizations and the Herring Industry Advisory
Board to develop and implement sustainable harvest strategies for British Columbia (BC) Pacific
Herring stocks. The MSE analytical framework uses models to represent key dynamics of herring
populations and fisheries, as well as their response to management options. Fisheries and Oceans
(DFO) Resource Management requested that DFO Science update and review the data, models, and
assumptions that underpin this framework.

This Science Advisory Report is from the June 26-28, 2023 regional peer review on the Application of a
new modelling framework for the assessment of Pacific Herring (Clupea pallasii) major stocks and
implementation in the management strategy evaluation process. Additional publications from this
meeting will be posted on the Fisheries and Oceans Canada (DFQ) Science Advisory Schedule as they
become available.
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SUMMARY

A purpose-built statistical catch-at-age model was presented with the following features:
flexibility in modelling natural mortality (M), a method for integrating data from surface and
dive surveys in estimation of the survey index, representation of timing of all fisheries
throughout the year, inclusion of spawn-on-kelp (SOK) fisheries, and an age-composition
likelihood function that captures correlation among ages.

The new model is a spatially integrated statistical catch-at-age herring (SISCAH) model,
however the spatial capabilities of the model were not used here. SISCAH was compared to
the previous assessment model with a transition analysis, using data through 2022.

Suitability of SISCAH as an assessment model for the five major Pacific Herring stocks was
evaluated using common statistical metrics including goodness of fit, simulation self-tests,
retrospective analyses, and sensitivity tests. Trends in biomass, depletion, and recruitment
were evaluated for each major stock. Utility of SISCAH as an operating model was
evaluated by: i) conditioning on the historical time series (1951-2022), ii) projecting the
population over a 15 year time frame, iii) applying example precautionary approach (PA)
compliant management procedures to the projected population, and iv) evaluating
performance against existing conservation and biomass objectives using closed loop
simulations.

Density-dependent natural mortality was added to represent potential ecosystem impacts
(e.g., depensatory predation) on Pacific Herring stocks. Evidence for depensation in natural
mortality varied among regions, and was strongest in Haida Gwaii (HG), Central Coast (CC),
and West Coast Vancouver Island (WCVI), and weak in Prince Rupert District (PRD) and
Strait of Georgia (SOG).

Model fit was improved by introducing a weighting method for combining surface and dive
survey indices within a single year, rather than the previous practice of treating post-1987
surface observations as coming from the dive survey only.

SISCAH and the previous model show similar time series trends in biomass and recruitment.
SISCAH natural mortality estimates match the previous model for HG and WCVI but
appears to be constrained at lower levels of natural mortality for PRD, CC and SOG.

SOK removals were included in the new model, represented as using closed ponding
methods although representation using open ponding methods is also possible in future
versions. Including these removals had little effect on biomass trends since ponding
mortality is generally low, but yield curves were sensitive to allocation of quota among
fisheries.

As an operating model SISCAH reproduced historical population trends and simulated future
trends and observational data consistent with the historical observations. Example
management procedure evaluations were presented using perfect information simulations.

Density-dependent natural mortality has stock-specific effects, affecting estimates of long-
term average unfished biomass and thus reference points, and consequently the perception
of stock status over time. For example, stocks which show stronger evidence of
depensation, such as HG, have lower estimates of long-term average unfished biomass
which corresponds to lower limit reference points estimates.

Equilibrium yield curves were produced using 200-year simulations and were the basis for
maximum sustainable yield (MSY)-based reference point calculations. These curves were
highly sensitive to the allocation of catch between fisheries; an allocation based on the
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recent-most 10-years historical average was used in this analysis (excluding years without
fishing). Estimated harvest rate at MSY may be used to guide for tuning management
procedure evaluations, for compliance with the PA policy reporting requirements, and for
evaluation of proposed best practices for forage species.

¢ A minimum 3 year cycle for management strategy evaluation (MSE) updates is
recommended, unless new evidence reveals exceptional circumstances.

e A process for implementing the new assessment and operating model, updates to the MSE,
and identification of exceptional circumstances should be developed in a phased approach
in consultation with managers, First Nations and stakeholders.

¢ Environmental variability was modelled implicitly via natural mortality dynamics (i.e., implicit
predation), recruitment variability, and inter-annual variability in natural mortality around the
depensatory relationship to biomass; however, specific advice on the impacts of climate
change and changes to ocean productivity were not addressed in the analysis.

e Future work should include examining alternative parametrizations of density-dependent
natural mortality, survey catchabilities, and spatial structure.

INTRODUCTION

Pacific Herring (Clupea pallasii) in British Columbia (BC) are currently managed in five major
and two minor stock assessment regions (SAR). The major stocks included in this model review
are Haida Gwaii (HG), Prince Rupert District (PRD), Central Coast (CC), Strait of Georgia
(SOG), and West Coast of Vancouver Island (WCVI; Figure 1). Pacific Herring are an important
species to First Nations, with coastal Indigenous food, social and ceremonial (FSC) fisheries, as
well as treaty and Aboriginal commercial fisheries in specific management areas.

Fisheries and Oceans Canada (DFQO) uses a management strategy evaluation (MSE) process in
collaboration with First Nations, non-governmental organizations and the Herring Industry
Advisory Board to develop and implement sustainable harvest strategies for Pacific Herring. The
use of the MSE process aligns with DFO’s “A Fishery Decision-Making Framework
Incorporating the Precautionary Approach” policy (DFO 2009). The process evaluates
sustainability of harvest strategies by simulation testing management procedures with operating
model scenarios that represent a range of hypotheses about uncertain population and fishery
dynamics. Performance of management procedures are measured with conservation and catch
objectives for each stock area and fishery (Cox et al. 2019; DFO 2023).

The MSE framework, first implemented in 2018, uses a statistical catch-age model in both the
management procedures (annual assessment of BC herring stocks) and to estimate key
population parameters used in the operating models (Cleary et al. 2019; DFO 2019; DFO 2020;
Benson et al. 2023). Previous scientific reviews, ongoing consultation with First Nations and
fishery stakeholders, and increasing survey costs indicate a need for added functionality in the
assessment and operating models, including:

1. parameterizing density-dependent natural mortality to better represent potential ecosystem
impacts on herring stocks;

2. a method for integrating data from surface and dive surveys in estimation of the survey
index;

implementing fishing mortality in discrete time steps within a fishing season;
inclusion of removals from SOK fisheries; and

an age-composition likelihood function that captures correlation among ages.



https://www.dfo-mpo.gc.ca/reports-rapports/regs/sff-cpd/precaution-back-fiche-eng.htm
https://www.dfo-mpo.gc.ca/reports-rapports/regs/sff-cpd/precaution-back-fiche-eng.htm
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DFO Resource Management requested that DFO Science update and review the model used
for annual assessment of BC Pacific Herring stocks to include elements (1) to (4) and show its
utility as an operating model.

ANALYSIS

A new model built in Template Model Builder was presented with the following features: a
density-dependent process for natural mortality, explicit representation of SOK fisheries,
fisheries with discrete removal events over a short season, a single spawn index that blends
dive and surface survey designs, and an age-composition likelihood function that accounts for
correlation in residuals among age-classes.

Comparisons with the previous model (ISCAM, Martell et al. 2012) were made. Trends in
biomass, recruitment, and natural and fishing mortalities were mostly the same (Figure 2, fishing
mortality not shown). Exceptions included natural mortality that seem constrained at lower levels
for PRD, CC and SOG, but seemed to match closely for HG and WCVI. Also while trends in
biomass were similar, earlier in the time period the magnitude of the biomass appears higher for
SISCAH over the previous model. Differences do not indicate unsuitability of either model.
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Figure 2. Comparison of biomass, recruitment, and natural mortality estimates between the previous
model (ISCAM, pink) and the full SISCAH model (black) for the 5 stock assessment regions: Haida Gwaii,
Prince Rupert District, Central Coast, Strait of Georgia, and West Coast Vancouver Island.

Suitability of SISCAH for estimating trends in biomass, depletion, and recruitment for each of
the five major Pacific Herring stocks was evaluated via goodness of fit, simulation self-tests,
retrospective analysis, and sensitivity tests using 1951-2022 data.
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Goodness of fit

Goodness of fit was determined via observation model standard errors (lower is better, and
SISCAH had lower values than ISCAM for spawn indices), time-trends in model residuals
(minimal time trends), auto-correlation in observation error residuals and process errors (low
auto-correlation), and visual inspection of model estimates of biomass, recruitment, and natural
mortality for evidence of model artefacts or unexpected behaviour. Model estimates were similar
to ISCAM and productivity parameters such as natural mortality and stock-recruit steepness
matched expectations.

Simulation self-tests

Simulation self-tests were performed for the CC and SOG SARs. For CC, the level of bias and
variation in life-history and survey parameters were determined acceptable because median
relative errors were lower than 0.3 in magnitude (except for end effects) and most distributions
intersected zero indicating that SISCAH model posteriors generally contained the true
parameter values for the CC population.

Spawning biomass depletion and recruitment were unbiased over time, although there was
some bias in selectivity parameters when age-composition data are simulated.

Simulating random prior mean values for the rate at which natural mortality increases at low
stock sizes (depensation, m1) increases variance and, in some cases, bias in all life-history
parameters. However, process errors tended to compensate for the larger relative errors in the
mortality parameters my and M, (the baseline or minimum natural mortality rate), leaving most
time-series estimates somewhat insensitive to the random priors.

For SOG, the variation in the self-tests was also lower than 0.3 in magnitude (excluding end
effects). Random priors had a larger effect on the my parameter, which is expected as SOG had
few years of low abundance that would help inform the m1 parameter.

Time-series of relative errors for SOG spawning biomass, depletion, and natural mortality
showed similar results as for CC. The main differences were for the Age Data Simulated
scenario, where the effects of the positive bias in SBy were observed as a small negative bias in
spawning biomass depletion estimates and a small negative bias in the M, series. The latter is
caused by the drop in the My, parameter, which shifts the mortality rate estimates lower.
However, unlike the CC case, the shift in M, was not modulated as well by mortality process
errors because they are so small (standard deviation of 0.06).

Retrospective analysis

Retrospective analyses demonstrated some short term sensitivity to new data that eventually
settle and become stable. Generally, over-/under-estimation of biomass appeared with equal
frequency and biological reference points were stable over time, which — importantly — avoids
the need for time-varying reference points.

Sensitivity tests

Sensitivity tests showed that SISCAH estimates of herring biomass and life history parameters
were relatively insensitive to specific choices of priors for each SAR. The mean relative
difference in estimates between the SISCAH implementation and sensitivity runs with alternative
priors was less than 1.4% for all leading life-history parameters.
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Operating model suitability

Utility of SISCAH as an operating model was evaluated by: (i) conditioning on the historical time
series (1951-2022), (ii) projecting the population over a 15 year time frame, (iii) applying
example precautionary approach (PA) compliant management procedures to the projected
population, and (iv) evaluating performance against existing conservation and biomass
objectives using closed loop simulations. Our purpose was not to complete a full management
strategy evaluation but rather to demonstrate the simulation capability of SISCAH as an
operating model and to demonstrate initial implications of density-dependent natural mortality
under typical DFO PA harvest rate strategies.

We compared the historical data to the projected data and found suitable performance. In
particular, (i) the historical and projected process errors for recruitment and natural mortality
were similar; (ii) trends in historical and projected time-varying natural mortality had the same
‘shape’; (iii) the projected dynamics matched estimated model equilibria; and (iv) simulated data
were found to be noisy and not smooth (similar to real data). For all SARs, the population
dynamics and observation models for generating simulated data largely matched those defined
for the estimation model (Figure 3, example: HG).

SISCAH was found to be acceptable as an operating model because it reproduced historical
population trends as well as simulate future trends and observational data consistent with the
historical dynamics. Example management procedure evaluations were presented using perfect
information and future work will involve management procedure evaluations with stochasticity.

Key findings

Density-dependent natural mortality represents potential ecosystem impacts (e.g., depensatory
predation) on Pacific Herring stocks. Evidence for depensation in natural mortality varied among
regions, and was strongest in HG, CC, and WCVI, and weak in PRD and SOG (Figure 4).
Stocks with low depensation rates (HG, CC, WCVI) show natural mortality increasing over a
wide range of biomass levels, whereas stocks with higher depensation rates (PRD, SOG) have
more stable trends in natural mortality.

Model fit was improved by introducing a weighting method for combining surface and dive
survey indices within a single year, rather than the previous practice of treating post-1987
surface observations as coming from the dive survey only.

Modelling fishery timing more accurately had no measurable effect on model estimates, nor did
the addition of SOK removals (represented as closed ponding); however, there were notable
differences in yield curves depending on the allocation to the SOK fishery versus a whole
herring fishery (e.g., seine roe), which impacts equilibrium reference points. Because the SOK
fishery has a lower realized harvest rate due to release of post-spawn adults, estimated Uwsy
rates were higher for SOK than for other whole herring fisheries. This result occurs because the
fishery can capture a much larger fraction of the spawning biomass if most of that biomass is
released alive after ponding. For instance, equilibrium yield curves and reference points derived
via 200-year constant fishing mortality simulations showed that high allocation to the SOK
fishery produced yield curves with higher rates of Uusy than those with higher allocation to other
whole herring fisheries (Figure 5, example: PRD).

Estimates of long-term equilibrium unfished spawning biomass (SBy), current biomass depletion
(SBi#/SBy), and MSY-based reference points (based on recent 10-year average allocation) from
SISCAH are presented in Table 1, estimated via both deterministic and stochastic simulation
processes. Deterministic estimates of SBy are similar to estimates from the previous ISCAM
model (Table 2), however MSY-based reference points differ considerably. ISCAM estimates of
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Uwsy are considerably higher than historical harvest levels, and therefore have not been used in
the management of herring fisheries. In contrast, SISCAH Uusy estimates are more in line with
historical harvest levels (when effective mortality of SOK fisheries is taken into account), so they
can provide an initial reference removal rate from which performance of management
procedures consistent with PA policy can be tuned to meet pre-specified objectives. Estimates
of SB, from deterministic simulations are generally higher than SB, from stochastic simulations
(i.e., process errors in recruitment and natural mortality), particularly in SARs with low m;
values. Reference point calculations, including differences between deterministic and stochastic
estimates of SBy, and the sensitivity of yield curves to allocation among Pacific Herring fisheries,
merits further investigation.
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Figure 3. Example simulation replicate derived via the SISCAH operating model under a No Fishing
scenario for the Haida Gwaii SAR. Historic trends (1951-2022) include fishery removals, while the
simulated 200-year future trends reflect population variability in the absence of fishing. Top panel shows
estimated spawning biomass (red line) and blended index (grey points); middle panel shows estimated
age-2+ natural mortality (pink line); bottom panel shows estimated age-1 recruits (black points).




Pacific Region Pacific Herring Operating Model Update

149 —— Expected depM curve

Lo TR Y

0.0

4 —— Expected depM curve

12 e  Estimated annual M
1.0 H My, = 0.4
08 4 mq = 5.73
* * Om = 0
0.6 —
SO B . . ™ Y OO + oo
|

024 Prince Rupert District i
1

0.0

14 —— Expected depM curve

1.2 - e Estimated annual M
My = 0.38
my = 3.79
oy = 0.06

BAN
o0 B MHHMHW% L

1.0 o

Age 2+ mortality (/yr)

0.2

0.0

—— Expected depM curve
® Estimated annual M
My = 0.57
my = 6.18

3N e T W —_<

04 —

1.2

1.0 H

0.2

0.0

4 —— Expected depM curve

A e e
- HM‘MMMH b= =

02 7 West Coast of Vancouver Island

0.0 T
00 05 1.0 15 20
Age 2+ biomass depletion

o

|

0.4 o |
|

|

|

I

T
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biomass depletion and age-2+ natural mortality. The median relationship is shown by a thick pink line,
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annual posterior median natural mortality estimates with standard errors reported as om. Other
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Figure 5. Example equilibrium yield curves and reference points derived via 200-year constant fishing
mortality simulations, using SISCAH model life-history and fishery parameters estimates for the Prince
Rupert District SAR. Yield curves shown here differ based on allocation between spawn-on-kelp (SOK)
and seine roe fisheries. The top panel shows full whole herring quota allocation to SOK and the boftom
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Table 1. SISCAH estimates of deterministic (Det) and stochastic (Stoch) equilibrium unfished spawning
biomass (SB,, kt) and depletion (SB;/SB,), as well as estimates of maximum sustainable yield (MSY, kt),
biomass at MSY (Bysy, kt), and the harvest rate associated with MSY (Uysy). Values are Bayes posterior
median estimates with half the inter-quartile range reported in parentheses.

Unfished SB, S%jﬂj}?go MSY reference points

Det Stoch Det Stoch Bysy Uysy  MSY

HG 24.14 12.93 0.46 0.86 5.23 0.26 0.30
PRD 49.02 46.41 0.75 0.78 19.33 0.37 3.65
cC 53.61 46.67 0.59 0.68 20.37 0.31 1.95
SOG 124.07 119.11 0.65 0.68 41.83 0.35 22.66
WCVI 41.32 38.06 0.62 0.68 10.30 0.35 242

Table 2. ISCAM estimates of long-term equilibrium unfished spawning biomass (SB,, kt), depletion
(SB:/SB,), and equilibrium reference points: maximum sustainable yield (MSY, kt), biomass (Bysy, kt),
and the associated harvest rate at MSY (Uygy).

SB, SB,/SBy, Busy Uysy ~ MSY
HG 21.82 0.47 4.03 0592 584
PRD 5548 0.6 0.88 0.396  6.48
cC 49.63 0.45 3.61 0.691  8.06
SOG 13357  0.51 1525  0.652  28.62
WCVI  43.29 0.52 4.07 0.708  9.85

Sources of Uncertainty

This model is set up on a Bayesian framework, meaning that both the data as well as the prior
distributions on model parameters have some amount of influence on the model outputs, and
both encapsulate some amount of uncertainty.

Sources of uncertainty pertaining to the data include abundance indices, age and weight
compositions, as well as some harvest estimates (e.g., spawn-on-kelp).

Sources of uncertainty around prior distributions should be a balance between allowing priors to
be uninformative enough so that the parameter estimates are primarily informed by the data, but
not so uninformative that parameters have difficulty converging on their estimates. As such
there may be differences around prior specification as the balance these two goals is often an
individual choice (i.e., informative priors help improve convergence, but may also bias results or
artificially reduce uncertainty). Many of the SISCAH model priors have been built on
understanding from previous herring models, including ISCAM, which have their own
uncertainties. Further work on the development of priors for the density dependent parameters
was recommended by the review process.

Other sources of uncertainty include how model specification affects parameters and reference
point estimates. The review process highlighted two specifications to examine in future work: (i)
parametrizations of density-dependent natural mortality that includes both depensatory and
compensatory options, and (ii) how survey catchabilities are quantified. For survey
catchabilities, a paired study could be used to find the relationship between modern day surface
surveys and dive surveys, so that only one catchability coefficient would need to be specified.

10
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Other model specifications that may add uncertainty to the model include the weight and type of
constraints put on the model, including things such as the Jefferies prior on unfished biomass
and the lower bounds of natural mortality. Such specifications can also be improved via
sensitivity analyses.

Alternative parameterizations can change model output and reference point estimates.

CONCLUSIONS AND ADVICE

Structural assumptions of SISCAH, such as density-dependent natural mortality, can affect
estimates of the long-term average unfished biomass, biological reference points, and,
consequently our understanding of stock status over time. For example, stocks with stronger
evidence of depensatory natural mortality, like HG, show lower estimates of long-term
average unfished biomass and have lower corresponding limit reference point estimates.

Equilibrium yield curves are produced using 200-year simulations and are the basis for
MSY-based reference point calculations. Like many multi-sector fisheries, yield curves are
sensitive to the allocation of catch among fisheries and the lower effective fishing mortality
for SOK affects BC herring yield curves when this fishery is included. Future work should
define a preference for how harvest rates are defined. For the present simulations,
allocation among sectors in projections matched the historical average relative catch levels
for the most recent 10-years with fishery openings (years with zero catch were skipped).
Estimated harvest rates at MSY may be used to guide tuning management procedure
evaluations, for compliance with the PA policy reporting requirements, and for evaluation of
proposed best practices for forage species.

A minimum 3-year cycle for MSE updates is recommended, unless new evidence reveals
exceptional circumstances.

A process for implementing the new assessment and operating model, updates to the MSE,
and identification of exceptional circumstances should be developed in a phased approach
in consultation with managers, First Nations and other stakeholders.

OTHER CONSIDERATIONS

Environmental variability was modelled implicitly via natural mortality (e.g., implied predation
impacts), recruitment process variability, and natural mortality process variability around the
average depensatory relationship; however, specific advice on the impacts of climate change
and changes to ocean productivity were not addressed in the analysis.

Future work should include examining other parametrizations of density-dependent natural
mortality, survey catchabilities, and spatial structure.
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