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Stock–recruitment relationships (SRRs) may vary over time due to ecological and anthropogenic impacts, challenging traditional approaches
of calculating maximum sustainable yield (MSY)-based reference points that assume constant population traits. We compare seven methods
to calculate MSY, FMSY and BMSY by modelling constant, stochastic (uncorrelated), and autocorrelated SRRs using simulations and two case
studies [Atlantic cod (Gadus morhua) and American plaice (Hippoglossoides platessoides) on the Grand Bank off Newfoundland, Canada].
Results indicated that the method used to model SRRs strongly affected the temporal pattern of recruitment projection, and the variations
generated by autocorrelated SRRs were more similar to observed patterns. When the population productivity had low-frequency and large-
magnitude variations, stochastic SRRs generated greater MSY and FMSY estimates than constant or autocorrelated SRRs, while no consistent
pattern of BMSY was detected. In the case studies, stochastic and autocorrelated SRRs produced asymmetric relationships between fishing
mortality and yield, with higher risk of overfishing by going beyond FMSY. Overall, our results suggest that caution should be taken when
calculating MSY-based reference points in highly dynamic ecosystems, and correctly accounting for non-stationary population dynamics
could, therefore, lead to more sustainable fisheries.
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Introduction
Maximum sustainable yield (MSY) is a fundamental concept in

fisheries management that has been applied throughout the world

to define fisheries status and calculate management reference

points (Beverton and Holt, 1957). For example, FMSY and BMSY

(i.e. the fishing mortality and biomass leading to MSY) are two

widely used reference points to define the “overfishing” and

“overfished” status of fisheries. The concept of MSY is originally

derived from the equilibrium dynamics of surplus production

models (Beverton and Holt, 1957). That is, MSY is achieved

when a fish stock is fished down to half the size of the stock’s

carrying capacity. In age-structured stock assessments, MSY is

typically calculated by simulating long-term stock dynamics un-

der different fishing mortalities using pre-defined key population

traits, e.g. stock–recruitment relationship (SRR), natural mortal-

ity, maturity at age, and weight at age. Under a precautionary ap-

proach (PA) to fisheries management, MSY-based reference

points are often treated as limits rather than targets in harvest

strategies (e.g. Mangel et al., 2013). For example, Holt (2020)

strongly advocated that fishing mortality should be set below

FMSY to reduce the risk of overexploitation while, at the same

time, to maximize the profitability of fisheries.

In ecosystems where biotic and environmental conditions

show large changes over time, key population traits can exhibit
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periodic, directional, or regime-like changes (Thorson et al.,

2015; Szuwalski and Hollowed, 2016). For example, decadal

changes in climate and oceanographic effects (Peterman and

Dorner, 2012), species invasions (Zhang et al., 2018), or fisheries-

induced changes to population age structure (Hidalgo et al.,

2014) have led to changes over time in SRRs for several marine

and freshwater fish populations (Walters, 1987). The emergence

of non-stationary SRRs challenges the validity of traditional

approaches that calculate MSY using constant population traits

and calls for novel methods to calculate MSY-based reference

points in highly dynamic ecosystems. One option is to use aver-

age population traits estimated only under the “prevailing” envi-

ronmental conditions (e.g. estimate FMSY based on stock–

recruitment data under only the current ecosystem conditions).

However, there are several challenges with this approach: (i) eco-

system regimes or prevailing conditions are difficult to define and

detect (Klaer et al., 2015); (ii) using a subset of historic data could

reduce the precision of model estimations due to smaller sample

size; and (iii) future conditions and population dynamics may

continue to change and, therefore, reduce the effectiveness of

these MSY-based reference points. Another option is to use long-

term simulations that account for time-varying population traits.

For example, FMSY may be defined as the fishing mortality achiev-

ing maximum long-term yield by simulating population dynam-

ics with time-varying SRRs. This approach does not require

identifying, understanding, or projecting ecosystem changes that

affect fish recruitment dynamics; neither does it require shorten-

ing historic data. Nevertheless, challenges remain on how to

model time-varying SRRs in realistic ways.

In this study, we compare MSY, FMSY, and BMSY using seven

methods to model SRRs: (i) constant SRR over the whole

available time-period (SRR-whole), (ii) constant SRR over recent

period (SRR-recent), (iii) stochastic SRRs with white noise (SRR-

noise), (iv) stochastic SRRs by resampling historical values (SRR-

resample), (v) autocorrelated SRRs with first-order autoregressive

(AR1) variations (SRR-AR1), (vi) autocorrelated SRRs with cut-

off at historical maximum and minimum values (SRR-cut-off),

and (vii) autocorrelated SRRs bounded by historical maximum

and minimum values (SRR-bounded). We compare the seven

methods using both simulation and case studies. In the simula-

tion, we compare different methods under four scenarios of pro-

ductivity variations: (i) stochastic variation, (ii) upward shift,

(iii) downward shift, and (iv) collapse and recover (Figure 1). In

the case studies, we focus on two fish stocks on the Grand Bank

off Newfoundland: Northwest Atlantic Fisheries Organization

(NAFO) Divisions 3NO Atlantic cod (Gadus morhua) and 3LNO

American plaice (Hippoglossoides platessoides), hereafter referred

to as 3NO cod and 3LNO plaice (Figure 2). Atlantic cod and

American plaice on the Grand Bank supported historically im-

portant commercial fisheries; however, both stocks collapsed in

the early 1990s and have been under a moratorium to directed

fishing since 1994 (Rideout et al., 2018; Wheeland et al., 2018).

These dramatic population changes coincided with strong varia-

tion in the SRRs for both fish stocks (Morgan et al., 2014).

Methods
Time-invariant and time-varying SRRs
The SRR is modelled by the classic Ricker model (Ricker, 1954).

To model time-invariant and time-varying SRRs, two forms of

Ricker models are used (Table 1): a basic form with time-

invariant parameters (Ricker) and a modified form with time-

varying parameters (Ricker.tv). In the Ricker model, parameters

are constant and combined measurement and process errors are

distributed following a lognormal distribution. In the Ricker.tv

model, the productivity parameter follows an AR1 variation (i.e.

represent AR1 process errors) and measurement errors follow a

lognormal distribution. In both models, measurement and pro-

cess errors are confounded. To separate these, the standard devi-

ation of measurement error is assumed to be 0 in the simulation

study (i.e. no measurement error of recruitment) and fixed at 0.3

in the case study based on the observed variance of survey re-

cruitment indices. The parameters of stock–recruitment models

are estimated using Template Model Builder (Kristensen et al.,

2016).

Seven methods to model SRRs
When calculating MSY-based reference points, the SRR parame-

ter estimates (Table 2) are used to model the variations in SRRs

via seven methods: SRR-whole, SRR-recent, SRR-noise, SRR-

resample, SRR-AR1, SRR-cut-off, and SRR-bounded.

SRR-whole
The Ricker model is fitted to all historical stock–recruitment data.

SRR is modelled without process errors using the estimated val-

ues of a and b.

SRR-recent
The Ricker model is fitted to the stock–recruitment data in recent

years. SRR is modelled without process errors using the estimated

values of a and b.

SRR-noise
The Ricker model is fitted to all historical stock–recruitment

data. SRR is modelled using the estimated values of a and

b, with white-noise error (i.e. errors are distributed normally

with mean zero and standard deviation equals the estimated

value of rp.).

SRR-resample
The Ricker.tv model is fitted to all historical stock–recruitment

data. SRR is modelled using the estimated values of b, and at

is randomly sampled with replacement from the estimated

historical values.

SRR-AR1
SRR-AR1 is same as SRR-resample, except that at follows an AR1

process that converges to the historical mean and variance.

Let lhist and rhist denote the mean and variance of the histori-

cally estimated values of at. To have a stationary distribution con-

verge to lhist and rhist, the projected at should follow the AR1

process,

at ¼ lhist � 1� uað Þ þ ua � at�1 þ et ;

et � N 0; rhist �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ua

2
p� �

;

where ua is fixed at values estimated from Ricker.tv.
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SRR-cut-off
SRR-cut-off is same as SRR-AR1, except that at is cut-off when

exceeding the maximum and minimum values of historical

estimates:

Let amax and amin be the maximum and minimum values of

the at estimated from Ricker_tv,

at ¼
amax ðif at � amaxÞ
at ðif amax > at > aminÞ
amin ðif at � aminÞ

:

8<
:

SRR-bounded
SRR-bounded is same as SRR-resample, except that at follows an

AR1 process and is bounded by historical maximum and mini-

mum values using logit-linear transformation.

A four-step process is used to construct a time series at

that contains an AR1 process with specified autocorrelation

coefficient ua, converges to stationary distribution with mean

lhist and standard deviation rhist, and also bounded by amax

and amin.

Step 1: let zt ¼ at�amin

amax�amin
, then zt is bounded by (0,1),

E ztð Þ ¼ lhist

amax�amin
, and var ztð Þ ¼

r2
hist

ðamax�aminÞ2
.

Step 2: let yt ¼ logitðzt Þ, then yt follows a normal distribution

with mean ly and standard deviation ry. Find the values of ly

and ry through numerical optimization using logitnorm package

in R (Wutzler, 2018).

Step 3: construct a time series yt, so that yt follows an

AR1 process with autocorrelation coefficient ua, and converges to

stationary distribution with mean ly and standard deviation ry:

yt ¼ ly � 1� uað Þ þ ua � yt�1 þ et ;

where et � N 0; ry �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ua

2
p� �

:

Figure 1. Four scenarios of productivity (represented by at in Ricker model) variation in the operating module. Scenario 1: stochastic
variation; scenario 2: upward shift; scenario 3: downward shift; and scenario 4: collapse and recover.

Figure 2. Study area and management units of Atlantic cod and
American plaice on the Grand Bank.
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Step 4: derive the time series at from yt:

at ¼ amin þ
eyt

1þ eyt
� amax � aminð Þ:

Calculate MSY-based reference points
For each of the seven methods to model SRRs, three MSY-based

reference points (MSY, FMSY, and BMSY) are calculated using sim-

ulation. There are three layers of simulation loops

(Supplementary Figure S1): the first layer loops over 100 repeti-

tions, the second layer loops over 100 trials of fishing mortality,

and the third layer loops over 500 simulation years. In the first

layer, one out of 100 sets of constant and/or time-varying SRR

parameters is generated based on the selected method to model

SRRs. In the second layer, one out of 100 values of fishing mortal-

ity is selected (range from 0 to 1, with interval equal to 0.01). In

the third layer, the population is projected for 500 years using

age-based population dynamics models (Table 3). Key population

variables, i.e. weight at age, maturity at age, natural mortality,

and selectivity pattern, are fixed based on the average values over

all historical data and assumed to be time invariant. Overall, the

simulation comprises 70 000 runs, and each run generates a time

series of population dynamics over 500 years.

For each run, the long-term yield and biomass are defined as

the average annual yield and biomass over the last 100 simulation

years. For each method to model SRRs, there are 100 repetitions

of long-term yield and biomass under each level of fishing mor-

tality, and the mean values of the long-term yield (MLY) and bio-

mass (MLB) across 100 repetitions are calculated. Then, for each

method to model SRRs, we define MSY as the maximum MLY,

FMSY as the fishing mortality that maximizes MLY, and BMSY as

the MLB when fishing at FMSY.

Simulation study
The simulation comprises operating and estimation modules. In

the operating module, “true” population dynamics are generated

using the age-based population dynamics models (Table 3). The

population dynamics is simulated for 100 years, and the first

50 years are the burn-in period with constant SRR to stabilize

population dynamics. In the last 50 years, four scenarios of pro-

ductivity variation are modelled by changing the productivity pa-

rameter (i.e. at) of stock–recruitment models (Table 4). The key

variables in the simulation, e.g. fishing selectivity, stock–recruit-

ment parameter, natural mortality, maturation, and weight at

age, are specified based on the population dynamics estimated for

3NO cod and assumed to be constant over time (Supplementary

Table S1). Each scenario of the operating model is repeated 100

times, and in total, 400 sets of simulated data are generated.

In the estimation module, the MSY-based reference points are

calculated by the seven methods to model SRRs (described above)

using the last 50 years of population dynamics from each simu-

lated dataset. For the SRR-recent method, the last 20 years are

specified as the recent period.

Case studies
3NO cod and 3LNO plaice are assessed by the NAFO Scientific

Council. The dynamics of both populations are currently estimated

by virtual population analysis using the ADAPTive framework

(Rideout et al., 2018; Wheeland et al., 2018). The stock assessment

of 3NO cod goes back to 1959, and age 3 individuals are considered

as recruitment to the fishery. The stock assessment of 3LNO plaice

starts from 1960, and recruitment to the fishery is considered to be

age 5. In this study, we use the model input and output data from

the recent assessments of 3NO cod (1959–2017; ages 3–12) and

3LNO plaice (1960–2017; ages 5–15þ), i.e. catch and stock weight

at age, maturity at age, natural mortality, estimated number at age,

estimated spawning-stock biomass (SSB), and estimated fishing

mortality at age (Rideout et al., 2018; Wheeland et al., 2018). For

the case studies, the recent period is defined as the time after mora-

toria (1994–2017) when using the SRR-recent method.

Results
Seven methods to model SRRs
The seven methods to model SRRs produced drastically different

patterns of productivity, recruitment, and SSB (Figure 3). SRR-

whole and SRR-recent projected constant productivity, and the

projected recruitment and SSB reached equilibrium within 100

simulation years. SRR-noise and SRR-resample projected highly

stochastic productivity, recruitment, and SSB, while the temporal

variations projected by SRR-AR1, SRR-cut-off, and SRR-

Table 1. The two forms of Ricker models used to estimate stock–recruitment relationships.

Model Function Measurement error Process error

Ricker Rt ¼ a� St�r�eemtþept emt � Nð0;rm
2Þ ept � Nð0;rp

2Þ
Ricker.tv Rt ¼ at�r � St�r � e�b�St�r � eer t er t � N 0;rr

2ð Þ at ¼ logðatÞ at ¼ aþ eat
ea1; . . . ; eaT � MVNð0;RÞ
R—AR(1) covariance matrix with
parameters ra

2 and qa

Table 2. Parameters of the Ricker models.

Symbol Definition

Rt Recruitment abundance in year t
St Spawning-stock biomass in year t
R Age of recruitment
A Productivity parameter of stock–recruitment relationship
at Productivity parameter of stock–recruitment relationship

in year t
at Logarithm of at

A Mean of at

e_at Residual of at

b Density dependence parameter of stock–recruitment
relationship

ua Autocorrelation coefficient of eat
e_mt Measurement error of recruitment in Ricker
e_pt Process error of recruitment in Ricker
e_rt Measurement error of recruitment in Ricker.tv
rm Standard deviation of e_mt

rp Standard deviation of e_pt

rr Standard deviation of e_rt

ra Standard deviation of e_at
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bounded were much more gradual and similar to historical

trends. SRR-AR1 and SRR-cut-off produced similar trends of

productivity, recruitment, and SSB, although the projections by

SRR-cut-off were kept as constant at historical boundaries. SRR-

bounded also produced variations within historical boundaries

but showed different trends than those generated by SRR-AR1

and SRR-cut-off.

Simulation study
When the productivity had high-frequency variations without

long-term trend (stochastic variations), all seven methods pro-

duced similar levels of MSY, FMSY, and BMSY. The reference

points produced by SRR-resample, SRR-AR1, SRR-cut-off, and

SRR-bounded were slightly greater than those generated by SRR-

whole, SRR-recent, and SRR-noise (Figure 4).

When the productivity exhibited low-frequency and large-

magnitude variations with increasing trend (upward shift), de-

creasing trend (downward shift), and U-shape trend (collapse

and recover), the seven methods produced drastically different

reference points. SRR-whole, SRR-AR1, SRR-cut-off, and SRR-

bounded produced smaller MSY and FMSY than SRR-noise and

SRR-resample, yet no consistent pattern was found for BMSY

(Figure 4). The MSY, FMSY, and BMSY produced by SRR-recent

were greater than SRR-whole when productivity was increasing,

and the opposite was found when productivity was decreasing

(Figure 4). When the productivity showed U-shape variation,

there were no consistent differences of reference points between

SRR-recent and SRR-whole (Figure 4).

Case studies
The SRRs of 3NO cod and 3LNO plaice showed strong temporal

variations (Supplementary Figure S2), suggesting the existence of

non-stationary SRRs. For both stocks, Ricker.tv had much better

fit than Ricker (Figure 5). Population productivity (represented

by at in Ricker.tv) decreased drastically during the 1980s and

reached very low levels around 1990 for both 3NO cod and

3LNO plaice (Figure 5). Since then, the productivity of both

stocks showed cyclic variations, though generally remaining lower

than the historical productivity in the 1960s and 1970s (Figure 5).

For 3NO cod and 3LNO plaice, reference points varied greatly

depending on the method used to model SRRs. For both stocks,

SRR-noise and SRR-resample produced greater MSY and FMSY

than other methods, while SRR-recent generated the smallest MSY

and BMSY (Table 5). SRR-AR1, SRR-cut-off, and SRR-bounded

produced smaller values of MSY, FMSY, and BMSY than SRR-

whole, SRR-noise, and SRR-resample for 3NO cod, but not 3LNO

plaice (Table 5). When using methods that produced time-varying

SRR projections, the relationship between fishing mortality and

yield was asymmetric: yield showed gradual increase and sharp de-

crease with increasing fishing mortality (Figure 6). In addition, the

relationships between fishing mortality and yield or biomass were

more variable for SRR-AR1, SRR-cut-off, and SRR-bounded than

for SRR-noise and SRR-resample (Figures 6 and 7).

Discussion
Recruitment projection under different SRR assumptions
Recruitment projection is a long-standing challenge in fisheries

science (Subbey et al., 2014), and numerous parametric and non-

parametric methods have been developed (Maunder and

Thorson, 2019). In parametric methods, recruitment is typically

projected by either using a deterministic stock–recruitment

model or adding stochastic residuals to certain forms of stock–re-

cruitment models, e.g. residuals sampled from predictive distri-

butions are added to a deterministic stock–recruitment model

Table 3. Age-based population dynamics model structures and parameters.

Models Parameters

Rt ¼ at � St�r � e�b�St�r Rt and St are the recruitment and SSB in year t, r is the age of
recruitment, and at and b are SRR parameters generated based on
the corresponding method to model SRRs

Fa;t ¼ Ftrial � sa Fa,t is the fishing mortality at age a in year t, Ftrial is the fishing mortality
specified in the second layer, and sa is the fishing selectivity at age a

Nr;t ¼ Rt

Naþ1;tþ1 ¼ Na;t � e�ðFa;tþMa;tÞ
Na,t and Ma,t are the population abundance and natural mortality at age

a in year t
Ba;t ¼ Na;t � wta;t Ba,t and wta,t are the population biomass and fish body weight at age a

in year t
St ¼

PA
a¼r

Ba;t �mata;t A is the maximum age, mata,t is the proportion of matured fish at age a
in year t

Ca;t ¼ Fa;t

Fa;tþMa;t
� Na;t � 1� e�Fa;tð Þ � wta;t Ca,t is the catch biomass at age a in year t

Yt ¼
PA
a¼r

Ca;t Yt is the fisheries yield in year t

Table 4. Variations in productivity in the four scenarios of operating
module.

Scenario Variation of at

Stochastic variation at ¼ amedium � eet

Upward shift at ¼
alow � eet ðt � 25Þ
ahigh � eet ðt > 25Þ

�

Downward shift at ¼
ahigh � eet ðt � 25Þ
alow � eet ðt > 25Þ

�

Collapse and recover at ¼
ahigh � eet ðt � 20Þ

alow � eet 20 < t � 40ð Þ
ahigh � eet t > 40ð Þ

8<
:

et follows normal distribution with mean 0 and standard deviation ra.
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(Methot and Wetzel, 2013; ICES Advisory Committee, 2014).

However, few attempts have been made to integrate time-varying

parameters of SRR into recruitment projections. We compared

seven methods to project recruitment by assuming different tem-

poral variations of SRR parameters. Deterministic projections

(SRR-whole and SRR-recent) led to constant recruitment in the

long-term, stochastic projections (SRR-noise and SRR-resample)

generated highly stochastic recruitment with strong annual fluc-

tuations, and autocorrelated projections (SRR-AR1, SRR-cut-off,

and SRR-bounded) produced recruitment that varies gradually

over time. Among the three autocorrelated projection methods,

SRR-AR1 could produce recruitment exceeding historical bound-

aries, and SRR-cut-off tended to generate constant recruitment at

historical boundaries. If we assume the future dynamics of re-

cruitment resemble the past, SRR-bounded has the most realistic

projections in terms of similarity in temporal trend and exclu-

sion of extreme values. This projection method may be a useful

addition to existing simulation packages used to calculate MSY-

based reference points, e.g. Stock Synthesis and Eqsim (Methot

and Wetzel, 2013; ICES Advisory Committee, 2014). Meanwhile,

it is important to keep in mind that the future dynamics of fish

populations may produce recruitment exceeding historical

bounds, in which case the SRR-AR1 approach could also be a

valid option.

Although we restrict our study on time-varying SRRs, it is im-

portant to note that other aspects of fish population dynamics

Figure 3. Temporal variations in productivity, recruitment, and SSB when using seven methods to model SRRs. This is drawn from one
simulation run for 3LNO plaice, and the general patterns of variation are consistent among simulation runs. The vertical lines separate the
historical and projected periods.
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(e.g. maturation and growth) may also change over time

(Thorson et al., 2015). The projection method used in this paper

(e.g. SRR-bounded) can also be applied to account for time-

varying maturity, growth, and natural mortality. For example,

time-varying growth can be modelled using bounded AR1

method (i.e. the method used in SRR-bounded) to project time-

varying growth parameter (i.e. parameter k) of the von

Bertalanffy growth model. In addition, the variations in multiple

population traits may lead to additive, synergic, or agnostic

effects on management reference points, and it remains a signifi-

cant challenge to account for multiple time-varying population

traits in fisheries management. Hence, further studies may benefit

from exploring the interactions among multiple time-varying

population traits.

MSY-based reference points under different SRR
assumptions
Both simulation and case studies indicate that stochastic SRRs

tend to produce greater MSY and FMSY than autocorrelated and

constant SRRs when the true population productivity has low-

frequency and large-magnitude variations. Consistently, stochas-

tic SRRs tend to generate greater long-term recruitment than

autocorrelated and constant SRRs, especially when there are

strong variations in productivity (Supplementary Figure S3).

Hence, in ecosystems exhibiting slow and large variations, using

stochastic SRRs to calculate reference points may increase the risk

of overexploitation. Meta-analysis also indicates that the recovery

probability of fish populations is lower in dynamic models with

autocorrelated variation in productivity (Britten et al., 2017), and

a lower constant harvest rate is recommended for fish popula-

tions experiencing low-frequency environmental variations

(Polovina, 2005). In addition, we find that autocorrelated SRRs

produce more variable relationships between fishing mortality

and yield, and these relationships are asymmetric with steeper de-

cline in yield when fishing mortality exceeds FMSY. This suggests

higher risks of losing yield by going beyond than below FMSY.

Therefore, more conservative harvest strategies (e.g. lower fishing

mortality) should be considered in highly dynamic ecosystems,

which is consistent with the common practice of using FMSY as a

limit rather than target under any PA framework for fisheries

management. In accordance with the need for reduced fishing

Figure 4. Violin plot of the MSY, FMSY, and BMSY derived from seven methods to model SRRs under four scenarios of operating module. Each
scenario is repeated for 100 times. Scenario 1: stochastic variation; scenario 2: upward shift; scenario 3: downward shift; and scenario 4:
collapse and recover. Method 1: SRR-whole; method 2: SRR-recent; method 3: SRR-noise; method 4: SRR-resample; method 5: SRR-AR1;
method 6: SRR-cut-off; and method 7: SRR-bounded.
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mortality in highly dynamic ecosystems, lower fishery yield

should also be anticipated. The long-term sustainable yield de-

rived from stochastic fishery models may not be achievable under

autocorrelated environmental variations. Fishery managers

should understand and communicate this uncertainty to mitigate

negative impacts and to manage the socioeconomic expectations

of the fishing industry and fishing communities.

Our case study is based on 3NO cod and 3LNO plaice, both of

which experienced a prolonged period of low population produc-

tivity in recent decades. Although a large number of global

fisheries show similar collapse in fish population productivity

(Vert-Pre et al., 2013; Szuwalski et al., 2015; Zhang, 2020), there

are fish populations that exhibit rapid recovery or even persistent

increase in productivity (Clements et al., 2019). Nevertheless, our

simulation study demonstrated that our conclusions are robust

regardless of the population experiencing increasing, decreasing,

or recovering productivity. Meanwhile, we did find differences

between simulation and case studies regarding the difference be-

tween constant and autocorrelated SRRs. The constant SRRs pro-

duced greater MSY and FMSY than autocorrelated SRRs in the

case study of 3NO cod, which was not detected in the simulation.

Hence, case-specific simulations are needed to fully understand

the explicit impacts of SRR assumptions on MSY-based reference

points in empirical studies.

Figure 5. The temporal variations in SSB, recruitment and productivity of 3NO cod and 3LNO plaice. In the middle panels, dots are the
observed recruitment, black solid lines are the recruitment predicted by Ricker model, and red dashed lines are the recruitment predicted by
Ricker.tv model.

Table 5. MSY, FMSY, and BMSY of 3NO cod and 3LNO plaice using seven
methods to model SRRs.

Method

3NO cod 3LNO plaice

MSY FMSY BMSY MSY FMSY BMSY

SRR-whole 14.85 0.15 146.73 14.74 0.20 162.74
SRR-recent 1.35 0.15 13.29 1.63 0.17 20.37
SRR-noise 33.99 0.24 216.98 19.97 0.24 192.77
SRR-resample 24.99 0.27 143.34 20.01 0.24 193.06
SRR-AR1 7.10 0.08 127.14 13.02 0.16 169.92
SRR-cut-off 7.02 0.08 129.38 14.24 0.16 189.87
SRR-bounded 5.36 0.06 129.56 13.39 0.14 196.32
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Low-frequency and large-magnitude variations of
population dynamics
One key finding of our study is that the effects of SRR assump-

tions on MSY-based reference points are most significant when

the true population dynamics show low-frequency and large-

magnitude variations. This type of variation is likely to occur

when there is ecosystem regime shift or strong climate effects.

For example, strong variations in the SRRs of yellow perch

(Perca flavescens) are closely related to ecosystem regime shifts

of Lake Erie due to invasive species (Zhang et al., 2018).

Multidecadal variations in the recruitment of sardine

(Sardinops sagax) and anchovy (Engraulis mordax) coincide

with the periodic dynamics of Pacific Decadal Oscillation

(Chavez et al., 2003). Cumulative evidence suggests that low-

frequency and large-magnitude variations in SRRs are common

among global fish stocks (Vert-Pre et al., 2013; Minto et al.,

2014; Szuwalski et al., 2015), emphasizing the necessity to

account for such non-stationary dynamics when setting

management reference points.

In the case study, we detected strong temporal variations in

the SRRs of 3NO cod and 3LNO plaice. Morgan et al. (2014) also

reported high- and low-productivity periods for these two fish

stocks but did not examine the annual variation in SRRs. Using a

state-space modelling approach, we estimated the annual varia-

tion in population productivity. There was a synchronized col-

lapse of both stocks during the 1980s and further decline in the

early 1990s (especially 3NO cod), corresponding to a period of

ecosystem change in the Northwest Atlantic (Greene and

Figure 6. The relationship between fishing mortality and long-term yield (mean yield over last 100 years of each simulation run) for 3NO cod
and 3LNO plaice when using seven methods to model SRRs. The black lines are the relationships over 100 repetitions (i.e. first layer of the
simulation framework shown in Supplementary Figure S1), the red solid lines are the mean relationship averaged over 100 repetitions, and
the vertical red dashed lines are the FMSY.
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Pershing, 2007; Pedersen et al., 2017). The collapse of multiple

fish stocks was observed during this period, accompanied with

dramatic changes in fish community structure (Dempsey et al.,

2017; Pedersen et al., 2017). Although the explicit mechanisms

causing these ecosystem changes are still elusive, it is speculated

that both climatic and anthropogenic (e.g. overfishing) factors

are important causes (Kumar et al., 2019; Zhang et al., 2020).

Therefore, the time-varying SRRs of 3NO cod and 3LNO plaice

are likely to be associated with low-frequency environmental

and/or anthropogenic effects, and autocorrelated SRRs

are more realistic than deterministic or stochastic SRRs.

Hence, we recommend using autocorrelated SRRs when setting

MSY-based reference points for these two stocks and others

that also show low-frequency and large-magnitude variations

in SRRs.

Supplementary data
Supplementary material is available at the ICESJMS online ver-

sion of the manuscript.
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