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ABSTRACT

Scientific advisory bodies provide scientific advice for sustainable fisheries management based on the precau-
tionary approach and maximum sustainable yield (MSY) reference points, such as spawning stock biomass (SSB)
value By, and fishing mortality giving MSY, Fysy. The lack of a stock-recruitment function (SRF) to identify a
clear breakpoint By, has recently emerged in important stock collapses. It also precludes the use of equilibrium-
based methods to analyze the sustainability of Fysy. Considering a hockey stick (HS) SRF, we propose here an
equilibrium-based method that characterizes the equilibriums, their stability properties, transient dynamics, and
changes in productivity (including age-specific natural mortality rates). We show that these relevant factors, not
taken into account in standard methods, should play a central role in fisheries management and conservation.
Considering the Northern cod stock (NCS) (Gadus morhua) by way of illustration, we properly estimate the HS
and its associated By, We find that the HS fitted by the Fisheries Library in R underestimates Bjjy,. Additionally,
we determine the levels of productivity (medium-low or medium-high), and their corresponding growth rates of
the SSB, which are consistent with the observed population dynamics. We find that the NCS was managed during
the 1980s under myopic (unsustainable) harvest control rules, neglecting high age-specific natural mortality
rates. We also find that recovery of the NCS remains a distant prospect, despite the current stable, positive
equilibrium (sustainable Fygy).

1. Introduction

and hockey-stick (HS) (Froese et al., 2016; ICES, 2021). ICES (2021)
also provides guidelines for best practices in the selection of SRF

Equilibrium-based methods are widely used in literature on fisheries
management to analyze the sustainability of the main reference points.
A crucial stage in these methods consists of properly estimating the
stock-recruitment function (SRF) to clearly identify the breakpoint By,
which is defined by The International Council for the Exploration of the
Sea (ICES) as the spawning stock biomass (SSB) value, below which a
stock is considered to have reduced reproductive capacity. ICES (2021)
provides a framework for estimating Bjy using a wide range of
SSB-recruitment data (x-R scatter plots) grouped by type and specific
stock information. B, is frequently derived from an analysis of these
x-R scatter plots by fitting SRF, such as the widely used Beverton-Holt

depending on x-R scatter plots.

The fishing mortality giving maximum sustainable yield (MSY),
Fuisy, is also a key reference point for sustainable fisheries management,
such that fishing mortality should be less than Fysy (Mesnil and Rochet,
2010). ICES (2021) also provides guidelines for best practices in the
selection of SRF used to estimate Fygy.

The Fisheries Library in R (FLR) (Kell et al., 2007) is a useful toolbox
widely used in fisheries management to estimate SRF, Bjip, and Fysy
(ICES, 2011; Froese et al., 2016). FLR provides precise estimates of Bjjp
in the case of the HS, which is frequently assumed when data do not
support more elaborate functions (Cadigan, 2006; Mesnil and Rochet,
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2010; ICES, 2011; Froese et al., 2016).

Thus, the ICES framework and FLR provide theoretically and
empirically-grounded methods for the estimation of SRF, By, and Fysy,
with a wide range of applications for most fish stocks. However, these
methods could not guarantee a proper estimation of SRF and key
reference points for depleted, or previously depleted and recovering fish
stocks, where the high variability commonly observed in the x-R data
may be exacerbated by the lack of data on intermediate spawning stock
size. In these cases, the x-R scatter plots do not conform to the types
established by ICES.

The above x-R scatter plot was observed for the Northern cod stock
(NCS) (NAFO Divisions 2J3KL) by Fisheries and Oceans Canada (DFO)
(DFO, 2019a). NCS is the most iconic case of an unrecovered fishery,
once one of the world’s largest commercial fisheries which collapsed in
the early 1990s (Fig. 1) and remaining in the critical zone of the DFO’s
Precautionary Approach framework (DFO, 2019b; NAFO, 2021).

Considering the NCS, the first aim of this paper is to properly esti-
mate the SRF and its associated Bji,, based on the standard criterion of
the goodness of fit to the data. Using non-linear regression methods
(NLS), we show that a HS with Bjj, located in the region at high SSB
levels is the model of best fit. We also show that FLR underestimates Bjp,.

Once the SRF has been estimated, simulation-based approaches
(SBA) are widely used in fisheries management to analyze the sustain-
ability of key reference points, such as Fygy, by projecting an age-
structured model to equilibrium under different fishing mortality rates
and a constant natural mortality rate M (typically M=0.2) (Duplisea,
2012; ICES, 2014). Using a HS, and assuming constant M, these SBA
have also been used to analyze the sustainability of Fysy under varying
levels of population productivity (Morgan et al., 2014a, 2014b). These
SBA fail to account for age-specific natural mortality rates, the charac-
terization of the equilibriums and their stability properties.

In the aforementioned SBA, the sustainability of Fysy is only based
on the existence or nonexistence of a positive SSB equilibrium (Morgan
et al., 2014a, 2014b). This approach fails to account for transient dy-
namics (dynamics toward equilibrium) which characterize the behavior
of a dynamic system before long-term equilibrium is achieved.

Understanding transient dynamics remains one of the challenges in
fisheries management (Maroto and Moran, 2019, and references
therein). Transient dynamics analysis, in contrast to SBA, considers not
only the existence or nonexistence of a positive SSB equilibrium, but also
the growth rate of the SSB and the time required to achieve it.

In this paper we develop an equilibrium-based method that charac-
terizes the equilibriums, their stability properties, transient dynamics
and changes in productivity in age-structured models. This age-specific
mortality model (ASMM) allows us to determine a sufficient condition
for the stability of the positive equilibrium which depends on the main
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Fig. 1. SSB (1000 tons) for the NCS for the period 1983-2016 from
DFO (2018).
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components of population productivity, including age-specific natural
mortality rates. Considering the NCS, the main contributions of this
paper are to show the following. First, we show that the ASMM allows us
to test whether different HS, and their associated Bjip, of best fit using
different regression methods, as noted above, are also consistent with
the observed population dynamics. We show that the HS of best fit to the
data estimated by NLS, as noted above, is also consistent with the
observed population dynamics. We also show that the HS estimated by
FLR is not consistent with the observed population dynamics, dramati-
cally underestimating By, Secondly, using a rigorous robustness
requirement, we show that the ASMM allows for robust short-term
forecasting to determine the levels of productivity (medium-low or
medium-high), and corresponding SSB growth rates (low or high)
consistent with the observed population dynamics for different short-
term periods considered. The sustainability of Fygy for these periods is
also analyzed. Thirdly, we find that such periods were characterized by
scenarios of collapse not contemplated in existing methods; that is,
scenarios of potential collapse, and collapse of the stock with very slow
recovery, despite the existence of a stable positive SSB equilibrium and
low fishing mortality. Lastly, we analyze the implications of such sce-
narios for fisheries management and conservation. We find that the NCS
was managed during the 1980s under myopic (unsustainable) harvest
control rules, neglecting high age-specific natural mortality rates. We
also find that recovery of the NCS remains a distant prospect, despite the
existence of a stable positive equilibrium (sustainable Fygy). In this re-
gard, we show that transient dynamics are crucial in understanding the
observed collapse and slow recovery of many fish stocks which are far
from their long-term positive equilibriums. The duration of the transient
period is expected to increase in collapsed fisheries which could take a
long time to recover under high age-specific natural mortality rates,
even when fishing mortality has been reduced.

2. Material and methods
2.1. Stock-recruitment function (SRF)

Using estimates of SSB-recruitment data from DFO (2018), NLS and
FLR, which uses the maximum likelihood method, are used to estimate
different SRF for the NCS for the period (1983-2018). The curve fitting
toolbox of Matlab is used in the case of NLS, while FLR is an open-source
platform for quantitative fisheries science based on the R statistical
language.

The HS SREF is given by

Cif x Z Xmin

fx)=¢ ¢ )

xif x < Xmin,

min

where f(x) is recruitment, and x is SSB. The HS is a piecewise linear
function with ;& slope at the origin, and constant recruitment C above a

breakpoint xp,i, of SSB which is the precautionary approach reference
point Bjin, as defined above.

2.2. Age-structured model with constant age-specific mortality rates

The population is divided into n-m+1 age groups (cohorts), where
xi(k) denotes the population numbers of age i at time k, i=m, ...,n,
k=0,1,2, ...In each period k, there is a unique mature cohort (n-plus age
group) xn(k) which gives rise to the population of age m (minimum age
of recruitment) in period k+1, x;,(k+1), through a nonlinear SRF f, such
that x,, (k+1) = f(x.(k)wn), where x,(k)w, is the SSB, and w, the mean-
weighted weight, measured in Kg, at age n. Assuming constant survival
rates (time-independent) f; for each cohort, the deterministic age-
structured model is the nonlinear and autonomous dynamic system
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xm(k+1) :f(xn(k)wn)
Xi(k+1) = By xi1(k), i = m+1,...,n—1 2
Xy (k1) = B, X1 (k) + B (k).

In the case of NCS, the model has four age groups with the SSB at age
n=>5+ (a plus 5-14 group), which gives rise to recruitment at age m=2
through a HS SRF f, as defined in (1).

2.3. Sufficient condition for the stability of the equilibrium and changes in
productivity

Denoting the mature population in equilibrium by x¢, as measured in
population numbers, the equilibrium conditions are given by

X, =1 (xwa)
C=pixl_i=m+1, ... n—1 (3)
X, = PuiXy + B,
Inserting the first equation of system (3) into the second equation,
X511 = Puf(Xiwn), system (3) can be solved recursively as follows

¢ =i sBiaePuf (W), i =m+1, .. n—1
X5 = B PucaeBuf (W) + B
The SSB in equilibrium x{w,, from which the equilibria of all other

cohorts can easily be obtained, can now be derived by rewriting the last
equation of system (4)

€]

1
Xow, = /;7f (Xw) W,
-4 %)
where ' = u

BirBuaPu

Using (3), (5), and the theory of non-linear dynamic systems, a suf-
ficient condition for the stability of the equilibrium is determined in
Maroto and Moran (2019).

B Sl

wy Xo Wy

£ (xewa) )
In the case of the HS, as defined in (1), the condition for the stability of
the equilibrium, as defined in (6), is met if x{w, > Xmi, due to the fact

that f (xéw,) = 0 < L22)

Thus, the condition for the stability of the positive equilibrium
(CSPE) in the case of the HS is given by x{w, > Xy, which, using (5), can
be rewritten as

c _F

Xmin Wy

@)

If the CSPE, as defined in (7), is met, then, using (5), there is a unique
asymptotically stable positive SSB equilibrium x¢w, = Cﬁ"'f" > Xmin (Mar-
oto and Mordn, 2019) (hereafter x2w, = X). This means that if the CSPE
is met the positive SSB equilibrium X > X, is determined by the inter-

section of the linear function (replacement line) g(x) = %x and the HS,

N V/’T;, is lower than the slope of the HS XL and,
consequently, g(x) intersects the HS to the right of the SSB breakpoint
Xmin (positive SSB equilibrium X > x;,).

The CSPE, as defined in (7), depends on recruits per spawner (RPS),
one of the key metrics of productivity (Morgan, 2019), as measured by

the slope of the HS f It also depends on other key metrics of pro-

ductivity, as the composite cohort survival rate pg* :%,

contemplating age-specific fishing F; and age-specific natural mortality
M; rates through the survival rate at age i, f; =e M) and
weight-at-age through wy, as defined in (2).

In the case of the HS, variations in population productivity can be

measured by variations in RPS (slope % of the HS), maintaining con-

where the slope of g(x)
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stant the SSB breakpoint xp,in, where it is assumed that X, = Biim does
not vary with productivity (Morgan et al., 2014a, 2014b). Thus, the
CSPE allows us to analyze changes in productivity for different periods,
as measured by changes in RPS (changes in Kcm)’ taking also into account
other main components of productivity (hereafter xpi, and Bji, will be
used indistinctly, as Xmin = Blim)-

In Cadigan (2016), a state-space integrated assessment model
(NCAM) is developed to estimate age-specific natural mortality rates for
the NCS. NCAM is the official assessment model used by DFO (Brattey
et al., 2018; DFO, 2018). Estimates of F; and M; (i=2, 3, and 4) are ob-
tained from Brattey et al. (2018), and of the mean F,, and the mean M, at
age n=5+ (a plus 5-14 group), from DFO (2018). These age-specific data
allow us to obtain estimates of the mean M-at-age, and the mean F-at-age
and, therefore, to obtain estimates of the mean cohort survival rate
B-at-age and, consequently, of f*, as defined in (5), for each period
considered. The SSB mean-weighted weight w, (age n=5+) is obtained
for each period of k years, using estimates of the mean weight-at-age for
that period, the abundance-at-age at the end of the k-year period, and
the total abundance at the end of the k-year period from Brattey et al.
(2018).

Using the above estimates, a standard spreadsheet software (e.g.
Excel) can be used in order to test if the CSPE is met for each period
considered.

2.4. Sustainability of fishing mortality reference points

The CSPE allows us to analyze changes in productivity for different
periods, as measured by changes in XL, keeping constant X, as noted
above. For each period considered, and its corresponding value of XL,
the SSB xsy and the fishing mortality Fyisy can be determined using the
package Reference Points for Fisheries Management (FLBRP) of FLR.
Data used in FLR to estimate xysy and Fygy are obtained from Brattey
et al. (2018): landings, catch-at-age, mean weight at age in the catch,
mean weight at age in the stock, natural mortality at age, maturity at
age, stock numbers at age, and fishing mortality at age.

For each period considered, and its corresponding value of XL, Fusy
is sustainable if the CSPE is met for the fishing mortality rate of the SSB
F,=Fysy (for the survival rate of the SSB g, = e~(Fusr+Mw)) and for M,,,
Pn1Pn_a---Pm, and wy estimated for such a period. In this case, the SSB
XxMsy is an asymptotically stable positive equilibrium X = Xpysy > Bjin-
This means that the replacement line g(x), where F,=Fysy in p*, in-
tersects the HS to the right of Bjn,. Sustainable fishing at levels below
Fusy, Fn < Fusy, will result in a positive SSB equilibrium that is greater
than xysy, X = C,;"" > Xpsy > Bim and, consequently, Fygy is sustainable.

By contrast, if the CSPE is not met for F,=Fygy, then Fygy is not
sustainable. In this case, the replacement line g(x) does not intersect the
HS to the right of Bji, (absence of positive SSB equilibrium), with the
consequent population decline and eventually collapse of the species. In
this case, Fysy is zero, and no level of fishing mortality F,, is sustainable.

The CSPE can be rewritten in terms of F4, fishing mortality cor-
responding to the slope XL of the HS (Mesnil and Rochet, 2010; ICES,

2011)

1 — e MutFeun) — Cy,

BuiBuae-B Xmin ’

p= ®

Without loss of generality, Fqp, as derived from Eq. (8), represents the

fishing mortality rate of the SSB F, for which the SSB equilibrium x =

Xmin = Bim is achieved, taking into account that the very low fishing

mortality rates of all other cohorts F;, as estimated in Brattey et al. (2018),

are included in the denominator of Eq. (8), ; = e F+M) i=m, ... n-1.
Based on the above, if Fygy is sustainable, then Fysy < Fergsh-
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2.5. Transient dynamics

Assuming constant survival rates f3;, as defined in (2), Eq. (9) below,
describes well the population dynamics of the SSB which is autonomous
(dependent on itself), but with a delay of n-m+1 reproductive periods

X (kD)W =B, 1By n o Buf (n (k +m — m)w)w, + B,x, (k)W ©)

If the SRF fis the HS, Eq. (9) is a piecewise linear dynamic that can be
used to analyze transient dynamics. In particular, if the CSPE is met, the

SSB converges to the stable positive SSB equilibrium X = €2 > x,;, at an

i
exponential rate 2X (Maroto and Moran, 2019). Using Eq. (9) for the
NCS, the value of ), can be obtained: i) if the SSB level x is lower than

Xmin» X < Xmin, then f(x) = XLx and A, = Amax, Where Apax >1 is the

largest real root of the characteristic polynomial P;(1) = A* — 4> —
[1’4/}3/}2%, and x grows exponentially, and ii) if x > Xpin, then f(x) = C,
and the distance between x and xp,, tends to zero exponentially with A,
= fn, where ;<1 (survival rate of the SSB) coincides with the unique
positive root of the characteristic polynomial Py(1) = A* — f,4%.

It should be noted that P;(4) and P, (4) are the characteristic poly-
nomials of the linearization of Eq. (9) around the unstable X= 0, and the

asymptotically stable x = Cﬂvi’" > Xmin, SSB equilibriums, respectively.

The characteristic polynomials P; (1) and P2(4) can be solved using
mathematical software (e.g. Maplesoft Maple) in order to find the value
of A, for each period considered. In this way, the predicted growth of the
SSB by the model during a period of k years is given by

X+ (xko — )?)/1]; if Xy, > Xiin(case i)
X = xkn/lﬁ if Xk < Xmin ( (10)

case i)

where x; is the SSB level achieved at the end of the k-year period, if x;, is
the SSB level at the start of the period.

Using Eq. (10), the growth of the SSB can be simulated from the
beginning of the period considered, predicting the SSB level achieved at
the end of the k-year period. In order to do this, the confidence interval
estimated by DFO (2018) for the SSB level at the start of the period
(Table 1) is partitioned into fifty equally spaced initial SSB levels xy,, as
defined in Eq. (10). For each x;,, the SSB level achieved at the end of the
k-year period, xy, is obtained using Eq. (10). Then, for each x,, we test
whether its corresponding xi falls within the confidence interval esti-
mated by DFO (2018) for the SSB level observed at the end of the k-year
period. This is a rigorous robustness requirement that autonomous
models must meet in order to describe the observed growth of the spe-
cies by obtaining robust forecasting, at least for short-term periods.

Using Eq. (10), and the confidence intervals estimated by the DFO
(2018) for the periods considered (Table 1), the above robustness
requirement can be carried out using a standard spreadsheet software (e.
g. Excel).

Table 1

SSB (1000 tons) for different years (k).
Year (k) Xk [k, Xkvlpro
1983 807 [673,968]
1990 834 [646,1077]
2004 22 [18,26]
2011 96 [79,117]
2014 252 [211,301]
2015 307 [257,367]
2016 378 [312,457]
2017 441 [350,556]
2021 411 [307,549]

Notes: [X1,, Xku|ppo 1 the 95% confidence interval estimated by DFO (2018), and
NAFO (2021) (row 10), for the SSB level xy.
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3. Results
3.1. Estimation of the stock-recruitment function (SRF)

The SSB-recruitment (x-R) scatter plot for the NCS for the period
1983-2018 (Fig. 2) reflects the lack of x-R data on intermediate SSB
levels, where most x-R data are concentrated at low SSB levels. This x-R
scatter plot is divided into two clearly delimited regions, at low and high
SSB levels, which correspond to the periods 1992-2018, where the stock
collapsed (Fig. 1), and 1983-1991, respectively.

Using NLS, and the functions bevholt and segreg of FLR, which are
based on the maximum likelihood method, the widely used Beverton-
Holt (BH) and HS SRF were fitted to the x-R data of NCS (Fig. 2 and
Table 2).

In the case of NLS, the BH and the HS show similar fits to the x-R data
(similar values of the mean squared error (MSE) and RZ) (columns 5 and
6) by reflecting a linear relationship between SSB and recruitment. In
this case, the MSE and R? values are similar than those obtained in the
case of linear least squares regression (LS) (row 2). It can be shown that
this result is also obtained by fitting other SRF, as the smoothing version
of the HS (bent hyperbola) developed in Mesnil and Rochet (2010). In
the case of the HS, this linear relationship is obtained both with and
without fixing Xpin, (rows 3-5). In all of these cases, this linear rela-
tionship implies that the SSB breakpoint of best fit, xnin=881 (row 5)
(lower MSE value and higher R? value), is located in the region at high
SSB levels xp,in € [881,893], where xnin=893 (row 4 and Fig. 2) is the
highest observed SSB.

It should be noted that, in the case of NLS, our own algorithm has
also been developed to fit the HS using the L1-norm regression (least
absolute deviations), with similar results to those obtained using the L2-
norm (least squares deviations). This confirms the robustness of the HS
fitted by NLS.

Estimates from FLR are quite different from those obtained in the
case of NLS (rows 4-6 and Fig. 2). In the case of the HS with x,;;, as a free
parameter (row 5 and Fig. 2), the SSB breakpoint of best fit is located in
the region at low SSB levels xpin =153.4 which is distant from those
obtained by NLS x,,;, € [881,893] (Fig. 2 for the case of Xy =893). This
result is also obtained by using the Julious Algorithm (Julious, 2001)
which overcomes issues associated with local minima. In the case of the
BH estimated by FLR, which is the model of best fit (lower Akaike in-
formation criterion (AIC) value), the asymptote to the relationship is
also located at low SSB levels, x4 = a/b=557 (row 6 and Fig. 2).
Consequently, this case is also distant from the linear relationship esti-
mated by NLS in the case of the BH (estimated parameter b=0 in row 6).
Additionally, in contrast to NLS, FLR provides different fits to the x-R
data, if the BH and the HS are fitted (rows 4-6 and Fig. 2).

1800

= 1600
S ~ C=1514.3 o ®
= 1400
£
— 1200 = c=11775
2 °
5 1000
z = C=928.1 -
§ 800 e
600
) C=448
fn" 400 = i
& 200
- Xp=557 ® X.,=893 X, =1133
0 e Xmin=153.4 @ A Amm IXW
0 200 400 600 800 1000 1200

x: Spawning stock biomass (1000 tons)

Fig. 2. x-R estimates for the NCS for the period 1983-2018 from DFO (2018).
Best fit to BH and HS SRF using FLR (light lines at low x values). HS, with
Xmin=893, estimated by FLR (light line at high x values). HS, with x;,;,=893 and
Xmin=1133, using NLS (dark lines).
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Table 2
Estimated parameters of different stock-recruitment functions (models) using
different regression methods and FLR.

Model Method  Parameter  Estimate MSE R? AIC
Linear: LS a 1.039 56157.657 0.64467
flo=
ax
HS: Xmin NLS C 1177.5 56157.657 0.64467
=1133
HS: Xpin NLS C 928.1 56157.657 0.64505
=893 FLR C 1514.3 16.4
HS: Xpin NLS Cc 917.2 56096.993 0.64505
= free Xmin 881
FLR C 448 4.7
Xmin 153.4
BH: NLS a>0 1.04 56157.659 0.64467
flx) = b>0 0
ax FLR a>0 3.9 -29
1+bx b>0 0.007

Thus, the above results show that different regression methods pro-
vide quite different estimates of xp,n, even for the same fitted SRF. The
reason for this is that FLR assumes lognormal error, which implies that
estimates of xp,;, and C are much lower than those estimated by NLS
which assumes normal error. It also explains that, in contrast to NLS, if
Xmin s fixed at high SSB levels of the HS, worse fits to the x-R data are
obtained by FLR (higher AIC values) (row 4, column 7, and Fig. 2). Thus,
in contrast to NLS, FLR is not able to detect a linear relationship between
SSB and recruitment.

In the case of the NCS, DFO (2019a) suggests a linear relationship
between SSB and recruitment. According to this linear relationship, a HS
with x,;, € [881,893] fitted by NLS is the model of best fit to data for the
NCS. This is also consistent with the suggestion of DFO (2019a) that xmin
should be at the highest observed SSB xpmin=893 (row 4 and Fig. 2),
where the underlying hypothesis is that the SSB was always below xpin
during the whole period considered 1983-2018. However, this hy-
pothesis, which plays an important role in transient dynamics analysis,
as defined in Egs. (9) and (10), is not met even in the case of xyi, = 893.
The reason for this is that, as described below, there exists the proba-
bility of exceeding xmin = 893 when simulating the growth of the SSB. In
order to guarantee that this hypothesis will be met, the upper bound of
the confidence interval estimated by DFO for the highest SSB, [704,
1133], could be considered as xpi, =1133. Additionally, this case shows
the same best fit to the x-R data (same values of MSE and R?) than that
obtained in the case of x;,;=893 (rows 3 and 4, columns 5 and 6, and
Fig. 2). The reason for this is that for SSB values greater than the highest
observed SSB, xnin >893, where there is a lack of x-R data, the estimated
parameter C in fitting the HS preserves the slope of the HS estimated for
the case of xp, = 893 (Fig. 2).

Thus, considering the hypothesis suggested by DFO (2019a), a HS
with Xpin = Biim=1133 fitted by NLS is the model of best fit to the x-R
data for the NCS (row 3, and Fig. 2). The case where this hypothesis is
not met, X, € [893, 1133), will also be analyzed in this paper.

3.2. Equilibrium, transient dynamics, changes in productivity, and
sustainability of Fysy

The CSPE, as defined in (7), and transient dynamics, as defined in
Egs. (9) and (10), are analyzed for different relevant short-term periods
inside the whole period observed 1983-2018, where constant survival
rates f;, as defined in (2), is a reasonable assumption.

3.2.1. Pre-collapse period (1983-1990)

This period was characterized by slow growth, where the SSB esti-
mated by DFO for the year 1990, x=834, is close to that estimated for the
year 1983, x=807 (Fig. 1 and Table 1).
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Using estimates of f*=1.32 and w,=1.56 (age n = 5+) for this
period, the CSPE is met for values of the slope of the HS XL > V/V’— =0.85,
or in terms of recruitment for values of C > ”M’f—n =959 (Table 3, column
2, rows 7-10). This implies that the CSPE was met during this period for
the HS of best fit to the x-R data estimated by NLS, with Bjj;,=1133 and
estimated parameter C=1177.5 (Table 2, row 3). However, it can be
shown that, for C=1177.5, thirty-four percent of the times the SSB
predicted by the model for the year 1990 is greater than Bjj,=1133.
Consequently, as noted above, the initial hypothesis that the SSB was
always below By, is not met.

Levels of productivity XL € [0.85,0.96] (C € [968,1086]) guarantee
both that the CSPE to be met and that the SSB was always below
Biim=1133 of best fit. In this regard, transient dynamics analysis is
carried out for these levels of productivity (Table 4), where the HS f, as
defined in (9), is given by f(x) = ﬁx. Using Eq. (10) (case i), the model
fits well with the slow growth of the SSB observed during the pre-
collapse period (1983-1990) for these levels of productivity (Table 4).

For values ofﬁ € [0.85,0.92] (row 2), and XL € (0.92,0.96] (rows
3-5), the SSB predicted by the model for the year 1990 always falls (one
hundred per cent), and almost always falls, [84%, 100%) (column 4),
respectively, within the confidence interval estimated by DFO for that
year (Table 1). The reason for this is the low growth exponential rate /11‘1,
where 4, € (1,1.022] (column 3), which is greater than, but close to 1,
which means that the SSB growth is slow, as observed during this period.

Transient dynamics also allow us to analyze the case of the HS with
Biim being the highest observed SSB (B}in,=893) (Table 2, row 4) where
the hypothesis that the SSB was always below By, is not met. Using Eq.
(10) (case i) and case ii)), it can be shown that the model also fits well
with the slow growth of the SSB observed during this period for levels of
productivity XL € [0.86,0.98], which are very similar to those obtained
in the case of Bjj,=1133, as analyzed above. In this case, it can be shown
that between thirty-six and seventy-six percent of the times the SSB
predicted by the model for the year 1990 is greater than B)j;,—=893.

In the case of the HS of best fit estimated by FLR, the SSB was always
above Bjim=153.4 of best fit (Fig. 1). In this case, the HS f, as defined in
(9), is given by f(x) = C. Using Eq. (10) (case ii)), where 1, =, =
e (FntMa) — 0,57 (Table 3, column 2, row 6), it can be shown that the
model does not fits well with the growth of the SSB observed during this
period. The reason for this is that the SSB predicted by the model for the
year 1990 never falls within the confidence interval estimated by DFO
for that year (Table 1). In this case, it can also be shown that the stock
would have remained at the end of this period in a neighborhood of the

stable positive SSB equilibrium Y:C[;Y" = 530, that is well above

Biim=153.4. Consequently, the HS estimated by FLR is not consistent
with the observed population dynamics for this period.

Thus, the low levels of productivity XL € [0.85,0.96] (Fig. 3 for the
average of these levels) are consistent with the observed low growth of
the SSB during the pre-collapse period (1983-1990). This result is
consistent with the observed low values of RPS, which were well below
the average during this period (Morgan, 2019), in such a way that it is
characterized as a period of medium-low productivity. This is consistent
with the fact that the late 1980s, which was characterized by low pro-
ductivity conditions (Morgan, 2019), is considered in the pre-collapse
period (1983-1990). This characterization is also consistent with the
other main components of low productivity for this period, contem-
plated in the CSPE and transient dynamics analysis, such as the rela-
tively low w,=1.56 (Table 3, column 2, row 8), and the high estimated
age-specific natural mortality rates M; (Table 3, column 2), which were
greater than those assumed in existing methods (constant M=0.2).

We can observe in Table 4 (columns 5 and 6) that, for the levels of
productivity XL € [0.85,0.96] which are consistent with the observed

low growth of the SSB during the pre-collapse period (1983-1990),
Fusy € [0.2,0.297] is very close to F.qs € [0.204,0.3], as defined in (8),
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Table 3
The condition for the stability of the positive equilibrium (CSPE) for different periods.
1983-1990 1991-1994 1991-1994 (R&W) 2004-2011 2011-2014
Age F M F M F M F M F M
2 0 0.41 0 0.95 0 0.366 0 0.38 0 0.30
3 0.01 0.35 0.01 1.18 0.01 0.366 0 0.35 0 0.25
4 0.04 0.31 0.05 1.21 0.05 0.366 0 0.42 0 0.25
n=5+ 0.2 0.36 0.17 2.03 1.23 0.366 0.03 0.46 0.02 0.27
p* 1.32 26.43 2.53 1.22 0.56
Wy 1.56 1.025 1.025 1.96 1.79
C >0.85 >25.8 >2.47 >0.62 >0.32
Xmin
C >959 >29215 >2799 >705 >358

Notes: Estimates of age-specific fishing F; and natural mortality M; rates are from DFO, and from Rose and Walters (2019) (R&W) (column 4).

Table 4
Transient dynamics analysis for the pre-collapse period (1983-1990).
c c An X € [, Xevlpro Ferash Fysy

Xmin
[0.85,0.92] [968,1047.5] (1,1.015] 100% [0.204,0.268] [0.2,0.266]
(0.92,0.939] (1047.5,1064] (1.015,1.018) [94%,100%) (0.268,0.282] (0.266,0.28]
(0.939,0.944] (1064,1069.6] [1.018,1.0195] [90%,94%) (0.282,0.287] (0.28,0.284]
(0.944,0.96] (1069.6,1086] (1.0195,1.022] [84%,90%) (0.287,0.3] (0.284,0.297]

Notes: The value xi € Xy, Xku]pro is the percentage of times that the SSB predicted by the model at the end of the k-year period, xy, falls within the confidence interval
estimated by DFO for the SSB level observed at the end of the k-year period (Table 1).

due to the fact that xpsy € [1136,1138] is very close to the breakpoint
Biim=1133.

For the pre-collapse period (1983-1990), where the CSPE is met, the
estimated SSB level in the year 1990, x = 834 (Fig. 1), is lower than the
SSB equilibrium X > By, = 1133, due to the slow growth of the SSB
during this period, as noted above. Using Eq. (10) (case 1)), with x, =
834 (Table 1), transient dynamics analysis allows us to determine the
growth of the SSB from the year 1990, the equilibrium x = Cﬁ”i’" > Bjim =

1133, and the time required to achieve it. In this analysis, the levels of
productivity which are consistent with the observed low growth of the
SSB during the pre-collapse period (1983-1990), XL € [0.85,0.96] (C €

[968,1086]), are assumed to remain constant since the year 1990. This is
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Fig. 3. x-R estimates for the NCS for the period 1983-2018 from DFO (2018).
Best fit to HS SRF, with xni,=1133 and C=1177.5, using NLS (dark solid line).
The average levels of medium-low productivity, ﬁ = 0.91 or C=1027, for the
pre-collapse period (1983-1990), and for the most recent period (2016-2021)
(dotted line). The average levels of medium-high productivity, XL = 1.95 and
ﬁ = 1.98, or C=2206.5 and C=2238, for the post-collapse periods
(2004-2011) and (2014-2016) (dashed line), and (2011-2014) (light line),
respectively.

carried out under different scenarios (different F, and M;) (Table 5).

We can observe in Table 5 (rows 2—4) that, if F;,=0.2 (column 3, and
Table 3, column 2) and M; (column 4, and Table 3, column 2) estimated
by DFO for the pre-collapse period (1983-1990) had been kept constant
since 1990, it would take a long time (column 5) to achieve the SSB
equilibrium X (column 7) due to the slow growth of the SSB (column 6).
Additionally, X would be very close to Bjjp=1133 (column 7). This is also
the case for the higher range of productivity levels % € [0.95,0.96]
(row 5), and for higher values of F,=0.28, as estimated in Brattey et al.
(2018). For lower values of F, € [0.1,0.15] (rows 6-11), the required
time to achieve a greater SSB equilibrium X decreases drastically for all
values of XL € [0.85,0.96] due to the higher growth of the SSB 4, €
[1.014,1.049].

In the case of lower and constant natural mortality rates M =0.2 (row
12), for all values of)ﬁ € [0.85,0.96], and for F,=0.2, a SSB equilibrium
at very high SSB levels x € [2397,2689] well above the Bjj,=1133,
which have never been observed (Fig. 1), is achieved in just four years
due to the extremely high growth of the SSB, 4, € [1.138,1.163]. In the
case of high F,=0.44 (row 13), a high SSB equilibrium is achieved in
only [5,6] years due to the high growth of the SSB 4, € [1.079,1.105].

3.2.2. Collapse period (1991-1994)

This period was characterized by the dramatic decrease in the SSB,
from x=807 in the year 1991 to x=29 in the year 1994 (Fig. 1).

Estimates of F; from DFO for this period are similar to those estimated
for the pre-collapse period (1983-1990), and even lower for F,, (Table 3,
columns 2 and 3). However, estimates of M; are extremely greater than
those estimated for the pre-collapse period (1983-1990), increasing
more than threefold at age 2-4, and more than sixfold at age n=5+,
which gives rise to dramatic decrease in survival rates f; (increase in *)
(row 7). Additionally, the estimated value of w,=1.025 for this period is
the lowest wy, in the time series (Table 3, row 8). All of this implies that,
for the collapse period (1991-1994), the CSPE is only met for extremely
high productivity levels XL > 25.8 (C > 29215) (rows 9 and 10), which

are not consistent with the observed low values of RPS, which were well
below the average during this period (Morgan, 2019). Consequently,
Fysy was not sustainable during this period.
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Table 5
Transient dynamics analysis from the year 1990.
C C F, Ma_4 t (years) An x
Xmin M,
* [0.85,0.87] [968,981.5] 0.2 1.07 0.36 >100 [1.0005,1.0031] [1145,1161]
[0.88,0.91] [999,1025] 0.2 1.07 [30,50] [1.0064,1.011] [1181,1212]
0.36
(0.91,0.96] (1025,1086] 0.2 1.07 0.36 [16,30) (1.011,1.022] (1212,1284]
[0.95,0.96]1 [1079,1086] 0.28 1.07 0.36 >100 [1.0002,1.0015] [1162,1170]
[0.85,0.87]1 [968,981.5] 0.15 1.07 0.36 [21,24] [1.014, 1.016] [1231,1249]
[0.88,0.91] [999,1025] 0.15 1.07 0.36 [14,17] [1.02,1.025] [1271,1304]
(0.91,0.96] (1025,1086] 0.15 1.07 0.36 [10,14) (1.025,1.035] (1304,1382]
[0.85,0.87]1 [968,981.5] 0.1 1.07 0.36 [12,13] [1.027,1.03] [1148,1154]
[0.88,0.91] [999,1025] 0.1 1.07 0.36 [10,11] [1.033,1.038] [1386,1422]
(0.91,0.96] (1025,1086] 0.1 1.07 0.36 [8,11) (1.038,1.049] (1422,1507]
[0.85,0.96]1 [968,1086] 0.2 0.6 4 [1.138,1.163] [2397,2689]
0.2
[0.85,0.96] [968,1086] 0.44 0.6 [5,6] [1.079,1.105] [1672,1876]
0.2

Notes: The value M, _4 is the aggregated M;, i=2, 3, 4 (Table 3, column 2). The value t is the time required to achieve the SSB equilibrium X. The value 4, is the growth

rate of the SSB.

More reasonable (lower) estimates of M for this period are provided
by Rose and Walters (2019), where a virtual population analysis model
is used to estimate annual values of M of total biomass, and F,, (n=5-).
Without loss of generality, the average M ~ 1.46 estimated by Rose and
Walters (2019) for the collapse period (1991-1994) is divided equally
between the cohorts. These M; are much lower, but still high, and F,
=1.23 is much higher, than those estimated by DFO, increasing more
than sevenfold (Table 3, columns 3 and 4). Using these estimates of M;
and F,, the CSPE is met for more reasonable (much lower), but still high,
productivity levels XL > 2.47 (C > 2799), which are not consistent with
the observed lowest values of RPS during the collapse period
(1991-1994). Consequently, Fysy is still not sustainable, in this case due
to high F,,.

3.2.3. Post-collapse period (2004-2016) and predictive power of the model

The post-collapse period (1995-2016) was characterized by the slow
recovery of the SSB (Fig. 1). Four subperiods are differentiated in terms
of the growth of the SSB, which was extremely low during the
1995-2004 period where, as showed in Maroto and Moran (2019), it
was practically non-existent due to the high M;, as estimated by DFO.
SSB growth increased significantly, with different growth rates, during
the 2004-2011, 2011-2014, and 2014-2016 periods (Fig. 1).

Estimates of F,, from DFO for the 2004-2011 and 2011-2014 periods,
and of M; for the 2011-2014 period, are much lower than those esti-
mated for the pre-collapse period (1983-1990) (Table 3, columns 2, 5,
and 6), which implies greater survival rates f; (lower $*) for those pe-
riods (row 7). Additionally, w, increased significantly during those pe-
riods (row 8). All of this implies that, for the post-collapse periods
(2004-2011) and (2011-2014), the CSPE is met for values of XL much
lower than those required for the pre-collapse period (1983-1990) (row
9).

The model fits well with the high growth of the SSB observed during
the post-collapse periods (2004-2011) and (2011-2014) (Table 6, rows
3 and 4). This can be shown using Eq. (10) (case i)) from the confidence
interval estimated by DFO for the SSB level at the start of the period (for
the year 2004 and year 2011) (Table 1), and for values of XL €
[1.91,1.99], and ﬁ € [1.94,2.01]. In these cases, the SSB predicted by
the model for the year 2011 always falls (one hundred per cent), and for
the year 2014 almost always falls, 92 %, respectively, within the con-
fidence interval estimated by DFO for these years (rows 3 and 4, and
Table 1). The reason for this is the high growth rates, 4, =1.24 and 1,
=1.37, respectively (rows 3 and 4, column 4), which are well above 1,
which means that the SSB growth is high, as observed during those

Table 6
Transient dynamics analysis for different periods.

Period C c An X € [xir, Xewlpro
Xmin

1983-1990 [0.85,0.96] [968,1086] (1,1.022] [84%,100%]

2004-2011 [1.91,1.99] [2163,2250] 1.24 100%

2011-2014 [1.94,2.01] [2196,2280] 1.37 92%

2016-2021 [0.85,0.96] [968,1086] (1,1.022] 100%

Notes: The value xi € [Xy, Xku]po iS the percentage of times that the SSB pre-
dicted by the model at the end of the k-year period, xi, falls within the confi-
dence interval estimated by DFO for the SSB level observed at the end of the k-
year period (Table 1).

periods. Using as possible future scenarios these high growth rates, the
predictive power of the model can also be evaluated by comparing its
stock predictions for the years 2015, 2016, and 2017, if the year 2014 is
the start of the period, with those estimated by DFO for those years
(Table 7).

The model fits well with the high growth of the SSB observed during
the years 2015, 2016, and 2017, if the SSB has grown, from the year
2014, at the rate which is consistent with the observed dynamics during
the 2004-2011 (Table 7, rows 2-4). In particular, using Eq. (10) (case i)
for 4,=1.24, from the confidence interval estimated by DFO for the SSB
level at the start of the period (for the year 2014) (Table 1), the SSB

Table 7
Transient dynamics analysis for different periods.
Period An Xk € [xkL. Xkulpro X
2014-2015 1.24 100%
2014-2016 1.24 96%
2014-2017 1.24 88%
2014-2015 1.37 62%
2014-2016 1.37 38%
2014-2017 1.37 8%
2016-2021 1.005 100% X305 € [1134,2028]
X305 € [355,634]
2016-2021 1.022 100% X50g0 € [1158,2071]
[

X30s0 € [577,1032)]

Notes: The value xi € [x, Xku]pro iS the percentage of times that the SSB pre-
dicted by the model at the end of the k-year period, x, falls within the confi-
dence interval estimated by DFO for the SSB level observed at the end of the k-
year period (Table 1). The value x is the SSB level achieved in the year k.
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predicted by the model for the year 2015 always falls (one hundred per
cent) within the confidence interval estimated by DFO for that year (row
2, and Table 1). Ninety-six and eighty-eight percent of the times the SSB
predicted by the model for the years 2016 and 2017, respectively, falls
within the confidence interval estimated by DFO for those years (rows 3
and 4, and Table 1). In contrast, the model does not fit well with the
growth of the SSB observed during the years 2015, 2016, and 2017, if
the SSB has grown, from the year 2014, at the high rate which is
consistent with the observed dynamics during the 2011-2014 period, 4,
=1.37 (Table 7, rows 5-7).

Thus, the model allows us to characterize the whole post-collapse
period (2004-2016) as a period of medium-high productivity, by
obtaining the high levels of productivity ;< € [1.91,1.99] and ;& €
[1.94,2.01] which are consistent with the observed dynamics during the
post-collapse periods (2004-2011), (2011-2014), and (2014-2016)
(Table 6, rows 3 and 4, and Fig. 3 for the average of these levels of
productivity). This result is consistent with the observed average of RPS
during the whole post-collapse period (2004-2016), which was greater
than that observed during the pre-collapse period (1983-1990) (Mor-
gan, 2019).

3.2.4. The most recent period (2016-2021) and predictive power of the
model

Age-specific data, as used above, are not yet available for the most
recent years, as the NCS assessment in the year 2022 has been cancelled
by DFO. In this regard, the CSPE cannot be obtained for the most recent
period (2016-2021). However, useful information on this period can be
obtained from NAFO (2021), providing estimates of the SSB and the
confidence interval for the SSB estimated for the year 2021 (Table 1).
These estimates show the slow growth of the SSB observed during the
most recent period (2016-2021) (NAFO, 2021, Fig. xii.1.) where F, re-
mains very low, but the current M; were at the higher range of the past
decade. Additionally, productivity conditions in recent years are similar
to those estimated for the pre-collapse period (Morgan, 2019).

Based on the above, the predictive power of the model for the most
recent period (2016-2021) can be evaluated using the productivity
levels # € [0.85,0.96] and growth rates 4, € [1,1.022] consistent with
the observed dynamics obtained for the pre-collapse period
(1983-1990). In this case, using Eq. (10) (case 1)), the model fits well
with the slow growth of the SSB observed during the most recent period
(2016-2021) (Table 6, row 5). The reason for this is that, from the
confidence interval estimated by DFO for the SSB level at the start of the
period (for the year 2016) (Table 1), the SSB predicted by the model for
the year 2021 always falls (one hundred per cent) within the confidence
interval estimated by NAFO (2021) for that year (Table 1).

Thus, transient dynamics show that the levels of productivity and the
low growth rates consistent with the observed dynamics during the pre-
collapse period (1983-1990), are also consistent with the observed dy-
namics for the most recent period (2016-2021). Consequently, it is also
characterized by medium-low productivity (Fig. 3). This result is
consistent with the above information from Morgan (2019) and NAFO
(2021). Additionally, if these levels of productivity, and the low growth
rates, are kept constant since 2021, it would take a long time to reach an
SSB equilibrium X > Bjjn,=1133 due to the slow growth of the SSB
(Table 7, rows 8 and 9, column 2), where more than 60 years are
required to reach a high SSB level x* > Bjjn,=1133 (Table 7, rows 8 and
9, column 4). Even the predicted stock for the year 2050, x5, is far
from Bjim=1133 (Table 7, rows 8 and 9, column 4).

4. Discussion
4.1. Estimation of the stock-recruitment function (SRF) and Bjim

Existing methods are unable to cope with transient dynamics, with
the consequent lack of a SRF to identify a clear breakpoint By;y,, which
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has recently emerged in depleted, or previously depleted and recovering
stocks (e.g. DFO, 2019a, for the NCS; Gonzalez-Troncoso et al., 2013;
Gonzalez-Costas et al., 2019, for cod stock in NAFO division 3M).

Considering the NCS, we have shown that transient dynamics allow
us to analyze the case of the HS with By;,, having higher SSB values than
observed. We have shown that a HS with Byj;,=1133 fitted by NLS is the
model of best fit. This allows us both to detect the linear relationship
between SSB and recruitment and to guarantee the underlying hypoth-
esis that the SSB was always below By, as suggested, but not tested by
DFO (2019a). ICES (2021) also suggests that, with this linear relation-
ship, and with clear evidence that recruitment is impaired, with no clear
asymptote in recruitment at high SSB, Bji, may be at higher SSB values
than observed. We have also shown that this model is also consistent
with the observed population dynamics.

We have shown that transient dynamics also allow us to analyze the
case of the HS with By, being the highest observed SSB, Bji,=893, as
suggested, but not tested by DFO (2019a). In this case, the hypothesis
that the SSB was always below Bjj, is not met. Considering the
pre-collapse period (1983-1990), we have shown that this model is also
consistent with the observed population dynamics, with results that
would also be obtained for By, € [893,1133), and for the different pe-
riods considered in this paper. This is due to the fact that, in analyzing
the CSPE, the productivity levels consistent with the observed popula-
tion dynamics are very similar for values of x, € [893,1133].

Thus, transient dynamics show that a HS with By, € [893,1133]
fitted by NLS is the model of best fit to data which is also consistent with
the observed population dynamics for the NCS. This suggests that the
true breakpoint Bjjy, of this stock has not yet been observed, as sug-
gested, but not tested, by DFO, and by other modelling results based on
knowledge of fishery history (DFO, 2019a, and references therein).
Additionally, this interval includes Bjjn=1000 suggested by Rose and
Walters (2019), and is slightly higher than B);,=800 suggested by DFO
(2011, 2019a), which is defined as the average SSB during the 1980s.

We have also shown that many SRF show similar fits to data, already
commonly observed, but also the different regression methods, with
different error distribution assumptions, provide quite different esti-
mates of Bjjm, even for the same fitted SRF. In this regard, we have shown
that the HS fitted by FLR is not consistent with the observed population
dynamics for the NCS, dramatically underestimating Bjin,.

These results show that transient dynamics are crucial in analyzing
the consistency with the observed population dynamics. If transient
dynamics are neglected, as with existing methods, the standard criterion
of the goodness of fit to the data of a particular method used in
regression analysis could not guarantee a proper estimation of the SRF.
In this case, the key reference point By, could be underestimated, with
the consequent potential lack of sustainability and potential collapse of
the stock.

Thus, in contrast to existing methods, transient dynamics allow us to
test the safety of different By, provided by different regression methods
by detecting those Bjj, which are not consistent with the observed
population dynamics. In this way, the age-specific mortality model
(ASMM) developed in this paper allows us to properly estimate the HS
and its associated By, based not only of the standard criterion of
goodness of fit, which could be met by different regression methods, but
also on the consistency with the observed population dynamics.

4.2. Sustainability of Fysy

We have shown that the ASMM, in contrast to existing methods, al-
lows us to determine a CSPE which depends on the main components of
population productivity, including age-specific natural mortality rates.
We have also shown that transient dynamics analysis, also in contrast to
existing methods, is concerned not only with the existence or nonexis-
tence of a positive SSB equilibrium, but also with the growth rate of the
SSB and the time required to achieve it. These results show that the
ASMM could be a useful tool for analyzing the sustainability of the key
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reference points, such as Fygy, and for predicting stock recovery rates
also based on the observed population dynamics. In this regard, for
different relevant periods, we have determined the levels of productivity
(medium-low or medium-high), and their corresponding growth rates
(low or high) of the SSB, which are consistent with the observed pop-
ulation dynamics for the NCS.

Under the Precautionary Approach, variations in population pro-
ductivity should be considered when establishing key reference points in
order to take into account periods of high and low productivity (Morgan,
2019; DFO, 2019b). Additionally, age-specific natural mortality rates
are an important component of productivity and could affect the esti-
mation of key reference points (Morgan et al., 2014a). These rates have a
significant influence on fisheries stock assessment and management
(Maunder et al., 2023). Consequently, age-specific natural mortality
rates should also be considered when analyzing the sustainability of key
references points. In this regard, the ASMM could be a useful tool for
providing sustainability-based reference points, such as By, and Fygy,
under age-specific natural mortality rates and varying levels of popu-
lation productivity.

4.3. Potential collapse of the stock: implications for fisheries management

We have shown that Fysy € [0.2,0.297] was at the breakpoint
Biim=1133 (Fyvgy close to Fgqsn) during the pre-collapse period
(1983-1990). The proximity between F s, and Fyjsy, not uncommon in
the case of a HS, should be verified in each species analyzed in order to
avoid the automatic application of default methods (ICES, 2011). This
proximity has been found in Cod stocks (Morgan et al., 2014a), Blue
Whiting, and Norwegian Spring Spawning Herring (ICES, 2010). The
North Sea cod is an example of the contrary (ICES, 2011).

The fishing mortality rate of the SSB estimated by DFO for this
period, F;,=0.2, was close to Fysy = Fyq. Additionally, F;,=0.2 co-
incides with the fixed fishing mortality rule Fy ;=0.2 applied to the NCS
during much of this period (1984-1988), where F ; is a yield per recruit
reference point (Shelton, 1998). This implies that precautionary con-
siderations were not taken into account during the pre-collapse period
(1983-1990). This is due to the fact that the NCS fishery was managed
by considering Fyisy as a target to be achieved rather than a limit to be
avoided given the potential for collapse, as eventually took place. This
scenario of potential collapse of the stock, even for low fishing mortality
rates, is not contemplated by existing methods, which neglect
age-specific natural mortality rates and transient dynamics.

We have shown that if F,= 0.2 and high M;, as estimated by DFO for
this period, had been kept constant since 1990, it would take a long time
to reach SSB equilibrium due to the slow growth of the SSB. This implies
that, even if Fp;=0.2 had been kept constant since 1990, the fishery
would have been managed on a knife-edge, in a state of permanent
tension where the stock is always below Bjj, and extremely vulnerable
to changes in productivity. Thus, the combination of the lack of pre-
cautionary management and high M; were unable to anticipate periods
of lower productivity, as eventually was the case.

By contrast, under the standard assumption of M =0.2, we have
shown that, if Fy;=0.2 had been kept constant since 1990, SSB equi-
librium at very high SSB levels, which have never been observed, is
achieved in just four years. This is due to the extremely high growth of
the SSB, which is also not consistent with that observed. Thus, it is not
surprising that the fishing mortality control rule was doubled, F,=0.44,
in the late 1980s (Shelton, 1998). However, even in this case we have
shown that a high SSB equilibrium well above By, is achieved in the
short-term. This implies that the standard assumption of M =0.2 led to
the misperception that a precautionary management regime was in fact
being applied to the NCS and, consequently, myopic harvest control
rules, as Fy ;=0.2, were perceived as sustainable in the long term by
neglecting high M;.

We have shown that an SSB equilibrium above Bjj,, could have been
achieved in the short-term, even with high M;, as estimated by DFO, if
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precautionary management had been carried out in the late 1980s,
consisting of lower F, € [0.1,0.15], well below Fysy. These are also
sustainable under Fysy € [0.15,0.2], as obtained by Rose and Walters
(2019), and Fyisy =0.17, as obtained by Schijns et al. (2021), and lower
than those obtained by Hutchings (2009), F € [0.13,0.22], to prevent
fisheries-induced evolution. This shows that, for low age-specific fishing
mortality rates (lower than Fysy) and sufficiently low age-specific nat-
ural mortality rates, the CSPE and transient dynamics guarantee the
sustainability of key reference points, such as Fysy and, consequently,
the precautionary management of fish stocks. In this regard, the ASMM
provides theoretical support to existing methods which fail to account
for age-specific natural mortality rates, variations in population pro-
ductivity, the characterization of the equilibriums, their stability prop-
erties and transient dynamics.

It should be noted that during the period 1972-1975, the NCS was
managed by Fpax, the fishing mortality giving the maximum yield
(Shelton, 1998). The fixed fishing mortality control rule Fj;=0.2,
generally used as a target, became the management rule and a
longer-term objective during much of the pre-collapse period
(1983-1990). The reason for this is that Fy;=0.2 was considered, in
contrast to Fyax, to be a conservation measure (Shelton, 1998). Based on
the above, and using current reference points such as Fygy, which did
not exist at that time, we have shown that the shift in management
objectives from maximum yield (Fpax) to Fp;=0.2 was not enough to
prevent the collapse. In this regard, myopic harvest control rules, as
Fo.1=0.2, should not be interpreted as criticism of past management
decisions. The lesson to be learned from the results is that precautionary
management reference points should have been implemented before the
stock began to collapse.

We have shown that, during the collapse period (1991-1994), Fysy
was unsustainable under both the extremely high M; estimated by DFO
and the more reasonable (lower) M; estimated by Rose and Walters
(2019). This result confirms that lower productivity and a reasonable,
but still high, M; exacerbated overfishing resulting in stock collapse
(Rose and Walters, 2019).

4.4. Collapse and slow recovery: implications for conservation

Using a rigorous robustness requirement, we have shown that the
ASMM allows for robust short-term forecasting. For the most recent
period (2016-2021), we have shown that the recovery of the NCS re-
mains distant. This scenario of stock collapse followed by very slow
recovery, despite the existence of a stable positive SSB equilibrium (Fygy
is sustainable) and low fishing mortality, is not contemplated in existing
methods. This is because these methods are based only on the existence
or nonexistence of SSB equilibrium, neglecting age-specific mortality
rates, varying levels of population productivity and transient dynamics.

We have shown that, even for low fishing mortality, as estimated by
DFO, very slow recovery of the stock could be expected due to low
productivity and high age-specific natural mortality rates. In this case, in
contrast to existing methods, no level of fishing mortality F, is sustain-
able, despite the existence of a stable positive SSB equilibrium. This
shows that strict compliance with a moratorium on fishing must be an
essential feature of recovery plans.

The robustness of the ASMM for short-term periods is consistent with
observed productivity in the short-term, as there is no evidence of long
periods of low or high productivity (Morgan, 2019). Thus, using as
future scenarios the growth rates obtained by the ASMM for the
observed short-term periods of high and low productivity, the ASMM, in
contrast to existing methods, could be an effective tool in predicting
stock recovery rates under both age-specific natural mortality rates and
varying levels of population productivity. Consequently, the ASMM
could be useful in providing scientifically-sound management strategies
and sustainability-based reference points.

This paper made use of estimates from DFO, as DFO provides the
official assessment model. However, the ASMM could contribute to the
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ongoing discussion as to whether high age-specific natural mortality
rates M; alone were the main cause of the collapse of the NCS in the late
1980s, and the slow recovery since then, as suggested by DFO, or high
fishing mortality with lower, but still high, M;, as suggested by Rose and
Walters (2019). In this regard, the ASMM is highly flexible in analyzing
transient dynamics for estimates of F; and M; according to those different
approaches. This is because cohort survival rates f; are a key parameter
in the CSPE and, consequently, any increase in F; and/or M; has the same
effect as a decrease in ;. In this regard, the ASMM does not provide a
third opinion but rather a neutral and useful tool for analyzing the
sustainability of key references points under both age-specific natural
mortality rates and varying levels of population productivity.

5. Conclusions

Key precautionary approach reference points, such as By, based
only on the standard criterion of the goodness of fit to the data, and MSY
reference points, such as Fygy, based only on the existence of a positive
SSB equilibrium, might not be enough to prevent stocks collapses. Sci-
entific advice and existing methods, based on these reference points
with constant population productivity and constant low natural mor-
tality rates, are unable to detect potential stock collapse, and collapse
followed by very slow recovery, despite the existence of a positive SSB
equilibrium and low fishing mortality. Thus, existing methods are un-
able to guarantee the sustainability of key references points.

We have shown that transient dynamics are critical for understand-
ing and predicting the consequences of the lack of precautionary man-
agement and the neglect of variations in population productivity and
age-specific natural mortality. By considering short-term population
responses to variations in population productivity and survival rates
(variations in age-specific fishing and age-specific natural mortality
rates), scientific advisory bodies and managers could develop more
robust and precautionary harvest strategies for the sustainable man-
agement of fisheries. In this regard, our results suggest that the char-
acterization of the equilibriums, their stability properties, transient
dynamics and changes in productivity (including age-specific natural
mortality rates) should play a central role for fisheries management and
conservation.

5.1. Future research

The ASMM could be a useful tool for analyzing other important
fisheries by also including other important reference points, such as
those based on yield per recruit and spawner per recruit (Morgan et al.,
2014a, 2014b), as well as those based on a precautionary approach
(Froese et al., 2016).

In Maroto and Moran (2014), a total biomass model for the NCS is
developed to detect depensation (declines in growth rates as the popu-
lation is reduced). Morgan et al. (2016) analyze the potential impact of
compensation (increases in growth rates as the population is reduced)
on SSB growth rate G. The lowest potential maximum G (lowest resil-
ience) among cod stocks was found for the NCS. In this regard, the
ASMM could be a useful tool for detecting compensation or depensation
in depleted fish stocks by exploring further the relationship between G
and the ASMM.

The estimation of the SRF could be improved if more data were
available. A new model xteNCAM was used by DFO (2019a) in order to
extend the observed period to 1962. A clear breakpoint By, was not
identified by DFO for the period (1962-2018) and, consequently,
xteNCAM has not been accepted for use as the official assessment model
(DFO, 2019a). The ASMM could provide a useful tool for equilibrium
and transient dynamic analysis for this extended period, when more
robust estimates from DFO become available.
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