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Abstract :

The concept of Maximum Sustainable Yield (MSY) have been lying at the core of the theory of sustainable
harvesting a fishery for decades and have become a key reference point for many fishing administrations,
including the European Union. However, the existence of a MSY relies on the stability of a population
equilibrium. This hypothesis, though always true in the original Schaeffer model, is still challenging in
more realistic and recent population models. However, recent advances shows that fish population can
exhibit complex dynamics that are ill described by the classical theory. In particular, processes occurring
at intra-annual time scales can affect the stability of a population equilibrium even in a strictly single
species case. Associated to stability, the resilience of the equilibrium (defined as an inverse return-time
following a perturbation) also matters in a management purpose. Here, we introduce an analytical single
population model in discrete time with a monthly time-step allowing temporal distinction between
maturation and recruitment with density-dependent mortality and fishing exploitation. We show that,
thanks to an appropriate population structure, we can easily derive inter-annual population equilibrium,
and study their resilience and stability properties. Then, we show that under classical hypothesis
concerning density-dependence, equilibrium stability is not guaranteed and that MSY can, in theory, be
associated to unstable or low resilient states. However such destabilisation seems unlikely with realistic
sets of parameters. Finally, a numerical illustration for sole (Solea solea) of the Bay of Biscay suggests
that the value of MSY was sensitive to maturation period whereas viability, stability and resilience was
more sensitive to timing of recruitment. The value of appeared robust to uncertainty concerning maturation
and recruitment. We conclude by saying that even if the risk of destabilisation is low for real populations,
the risk of decreased resilience near the border of extinction should be cared of.
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Highlights

» With our new model we can easily link intra-annual to inter-annual dynamics. » With our new model
we can separate maturation from recruitment processes. » For sole, maturation timing has an impact on

MSY values but little impact on = * LL

resilience of equilibrium.

» For sole, recruitment timing has an impact on stability and
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1. Introduction

Numerous examples of marine population collapses (Mullon et al., 2005;
Pauly et al., 2005) led to the progressive recognition that world fisheries
were exhaustible and that fishing could affect deeply the abundance of ma-
rine populations (Pauly et al., 2002). This concern, along with the will to
maximize profits out of fisheries exploitation, fostered the development dur-
ing the X X' century of a theory of sustainable harvesting of a population.
The idea that there is an optimal level of fishing effort emerged after pio-
neer works of Russell (1931), Hjort (1933) and Graham (1935), and led to
the formalisation of the concept of Maximum Sustainable Yield (M SY') by
Schaefer (1954).

Although early criticised (Larkin, 1977), this concept was highly success-
ful amongst several fishing administrations worldwide (Mace, 2001; Mesnil,
2012), including the European Union which set the goal that all stocks reach
levels of biomass compatible with the production of MSY by 2020 (European
Union, 2013). For Finley (2009), however, this institutional success is more
explained by its political implications than by the scientific strength of the
concept in itself.

In practice, M SY-based management have evolved from a target point
to be attained at all costs to a target range around the maximum taking
into account uncertainties and allowing room to consider other management
objectives or ecosystem aspects (Hilborn, 2010; Rindorf et al., 2017). In
particular, the effect of uncertainty on several model inputs on the M SY have
been largely studied (Zheng et al., 2019) and serves as a basis for fisheries
advice (ICES, 2015). However, the sustainability of the MSY is still not
clearly established and the effects of uncertainty of inputs on sustainability
of this reference point have been little explored.

The concept of sustainability is ubiquitous in the policy realm but lack
clear definition which does not always match with those employed by sci-
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entists (Hilborn et al., 2015; Donohue et al., 2016). In the classical under-
standing of sustainability in fisheries as defined by Quinn and Collie (2005),
and which correspond to the early developments of harvesting theory, “sus-
tainable” is equivalent to “asymptotically stable” with the use of equilibrium
models. Indeed, in the original model of Schaefer (1954) the harvested pop-
ulation is described by a single differential equation, admitting a unique and
stable positive equilibrium. This is in line with the ancient conception that,
neglecting random fluctuations due to external factors, populations tend to
stabilise around an equilibrium value constrained by their environment. It
must be stressed out that in this framework, any population level can be con-
sidered as sustainable as long as it is positive and MSY is a natural target for
fishing management (Quinn and Collie, 2005). Even if the perception of sus-
tainability have evolved and now includes a large number of metrics (Quinn
and Collie, 2005; Hilborn et al., 2015; Donohue et al., 2016), the equilibrium-
based concept of MSY, as a target or as a threshold (Mace, 2001), remains
at the core of fishing management policies.

However, stability of exploited populations dynamics is not guaranteed.
Hsieh et al. (2006) showed empirically that increased fishing pressure had
a destabilising effect on populations in the sense that it tends to increase
abundance fluctuations. There is a growing debate concerning the processes
implicated in this destabilisation (Shelton and Mangel, 2011; Sugihara et al.,
2011; Rouyer et al., 2012) but Anderson et al. (2008) argued that increased
fluctuations were probably due to intrinsic dynamical effects associated to
changes in life-history parameters (e.g. intrisic growth rate) in response to
fishing.

Beside the binary opposition between stable and unstable attractors in
population dynamics, the conceptually neighbouring notion of resilience, de-
fined as an inverse return-time to the equilibrium Pimm (1984), have impor-
tant management implications and is arousing a growing interest in ecological
literature (Grimm and Calabrese, 2011). Key questions related to this notion
are (1) whether or not ecological systems are likely to recover from a perturba-
tion fast enough so that the equilibrium-based approach remain meaningful,
and (ii) how exploitation and management are likely to affect this recovering
capacity. Several theoretical studies have thus recently explored the effect
of harvesting on resilience in relation with yields in single structured popu-
lation models (Lundstrém et al., 2019), in prey-predator systems (Tromeur
and Loeuille, 2017) or in tri-trophic food-chains Kar et al. (2019).

Many fish populations characterised by birth-pulse growth with well dis-
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tinct cohorts (Laurec and Le Guen, 1981) are straightforwardly modelled
by the use of stock-recruitment relationships (Ricker, 1954). In this kind of
models, recruitment is a discrete event and is well represented by difference
equations. Such models are known to allow cyclic and chaotic dynamics even
for a single population (May, 1975) and lead to very complex dynamics (Tang
and Chen, 2002). This stresses out the importance of the mathematical for-
malism employed and suggests that stability properties should not be taken
for granted when deriving reference points such as MSY.

A drawback of the use of stock recruitment relationships is the fact
that they synthesise in a single equation a large number of life-history pro-
cesses occurring at the youngest stages of individuals’ life (Needle, 2002).
In Ricker (1954) pioneer work for example, maturation and recruitment are
confounded. However, life-history features such as maturation delay (Cole,
1954; Tuljapurkar, 1990; Koons et al., 2008) can have a large impact on the
population dynamics. Timing and duration of density-dependent processes,
including at time-scales shorter than one year, are also likely to have impor-
tant consequences (Ratikainen et al., 2007). For example, timing of seasonal
harvesting is known to affect the value of MSY (Kokko and Lindstrém, 1998;
Xu et al., 2005) and the stability of population equilibrium (Cid et al., 2014).
However, intra-annual processes are generally ignored in practice when deriv-
ing reference points for harvested fish populations. This constitutes in itself
a specific form of uncertainty in models, which is likely to have important
management implications (Ratikainen et al., 2007).

In this study, we consider that stability sensu stricto and resilience are
key properties of sustainability. Here, we propose a theoretical model of
a single harvested population submitted to birth-pulse growth and inter-
stage density-dependence of juveniles. The latter proceeds by cannibalism
(or other induced mortality) of immature individual by mature ones, which
is well documented in a number of fish populations (Smith and Reay, 1991)
including some of importance for exploitation such as cod (Bogstad et al.,
1994; Uzars and Plikshs, 2000), and is known to be a major source of insta-
bility in populations (Ricker, 1954). Our aim is to use this model to inves-
tigate the consequences of the description at intra-annual time-scale of two
critical processes, namely (i) maturation and (ii) recruitment, on long-term
yields and their sustainability. A particular attention is given to the effect
of these processes on the MSY. The first process investigated, maturation,
is a purely biological process of critical importance that could not be con-
trolled by management. Maturation is tightly linked to density-dependence,

4
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which is generally supposed to affect strongly immature individuals (Ricker,
1954; Rindorf et al., 2022), and to reproduction. It is subject to uncertainty,
given that knowledge for real species is generally available on a yearly basis
only (ICES, 2018). On the contrary, the second process, recruitment, de-
fined as the young fish arrival in the exploited portion of the population, can
be considered as a management control variable in the sense that is is par-
tially dependent on fishing equipment and behavior (Laurec and Le Guen,
1981). As being related to exploitation, it is likely to have consequences on
long-term yields and MSY.

This model and the whole set of hypotheses are presented in section
2. We then make the link between the monthly and yearly dynamics in
section 3, by showing that the dynamics can be represented by a first order
difference equation system. It is then possible to compute an inter-annual
equilibrium and to study his property within the classical dynamical system
theory framework. The modelling approach exposed in these sections is one
the main points of the present paper. In particular, we stress on the idea that
if we develop here an application constrained by a number of assumptions
that limit its generality, we opened the door to the development of alternative
models with varied assumptions but based on the same approach. In section
4, we give some details concerning the equilibrium properties of interest. We
then apply our model to a real population with data for the Bay of Biscay
sole (Solea solea). These applications are presented in section 5. Finally, our
findings are discussed in section 6.

2. Models & analysis

2.1. Construction of a properly-structured population model with a monthly
time-step

2.1.1. Population & time structure

Throughout this study, we model the monthly discrete dynamics of a
marine population exploited by fishing from a particular biological devel-
opment stage (recruited individuals). The population is described with a
structured abundance at each month ¢, represented by the vector N () with
t=1,...,400. Let us assume that in their life-time, individuals go through
three structuring events: (i) reproduction (i.e. production of immature indi-
viduals from mature ones), (ii) maturation (i.e. transformation of immature
individuals into mature ones) and (iii) recruitment. The latter is defined
(Laurec and Le Guen, 1981) as the entry of individuals into the exploited
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Figure 1: Conceptual view of the interactions between individuals and their influence on
yields. Index {a = 0,...,> a,¢.} stands for round age in years, index {d, d} stands for
density-dependence and index {h, h} stands for accessibility to fishing. Three groups must
be considered depending of exact age d (in months) of individuals : § < Ap,e¢ (in blue),
Apat < 6 < Apee (in black) and A, < 6 (in red). Depending on A,,q: and Ay, the

relative duration of each fraction of the population will vary and have consequences on
yields and their sustainability.

portion of the population. For sake of simplicity we assume that only mature
individuals are exploited, i.e. maturation occurs before recruitment.

Contrarily to annual models where the life-cycle events undergone by
individuals are assumed simultaneous, we assume here that new-born indi-
viduals mature and recruit after a fixed number of months noted A,,,+ and
A, respectively (as represented on time arrow in figure 1). Between two
successive time-steps t and t+1, events happening in individuals lives depend
on their exact age § (in months) in comparison with A,,,; and A,¢.. Imma-
ture individuals (6 < A,,4) are unable to reproduce, are not exploited and
are assumed to undergo each month ¢ a density-dependent mortality from
mature individuals. Mature individuals (0 > A,,.) are able to reproduce
and are assumed to undergo each month a constant natural mortality. Re-
cruited individuals (§ > A,..) undergo an additional fishing mortality and
contribute to yields.

As represented in figure 1, the result of this distinction between immature,
mature, unharvested and harvested individuals is that three homogeneous
groups of individuals (represented in different colors on the figure) interact

6
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with each other in different ways. Depending on the value of A, and A,..,
the relative importance of each process is expected to differ. First, density-
dependence is expected to have a larger effect on the overall dynamics if
Aq is large. The relative position of A,... to A, controls the amount of
time spent by mature individuals in the unspoiled situation characterized by
a higher survival rate than immature and recruited individuals. The longer
this duration time (A;e. — Apae) 18, the more numerous mature protected
individuals are, hence fostering reproduction. However it also affects the
number of immature individuals through the capacity of fishing to modulate
the effect of natural compensation within the population by removing can-
nibalistic adults. Indeed, individuals of age A, < 0 < A, do not undergo
fishing mortality but exerts density-dependent mortality on immature ones.
In order to investigate the effect of the intra-annual timing of population
structuring events ((i),(ii) and (iii) detailed above) on the long-term dynam-
ics, we define the annual cycle as the repetition of a reproduction event. For
simplicity reasons and without losing in genericity, we assumed that repro-
duction occurs at month m,., = 12. A, and A, can be expressed as:

Amat =12 Umat T Mmat
A7"ec =12 Qree T Myec

where m,,¢+ and m,.. are the respective months where maturation and re-
cruitment happen each year, and a,,,; and a,.. are the respective number
of whole years before these events happen in individuals’ life. We have
1 < Mgt < Myep = 12 and 1 < myee < Myep = 12 . Assuming Ay < A,
we also have et < Qe

To switch from the time step t to a calendar time, We also define a
bijective function f which to each time-step ¢ associates a value of month m
and year y:

f(t) = (m,y), .
m=t— u;lpj X Miyep (1)
t—1
y=lm]
where L%j stands for the integer part of %, and M., is the month at

the end of which reproduction happens.
We will then denote N (m, y) the vector of abundance at the end of month
m of the year y.
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One of the main originalities of our model lies in the choice of the struc-
ture of the population N(t) according to successive properly defined stages.
Thanks to this particular structure, we will be able to perform easily the
equilibrium and stability analysis in the next step. The stages are defined
by the round age a in year (expressed as an integer number of whole years
lived by individuals, as opposed to exact age J in months), the maturity
(characterised by constant instead of density-dependent natural mortality)
and the accessibility to fishing. Individuals are arranged into a,.. + 2 modal-
ities associated to round age a: {0,1,..., Grec, > Grec} (Where > ... stands
for individuals of age strictly greater than a,..), two modalities associated
to maturity (density-dependant vs. independent): {d,d} and two modalities
associated to fishing (harvested vs. unharvested) {h, h}.

It follows from our set of assumptions that, for all ¢:

Nade(t) =0, Va > amar,

Na@,(t) =0, Ya < amat,
Ny on(t) =0, Va > aye,
Na,o,h(t) = Oa Va < Qrec,

where Ny ge(t), Ny ge(t), Nyen(t); Naen(t) stands for the abundance of re-
spectively immature, mature, harvested and unharvested individuals of round
age a at time .

Hence, we can write the vector of the structured population:

No,d,ﬁ(m> y)

Namatydjl (m7 y)
N,  an(m,

N(t) = N(m,y) = mat,d,.h( y)

Narecafijl (m7 y)

Narec,g,h (ma y)
N>aremdyh (m7 y)

Figure 2 gives a schematic view of the complete population and time structure
of our model.

2.1.2. Description of the monthly dynamics
As outlined above, the two modalities associated to maturity ({d, d}) and
to fishing accessibility({, h}) have implications in terms of mortality.

8
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Figure 2: Conceptual view of the structured population and its dynamics represented in
our model. Graduations are in months, and year succession is represented by the large
arrow at the bottom, for all year y. The blue circle with dashed red and black arrows
stands for the production of individuals of age 0 (“Birth”) at month m = m,.,. Dashed
coloured arrows stand for class changes (i.e. aging, maturation or recruitment). Empty
rectangles below axes mean that some classes are always empty during part of the year
because of a class change happening during the year. Each month, individuals undergo a
defined mortality as shown in figure 1. The position of month m,,.; is indicated as being
the month at which inter-annual equilibrium research is performed, for all year y.
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We model explicitly a density-dependent mortality of immature individu-
als at each time step, assuming after Ricker (1954) that mortality of immature
individuals increases with the number of mature individuals. For the sake of
simplicity, let the mortality of immature individuals between ¢ and ¢ + 1 be:

Ma(t+1) = pN, go(t) +w (2)

where ;o and w are two positive constants and N, j,(t) is the sum of mature
individuals of all ages accessible to fishing at time ¢t. The derived survival
rate of immature individuals is expressed as: Sg(t + 1) = e~ Ma(t+1)

Let the natural and fishing mortalities of mature individuals between
time-steps ¢ and t + 1 be two positive constants M; and F'. The derived
survival rates for mature individuals, depending on if they are harvested or
not, are expressed as Sz, = e~ M) and Sz; = e Ma.

For each t, switching from ¢ to (m,y) the abundance of the population
can be analytically described from the abundance at time ¢ — 1. For class
(0,d, h), we have for all y:

Noan(1,y) = Noap(Mrep,y — 1) Sa(1,y)
NO,d,B(ma y) NO,d,h( —1 y) Sd(m’ y)> vm € {27 cey Mypep — 1} <3>
NO,d,FL (mT€p7 y) =T NO,J,O (mT‘E;D? y)

where r is mature individuals’ fecundity and N, jo(mrep,y) is the sum of
mature individuals at the end of month m,., of year y.
For classes (al,d, h), al € {1, ..., amna — 1}, we have for all y:

Nal,d,fz(lay) = Naldh(mrepy )Sd(l y)
Nal,d,ﬁ(m7 y) Nal,d,h( -1 y) Sd(m7 y)’ Vm e {27 coey Mypep — 1} (4)
Nal,d,ﬁ(mrepa y) = Nal—l,d,ﬁ(mrep -1,y) Sd(mrepa Y)

For classes (amat, d, h) and (amas, d, h), we have for all y:

Ly) = Napor, dh(mrepv — 1) Sa(1,y)

)= Nopovar(m—1,y) Sa(m,y), Vm € {2,..., Mmar — 1}
) )_O Vme{mmatauwmrep_]-}

Myep, Y ) = Namut—l,d,h(mrep -1, y) Sd(mrezn ?J)

amah
m,y
m,y

: I

amata ’

Al
Qmat, (
(
Napnar.d i

(5)

and

10
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J,E(muy) = 07 vm € {17 e Mimat — 1}
NGmat,d:E (mmat7 y) = Namat,d,ﬁ(mmat - ]'7 y) Sd(mmata y)
Nopordi (M, Y) = Ny an(m — 1,9) Sqi, Vm € {mpae + 1, myep — 1}
N, Jﬁ(mrepay) =0
(6)

Notice that, for all m, only one of these last two classes takes non-zero
values. o
For classes (a2,d,h), a2 € {amat + 1, ..., arec — 1}, we have for all y:

NzJB(l y) NaZdh(mrepa )Sdh
Nan_ (m y) Na2,d,h( -1 y) Sd,h? Vm e {27 ey Mypep — 1} (7>
Na2,J,B(mrepu y) = Na2—1,Jﬁ<mr6p -1, y) SJ,E

For classes (Gyec, d, h) and (ayec, d, k), we have for all y:

Noooan(L,y) = Ny an(Meep, y — 1) Sap

cc JE( _173/) Sci,fw Vm e {27'--7mrec_1} (8)
,Vm € {Myec, ..., Myep — 1}

N d.p\Mrep, Y ) N J,B(mrep -1, y) SJ,E

Qrec—

and

are(‘7d h( ) - 0 Vm € {1 y Myec — 1}
arec d, h(mreca y) Narec d, h(mrec 17 y) SJ,E
am,dh( Y) = Ngyooar(m —1,4) Sgp, Y € {Mmypec +1,...,mpep — 1}
arec,d h(mre;m ) 0
(9)

As well as for classes (@mas,d, h) and (amar, d, h), only one these last two
classes takes non-zero values, for all m.
Finally, for class (> ayec, d, h), we have for all y:

N>am,cz,h(1, y) = N>arec,J,h(mrep7 y— 1) SJ,h
N>aTeC,J,h(m7 y) = N>a,«ec,cz,h(m - 17 y) Scz,ha vVm € {27 o 7m7‘ep - 1}
N>a,.ec,ci,h(mrep7 y) = [N>a,.ec,ci,h(mrep -1,y + Namc,ci,h(mrep -1, y)} Sa?,h
(10)
Notice that above equations were detailed for the most complex version
of the model i.e. when 1 < @, and 1 < @pee — Amar. However, they can be
easily reduced to any version of the model with 0 < @, < @, as long as

Amat S Arec-

11
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This analytical model is implemented in R and reproduces correctly the
discrete monthly dynamics of exploited marine population (see figure 3 for
an illustration).

2.2. Connecting intra-annual and inter-annual time-scales

2.2.1. From a monthly dynamics to an annual dynamics

To investigate equilibrium properties of the model, we need to study the
long-term evolution of the population abundance. Let N(m, y) be assessed at
a particular arbitrary chosen month each year. Without the loss of generality,
we set m at my,qe:. We will see below that the choice of m,,,4; allows to reduce
the dimension of the studied system. We therefore study the dynamics of
N (Mypat, y) with respect to y.

First, it comes from equations (5), (6), (8) and (9) that at m = Myua, two
elements of N (M4, y) are always empty. Depending on the the ordering of
Mumar and M. we have for all y:

{ Namat,d,ﬁ(mmata y) = Narecﬂ,h(mmaty y) = 07 if Momat < Myec
Namat,d,ﬁ(mmah y) = Narec,J,E(mmat7 y) = 07 else

Therefore, we can always remove elements of N (M., y) without losing in-
formation while performing the analysis of the annual dynamics.

Then, we can derive from equations (3-10) the expression of N (mqt, y+1)
for all y. If myuee < Myee, we get the system (17), expressed in table 3. Here,
we focus on this particular case but the same reasoning is feasible for the
alternative case when Mg, > My (see Appendix A for the associated
developments).

Given some proper simplifications, N, 7o(Mep,y), [Lnt Sa(m,y)

m=mmat+1

and [ Sq(m,y + 1) can be formulated as functions of N(mma, y) (see

Appendix B for proof) and system (17) can be expressed as a first-order
difference system of dimension a,.. + 2. For all y, we get :

(

NO,d,E(mmata y _I._ 1) =roq \I} (Mg(mmat7 y)) 6_@1(M¢f(mmatyy))

Notap(Mimat, ¥ + 1) = o Noy_q g 5 (Minat; Y) e~ P2 Ma(mmary))

(11)

Noo.ar(Mmat, ¥ +1) = 0 Noo_1 g (Mimat, ¥)

N>a7-ecﬂ,h(mmata () + 1) =V N>arec,c?,h (mmat7 y)
+P Narec,(i,fz (mmat7 y)

12



with al =1, ..., @Gpae and a2 = aper + 1, - .., Gree- V(N 4(1)) is the number
of spawner and ¢, (N (1)) is a density-dependence function (see table 4 for
detailed expressions). Moreover :

— U (N g(t)) and ¢, (N4(t)) are linear combinations of (N, 7 (t))
and <Na’cz’h (t)) A=Qrec ,>Arec :

— «Qp, 0, V, p are positive constants.

A=0amat, ---, Grec

At this stage, given this first order difference equations system (11) we
can perform easily the equilibrium and stability analysis of the population.

2.2.2. FExpressions of equilibrium
In this study, we are interested in the equilibrium properties of N (M4, ¥)
described by system (11). N* is an inter-annual equilibrium if and only if it
verifies:
ﬂ(mmata Y+ 1) = ﬂ(mmatu y) = M* (mmat>

System (11) always admits only one non-trivial equilibrium which is the
solution of:

( *

Amat,d,h (mmat) =ro agmat v (Mz_(mmat))

X 67901 (M;’(mmat))famat Y2 (M;’(mmat))

(12)

*

ag’j’ﬁ(mmat) =0 ngflyjﬁ(mmat)

| V2o an(Mmat) = VNS, Gy (Mimae) + p NG5 (Minat)

with Nj(mma) = * (N7, a5 (Mmat): Ny 17 (Mimat)s N, g (Mimae) ) and a2 =

Amat,
Qmat + ]-a < ooy Qrec;

269

270

271

272

273

274

2.3. Equilibrium properties : equilibrium yields, stability & resilience
2.3.1. Maximum Sustainable Yield
The equilibrium yield can be straightforwardly derived from the equilib-

rium abundance using the classical Baranov catch equation (Baranov, 1918),

given that fishing and natural mortality of mature individuals are constant :

F

Y (mar) = N g () (1= €M)

(13)
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where N:‘@h(mmat) = Nc:ec,&,h(mm“t) + N;armg’h(mmat) is the total number

of recruited individuals at month m = m,,, at inter-annual equilibrium.
The value of inter-annual equilibrium at any month m # m,, can be

easily computed by applying equations (3-10) to N*. Hence we can compute

the total annual yield as:

Mrep

Yi=3 v'(m) (14)

where Y*(m) is the inter-annual equilibrium yield at month m.

Let us consider at present that Y depends only on the control variable
F. Unfortunately the expression of Y;i(F') is too complex to analytically
calculate the maximum of Y7 (.) and derive the Maximum Sustainable Yield
(MSY). Instead we performed a numerical optimization of Y;(.) using Brent’s
method (Brent, 1973) to get the value of MSY and Fysy:

MSY = max(Y;(F))

Fysy = argmax Y (F)

F

2.3.2. Equilibrium stability & resilience
Computation of yields at equilibrium and their optimisation does not
inform us on the stability of this equilibrium and hence on sustainability
of yields. As we succeeded to express the whole dynamics of the structured
population as first order difference equation system, we can perform easily the
stability analysis of the equilibrium by studying the property of the Jacobian
matrix of system (11). The inter-annual equilibrium N* is locally stable if

and only if:

I\ < 1, Vie{l,..., e+ 2} (15)

where |)\;| is the modulus of the i'* eigen value of the Jacobian matrix of
the system at inter-annual equilibrium. See Appendix C for the general
expression of the Jacobian matrix of system (11).

Expressions of eigenvalues are expected to be too complex to be ana-
lytically tractable and interpretable especially when the system is of large
dimension. We therefore calculated numerically the eigenvalues to detect
stability changes using the basic “eigen” function of R software which relies
on LAPACK routines (Anderson et al., 1999).
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The stability properties of equilibrium depends on parameters. Hence,
stability, unstability, and extinction domains (i.e the set of parameters for
which the equilibrium is stable, unstable and lesser than zero, respectively)
represent volumes in a parameter space. In particular, we pay attention
of the surfaces of stability, unstability and extinction in the r x F plan.
Variations along the r axis can represent differences of fecundity between
stocks or differences in reproductive success for a same stock, whereas F' is
the main control variable when dealing with exploited systems. In such a
plan, it is also possible to plot the value of F);gy if it does exist, for each
value of r.

When no destabilisation occurs, the stability properties of the equilibrium
can be more finely defined by considering the resilience of this equilibrium.
Sensu Pimm (1984), a system is all the more resilient that the characteristic
return-time to equilibrium is short. This notion is related to stability and
can be studied with the same mathematical tools. Hence, in discrete time
this return-time is given by (Beddington et al., 1976):

1
T=1T o] (16)
where |Apqz| is the modulus of the leading eigen value of the system. The
return-time is one if the system returns instantaneously to his equilibrium
and infinite when the equilibrium becomes unstable.

Considering that return-time is, just as yields, a function of F', we can de-
fine the same way as for /gy, a mortality Fryy for ‘Resilience Maximising
Yield’ for which resilience is maximum, i.e. associated return-time (denoted
MiRT) is minimum. Mathematically:

Fryy = argmin 7(F)
F
MiRT = T(FRMy)

2.3.3. Sensitivity of MSY, stability domain and resilience to timing of mat-
uration and recruitment

Here, our aim is to assess the sensitivity of the equilibrium properties,

namely MSY, Fysy, MiRT and Fy;rr values, extinction and unstability

domains (quantified by the areas under the curves A.,; and Agy, respectively)

to intra-annual variations of maturation and recruitment, represented by pa-

rameters A, and A,... The first one must be considered as a biological
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parameter subject to epistemic uncertainty whereas the second can be con-
sidered as a control variable insofar it is, at least theoretically, possible not to
catch individuals under a defined age. Values for A, and A,.. are allowed
to vary in a time-span shorter than one year. Such intra-annual dynamics are
generally not taken into account when computing reference points for fish-
eries management. Indeed, for most fish populations, information concerning
maturation and recruitment are available on yearly basis only (ICES, 2018).
We perform a variance-based sensitivity analysis based on 1) an experimen-
tal design and 2) sensitivity indices associated to A, and A,.. (the inputs
of the model) on each metric MSY, Fygy, At and Agqp (model outputs)
derived from an ANOVA. Then we can compute the sensitivity index of each
parameter, both for principal effect and interactions (see e.g. Faivre et al.
(2013) for full details on the method). The experimental design is build com-
bining all possibles values of A, and A,.. within defined ranges. These two
parameters take values expanding on a time-span less or equal to one year,
corresponding to realistic values for the Bay of Biscay sole (see table 5).

3. Application to the Bay of Biscay sole

3.1. Origin of data

Our model is general and flexible enough to be applied to any exploited
population as long as maturation occurs before recruitment. However, for
illustration purposes and also because the complexity of our model preclude
the derivation of analytical results concerning stability or yield optimisation,
we performed a numerical application.

In order to get numerical simulations somewhat realistic, we parameter-
ized our model on the ground of (i) published life-history parameters, and (ii)
stock assessment data, for the sole (Solea solea) in the Bay of Biscay. Sole is
a highly valued demersal species targeted by a number of fishing fleets in the
Bay of Biscay (Vigier et al., 2022) and is subject to a stock assessment by
the International Council for the Exploration of the Sea (ICES) on a yearly
basis (ICES, 2018).

All but two parameters where extracted directly from literature. Numer-
ical values of all the parameters used in simulation, with their origin and
meaning are presented in table 5.

The last two parameters p and w, which govern density-dependence, were
estimated based on ICES stock assessment results (ICES, 2018; table 7.10
p.277). The basic idea here is to fit a custom stock-recruitment relationship
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on data (see Appendix D for more details). To distinguish the effect of
intra-annual dynamics from the effect of density-dependence, pu and w are
reestimated at each change of A, and A,.. when assessing the sensitivity
of the system to these parameters. p and w values obtained for each pair
(Apnat, Avee) considered are given in tables 6 and 7.

3.2. Monthly dynamics and inter-annual equilibrium of abundance

Once the model is fully parameterised, it is possible on the one hand
to simulate the monthly dynamics with respect to equations (3-10), and on
the other hand to compute the theoretical inter-annual equilibrium vector
N*(Mpmat). Both the abundance time series and the equilibrium abundance
for each class are computed for the example of the sole of the Bay of Biscay
(figure 3). In this example, the dynamics converges to a stable annual cycle
represented by the inter-annual equilibrium N*(m,,,;) (in dashed horizontal
lines). The value of this equilibrium is expected to vary with model param-
eters (see Appendix E for variations of N:mat’ iR and of the sum of spawners
for Bay of Biscay sole as a function of F'; A, and A,..).

3.8. Sensitivity of MSY to timing of maturation and recruitment

The equilibrium yield of the sole of the Bay of Biscay is computed for a
range of monthly fishing mortality F' € [0;0.4] and is numerically optimised
as a function of F' to get the MSY. We assessed their sensitivity to A,,.; and
A,.. varying in a range shorter than 12 months, with A,,..; = 25,26,...,33
(i.e. between the first and ninth month of the year) and A,.. = 37,38, ..., 46.

First, it appears clearly that the value of M SY is much more sensitive to
variations of A, (ST = 0.98) than to A,.. whereas the position of Fjsy is
sensitive to both (S1 = 0.56 for A,,,;) as shown in figure 4a and 4b. In fact,
it appears that whereas M SY undergoes large variations when A,,,; or even
A,.. are varied, F);5y remains remarquably constant around F = 0.01.

When A,,,; only varies, the duration of immature phase and mature
unharvested vary (respectively in blue and black on figure 1). An increase
in A, translates into a longer period where individuals are submitted to a
large density-dependent mortality (empty arrows in figure 1) and a shorter
period of protection from fishing for adults. In this case, as represented in
figure 5a, MSY is maximum when A, equals 25, i.e. when the density-
dependent phase is short. An increase of one or very few months in A,
is sufficient to cause sharp reductions in yields and MSY. Fj;sy, on the
contrary, increases very slightly when A,,,; increases.
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Figure 3: Simulated asymptotic behavior of the structured model with a monthly time-
step, in both configurations (mmaet < Myee and conversely). Only the asymptotic abun-
dance is plotted with month time-steps from 900 to 1000 (¢ € [900; 1000]).The theoretical
inter-annual equilibrium at m = my,q: for each elements of N(m,y) is represented with
horizontal dotted lines on each subplot. Periodic repetition of month m,,; is represented
by vertical dotted lines. Parameters are set for the Bay of Biscay sole (see Appendix D
for parameterization details) and lags are set differently in each column: (a) A,q = 28
(i.€. Qmat = 2, Mpmat = 4) and Ayee = 44 (3.6 Grec = 3, Mpee = 8) 5 and (b) Ayer = 28
(i.e. amat =2, Mmar = 4) and Ayee = 38 (i.€. Grec = 3, Myee = 2).

18



0.8

0.6

SI

0.4

0.2

0.8

0.6

SI

0.4

0.2

0.8
0.7
0.6
0.5

—_

A 0.4
0.3
0.2
0.1

Ama,t
Parameters

(a) MSY

Arst:

I
Amat A'rec

Parameters

(c) Extinction surface

Ama,t Aren
Parameters
(e) MiRT

Interactions
= Main effects

Interactions
® Main effects

Interactions
® Main effects

SI

SI

SI

0.6

0.4

0.3

0.2

0.1

0.8

0.6

0.4

0.2

0.8

0.6

0.4

0.2

Interactions
® Main effects

Amut A"F’C
Parameters

(b) Farsy

Interactions
® Main effects

A mat A rec
Parameters

(d) Stability surface

Interactions
® Main effects

Amat A"F’C
Parameters
(f) FarirT

Figure 4: Sensitivity indices of parameters A,,q:, Ayee for different model outputs: (a)
MSY, (b) Fysy, (c) surface in the r x F plan as represented in figure 6 where the
population goes extinct, (d) surface in this plan where the inter-annual equilibrium is

unstable, (e¢) MiRT, (f) Farirr-
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Figure 5: Total annual yields at inter-annual equilibrium as a function of fishing mor-
tality (by month) and position of MSY when A,,.; and/or A,.. vary and the system is
parameterized for the sole of the Bay of Biscay. Coloured triangles correspond to MSY
(numerically solved) and different colours indicate different values of A, and/or A, de-
pending on the case: (a) Apqr vary and Ay, = 445 (b) Ay vary and A, = 28 ; (¢) both
At and A, vary and their difference is constant and equals 14 (A0 = 25,26, ..., 33

¢ Ayee = 39,40, ..,47).
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When A, .. only varies and the duration of the density-dependent phase
(in blue on figure 1) is kept constant. The only modification is hence on
the balance between unharvested adult phase and harvested adult phase
(respectively in black and red on figure 1). This translates into a modification
of the ability of fishing to modulate natural regulation of the population
which can be represented by the relative importance of red and black arrows
on figure 1.

As shown in figure 5b, an increase in A,.. is associated to a decrease in
M SY but much smaller than when A, is varied, as well as a slight increase
in Fysy and extinction mortality (i.e the smallest value of F' > 0 that brings
null yields because of extinction of the population).

When A,,.: and A,.. are varied jointly so that the mature unharvested
phase (in black on figure 1) is constant in duration, the general shape of the
curves obtained (figure 5¢) presents properties of the first two ones. On the
one hand, variations of MSY are large as when A,,,; only is varied, but on
the other hand we get an increase in extinction mortality that was observed
when A,.. only was varied.

3.4. Sensitivity of stability domain to timing of recruitment and maturing

The domain of viability and of stability of the population in the r x F
plan is also affected when A,,,; and/or A,.. vary, although the second one
has a much larger effect (figure 4c and 4d). Indeed, sensitivity index of A,
is of 0.95 for the surface of viability domain and of 0.96 for the surface of
stability domain in the considered section of r x F' plan, which means that
most of the variance in those surfaces are explained by variations of A,...

In the three cases investigated (variations of A, only, A,. only or
joint variations), population can be brought to extinction by increasing F' or
reducing r. Equilibrium can be destabilised by increasing r or increasing F/,
and F)gy always increase with r.

21



.AN‘“WA..

apqnisu

.nQMHUML\qmmmn...nmN

Kyipeyrow Surysig

(1) Aypuoody ynpy

— 1w

= U7) T sTenbe pue Jue)ST0D ST 0OUSIDYIP 1Y) pUR ATea 224y pue Uy j0q (9) ¢ gz = v
pue Area *?*y (q) ¢ pp = 224y pue Area Uy () oIe POIOPISUOD S9seD 99I) 9, ‘o[8uell) £o18 o1} Aq pojeoIpul st (G o[qe)
"f2) 910S I0J . JO oNTeA OYJ, " JO SoNTRA JUAISPIP 10] ASI,y oy) Jo uoryisod o1y sogeITpUT ouUT] Ysep o1y ‘A[reur -pued S oty
Ul A[[ROT)RUWBYDS POLIISIP 818 SOUOZ PojII[ep o], "WnLqinbe renuue
9T} ‘IOTYUOI] AJI[ICRIA AT} SOJRIIPUL SUI[ PI[OS 9} ‘OPRYS INO00d © 01 SUrpuodsorod Ired (724y ‘W) U0AIS © 10, 'O[0S ARSI
Jo Aeg o1} 10] 108 oIk siojoureIed IOYJO [[Y "AIRA 22437 10/pue Wy uoym oue[d .7 x . o) ur (uweyd o13 Jo uorpiod pojueserdal
o1]1 Jo uoryrodold e se passeIdxo) seorJINS POJRINOSSE [IIM ‘UTRWOP AJ[IqRIA PUR WNLIGIINDo [enuue-10jul Jo AYNIqeIS 19 0Im8I]

poxy 7ruy — 224y (0)

g
€€ T¢ 1€ 0€ 6T 8T LT 9T ST

TOTIOUNX e
A11qeIsuq ..

Aypeyow Jurystg
80 90 ¥0 TO 0

=

(1) Apuoody ynpy

paxy 224y (q)

991
v

oF St ¥¥ €F TF ¥ OF 6¢ 8¢ LE

UOTIOUNXH -
AIqesu) e

80

Aypeyow Jurystg

90

0

0

2
=]

2

=

T

(1) Krpuodoy ynpy

~I09UT O]} JO IOTYUOT] AYIIRIS ST[) SIYRITPUL OUI[ PIIIOP

paxy 224y (e)

wuy
€€ T 1€ 0€ 6T 8T LT 9T ST

SO0
10
.«
SI0 5
=g
.0
70 @
STo
TUOTOUNXT -a.r
A11qeIsu( .

Ayeyrowr urysig
80 90 ¥0 TO 0
ﬁ

s =
z  zZ
=1

(1) Arpuoosy Jnpy

T

22



427

428

429

430

431

432

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

451

452

453

454

455

456

457

458

459

460

461

462

463

464

In the first case (variation of A4, see figure 6a), viability frontiers are al-
most superposed and stability surface increases slightly when A,,,,; increases.
This quite surprising result suggests that a long immature phase has a stabi-
lizing effect on the population, probably a consequence of spreading in time
density-dependent processes (as illustrated in figure 1).

When A, .. only varies (figure 6b), as was seen before, an increase in A,
value increases the viability surface of the population. Indeed for a same
value of parameter r, a higher F' brings population to extinction when A,..
is high. Moreover, as was stated above, a difference of one or very few months
can have large consequences in terms of viability. This is especially true for
species with large values of r.

Variations of A,.. also have important consequences concerning the posi-
tion of the stability frontier. As with A,,,; variations, for a given r the value
of F necessary to destabilise inter-annual equilibrium is higher when A,.. is
high. This means that protection of mature individuals from fishing also has
a stabilizing effect on the population.

As was also stated before, the value of F);sy is quite insensitive to vari-
ations of A,,.+ and A,., especially when r is low. By superimposing curves
for Fisy with stability domain, we can see that MSY can in fact, at least
theoretically, be associated to an unstable i.e. non-sustainable state. How-
ever considering realistic values for r (of the same order of magnitude as the
sole of the Bay of Biscay, say 0.2M), it is clear that the population is much
more likely to become extinct than to get his equilibrium destabilised, given
the respective positions of the stability and viability frontiers (figure 6).

When A,,.; and A,.. are varied jointly so that the mature unharvested
phase is constant in duration (figure 6¢), differences with the pattern observed
for A, (figure 6b) concerning stability and viability frontier are small. How-
ever, differences exist on F);gy curves. By contrast to the pattern observed
for Ap,q variations only (figure 6a), they are interrupted when r is increased
beyond a certain threshold. This interruption is due to a modification of
the yield curve’s shape, the optimum being replaced by a plateau (see figure
E.11 in appendices). In this configuration the MSY strictly speaking (i.e.
the optimum) was always stable in the ranges of r and F' considered.

In difference equations models, it is well known (Ricker, 1954) that pop-
ulation stability can be visualised by plotting the stock-recruitment relation-
ship. In our model, the relation between the number of individuals par-
ticipating to reproduction (i.e the “stock”) and the associated number of
individuals entering the exploited portion of the population (i.e. the “recruit-
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Figure 7: Stock-recruitment relationship extracted from simulated time-series of the
model. Each black point represents an association of a given stock (number of mature
individuals at m,q;) with the corresponding recruitment (recruted inidividuals as defined
in our model) after a,.. years, at the same month m,,4:. Values are simulated by running
the model for 1000 time steps with 1000 initial conditions evenly distributed between a
stock of 10 and 10'° individuals. Equilibrium stock and recruitment are represented by
the red square. Different sets of parameters are tested: (a) model parameterised for sole
with Aye: = 28 and A, = 44, (b) same parameters but with p and w re-estimated for

Apee =46, r=15x 105, F =0.45 ; (c) same parameters but with p and w re-estimated
for Apee =42, 7 =15x10% , F =0.45
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ment”) emerges from density-dependent processes involving several classes of
individuals and occurring at different time-steps (see Appendix D for the
complete formulation of the relation between spawning stocks and associated
recruitment). However, it is possible to generate observations of recruitment
as a function of stock by running the model for a number of time steps with
different initial conditions.

When the model is run with realistic parameters for sole (figure 7a), which
corresponds to a region at the bottom-left of the parameter plan represented
in figure 6 (indicated in this figure by the grey triangles), the observed re-
lationship is monotonous and steadily increasing. It shows here no evidence
of decreased recruitment for high values of stock. Observations are roughly
arranged along a continuous curve which means that oscillations are quickly
damped.

When we move to a higher region of r x F' plan presented in figure 6,
with 7 = 1.5 x 10% and F = 0.45, we can observe more complex dynami-
cal behaviours, as well as the destabilisation of equilibrium with a decreased
Ayee. In the case where A,.. = 46 (figure 7b) for example, which corre-
sponds to a stable region of the parameter space (see figure 6b) there is a
concentration of points around the equilibrium value which indicates stabil-
ity of the latter, even if large oscillations are observed before stabilisation.
When A, .. is decreased from 46 to 42, we move from a stable to an unsta-
ble region of the parameter space (see figure 6b). Then, we can observe no
stock-recruitment pairs in the neighbourhood of the equilibrium (figure 7c)
which is a clear sign of destabilisation of the equilibrium. Instead, we get
very complex trajectories which indicate apparition of chaotic oscillations.

Although we observed that, especially for the two cases with increased
r and F, a single value of stock could be associated to a set of possible
recruitment values, we can recognise in the scatter-plots the apparition of
the typical dome-shaped stock-recruitment relationship when moving from
a very stable to a less stable and unstable region of the parameter space
(figures 7a-7c).

3.5. Sensitivity of the resilience to timing of recruitment and maturing

Resilience also is affected by intra-annual variations of A,,.; and A,...
Once again, the influence of A,.. is more pronounced than the influence
of Ay First of all it must be noticed that for most of the (Aar, Aree)
pairs considered, we had Fy;rr very close to 0 which means that resilience
generally decreased with increasing F. Values of MiRT were also largely
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insensitive to variations of A,,.; and A,... The very small variance of MiRT
was mainly explained by variations of A, (ST = 0.77) whereas the one of
Fryrirr was mainly explained by A,.. (ST = 0.85), as shown in figures 4e and
4f.

All resilience curves tended toward infinity when F' increased. We found
not much difference between resilience curves when A,,,; only was varied.
On the contrary, an increase of A,.. was associated to the vertical asymptote
moving to the right (figure 8b).

Combining the results to provide a biological interpretation for the Bay
of Biscay sole (with r supposed to be near 0.2M, see Appendix D for details
of parameters value), the loss of resilience observed when increasing r charac-
terises the approach of the viability frontier rather than the stability frontier.
The consequence of this observation is that it is possible to have population
weakly resilient even far from the stability frontier if the viability frontier is
near. Even when fishing at F);sy this situation is likely to be problematic
when F);gy is near from the frontier, e.g for species with low 7 or high A,,.;.

4. Discussion and conclusion

Our aim in this study was to investigate the effect of processes occurring at
intra-annual time scales on the amount and sustainability of long-term yields
from a population, and on the widely used reference point known as MSY.
We considered an idealised population submitted to three structuring pro-
cesses namely reproduction, maturation and recruitment and described using
a deterministic, structured dynamic population model in monthly discrete-
time. The main originality of the modelling approach relies on the particular
way we structured the population in order to (i) make the analysis tractable,
(ii) link intra-annual and inter-annual time-scales and (iii) to avoid resorting
to stock-recruitment relationship to represent the dynamics. Most modelling
approaches use structuring by age (Marchal et al., 2009; Tahvonen, 2009;
Doyen et al., 2012; Nielsen and Berg, 2014), by size (Bartolino, 2011; Lind-
strgm et al., 2009) or by stage (Zipkin et al., 2008; Wikstrom et al., 2012; Liz
and Pilarczyk, 2012). In our modelling framework instead, the classes of the
population are defined by combining age (in year), maturity and accessibility
to fishing characteristics. Thanks to this original structure we were able on
the one hand, to simulate month by month the evolution of the population,
and on the other hand, to resume the inter-annual dynamics to a first order
difference equation system. This interesting result enabled us to compute
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Figure 8: Caracteristic return-time to inter-annual equilibrium as a function of fishing
mortality (by month) when A,,,: and A,.. vary and the system is parameterized for
the Bay of Biscay sole. Different colours indicate different values of A4 and/or A,...
depending on the case: (a) Apqe vary and A, = 44 ; (b) Ayee vary and A, = 28
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analytically the inter-annual equilibrium and to assess numerically its stabil-
ity and resilience as a function of the model parameters. This is in our sense
one of the main innovation of our approach.

Application of the model was illustrated with parameters and data pub-
lished for the Bay of Biscay sole, although we stress that our model is gen-
eral and flexible enough to be applicable to any species whatever the ages
of maturation and recruitment. In our model, we hypothesized that recruit-
ment occurs after maturation but the reverse situation would constitute a
straightforward generalisation.

First, we found that yields curves shape was influenced by variations of
maturation lag A, and recruitment lag A,.. in different ways. The value of
MSY was more sensitive to A,,.; whereas viability, stability and resilience
were more sensitive to A,... In classical stock-recruitment modelling (Hilborn
and Walters, 1992), all processes occurring before the age of first capture are
synthesised into a single stock-recruitment relationship (Bjorkstedt, 2000).
The advantage of our model is to separate explicitly maturation and recruit-
ment as processes of different nature. As a matter of fact, maturation is a
strictly biological process on which no control is possible whereas recruit-
ment is in part dependent of fishing behavior and gear (Laurec and Le Guen,
1981) so that it could be considered as a control variable. Simulations of
the emergent stock-recruitment relationship in our model show that under
certain conditions, this relationship can be complex and a single value of
stock associated to a large number of potential recruitment values. These
oscillations must be a consequence of the separation of the stock into differ-
ent stages. Soudijn and de Roos (2017) found that adding juvenile stages
in a population model enhanced population cycles and made dynamics more
realistic in the sense that they approximated better a physiologically struc-
tured model. Exhaustive description of attractors associated to observed
oscillations, although interesting, is beyond the scope of this study. It re-
mains that this result outlines the interest of modelling explicitly life-history
processes occurring in the youngest stages of the population. However, it is
true that the most complex dynamical behaviours were obtained with values
of fecundity probably unrealistically high. With realistic values of param-
eters, these quantities would have been quite well described by a classical
stock-recruitment function.

In practice, for most exploited species, these information on maturation
and recruitment are known, if at all, on a yearly basis only ICES (2018)
and the specific uncertainty related to timing and duration of processes on
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intra-annual time-scales is generally ignored. The application of our model
to the Bay of Biscay sole is in line with other studies (Kokko and Lindstrém,
1998; Tang and Chen, 2004; Xu et al., 2005; Cid et al., 2014) concerning
the fact that intra-annual time-scales matter and that neglecting them can
lead to important errors. Here, we argue that timing of biological processes
and harvesting have different effects. With this example we show, on the
one hand, that ignoring intra-annual timing of maturation can have a large
impact on the computation of classical reference points such as MSY. On
the other hand, we found that the viability frontiers of the population was
sensitive to small variations in recruitment time. It is expected that these
aspects could be even more critical if the seasonality of fishing was considered
and F varied within the year as it is usually the case. Fortunately, the value
of Firgy was insensitive to variations in A, and A,.. so that the advice
for the population management at Fj;sy would not be much affected by
uncertainty concerning processes occurring at intra-annual time-scales.

The second aspect of our study was to quantify local stability of inter-
annual equilibrium as a measure of sustainability of yields drawn from the
population. There is a growing debate on whether the fish populations are
stable or not, and on the role of fishing on their destabilisation (Anderson
et al.,; 2008; Shelton and Mangel, 2011; Sugihara et al., 2011; Rouyer et al.,
2012). Our results support after other studies (Hsieh et al., 2006; Anderson
et al., 2008; Cid et al., 2014; Liz, 2017) the fact that single population’s
equilibrium can be destabilised by increasing fishing mortality, but only for
species with very high fecundity. When parameterised for the Bay of Biscay
sole, the value of parameter r required to effectively destabilise the inter-
annual equilibrium is too high to be realistic and the population is more likely
to become extinct than to have his inter-annual equilibrium destabilised.

Shelton and Mangel (2011) assessed the stability of a Ricker model pa-
rameterised for 45 exploited stocks and concluded that the presence of deter-
ministic cyclic or chaotic behavior in real stocks was very unlikely. Our re-
sults are consistent with this prediction even if differences with their findings
must be noticed. In particular, an important difference concerns the modi-
fication of the stability region when the time between birth and maturation
increase. In our model, the stability region increases when A,,,; increase, in
the sense that a higher F' is necessary to destabilise the inter-annual equi-
librium. In their study, on the contrary, the stability region decreases with
each year added between birth and maturation. The explanation of this dif-
ference must rely on the different hypothesis concerning density dependence.
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Indeed, in our model immature individuals’ mortality is made dependent of
adult abundance at each month and not only on the abundance at birth-time
as it is the case in Ricker model. Unfortunately, our model is too complex
to get an analytical demonstration of this difference.

Our results demonstrate that the MSY can theoretically imply an unsta-
ble inter-annual equilibrium. This is in line with results obtained by Kokko
and Lindstrom (1998). This eventuality was also known in predator-prey
models (Beddington and Cooke, 1982) and in single species with Allee effect
(Ghosh et al., 2014). Then we agree with Beddington and Cooke (1982) that
sustainability of M SY reference points should not be taken for granted but
we temper this view by saying that the risk to get an unstable M SY in the
mono-specific case is very low. However, even in case of a stable equilib-
rium, resilience measured by the return time to this equilibrium should still
be considered. Indeed, as stated Beddington et al. (1976), in some cases,
“perturbations may take so long to die away that effectively the populations
may never return to equilibrium within a biologically meaningful times-pan”.
Such a situation would result in the impossibility of managing properly an
exploited system.

Assessment of resilience in exploited populations is a topic of growing
interest among empirical (Britten et al., 2014; Mumby et al., 2016) and the-
oretical ecologists. Tromeur and Loeuille (2017) and Kar et al. (2019) inves-
tigated relationship between the objectives of resilience and yields in food
chains and found a RMY distinct from the MSY, leaving room for a trade-off
between these objectives. Lundstrom et al. (2019) also explored trade-offs
between yields and a number of conservation objectives including resilience
on two structured single population models. One of their key result is that
resilience is highly correlated with biomass loss, suggesting to use this met-
rics as a proxy for resilience in practice. This is in line with our observation
that return-time to inter-annual equilibrium increase dramatically near the
viability frontier. Here, we predict that in most real exploited populations,
resilience will be harmed by approaching this frontier due to a lowered equi-
librium biomass, rather than by getting in an unstable region of parameter
space. In the theoretical studies above cited, values of parameters were set
arbitrarily in an exploratory purpose and their authors found an optimum of
resilience corresponding to a non-zero value of fishing mortality. Here, with a
set of realistic parameters, we located this optimum at very low, although non
zero, values of F'. This would practically exclude some “win-win” situation
in which it would be possible to increase both yield and resilience.
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Previous works proposed to manage the trade-off between yields and re-
silience by acting on the distribution of effort on trophic level (Tromeur and
Loeuille, 2017; Kar et al., 2019) or on the stage development (juvenile vs.
adults) inside the population (Lundstrom et al., 2019). Our model is not de-
signed to answer these questions. Instead, we evaluated the effect of another
control parameter which is the timing of recruitment. In our application for
the Bay of Biscay sole, we found that variations in recruitment time had a
non-negligible effect on resilience curves although it did not affect much the
value and location of the optimum.

Our aim in this study was to propose a generalised and relatively simple
model to shade light on the effect of intra-annual time-scales in maturation
and recruitment processes which are of key importance in fisheries manage-
ment. Although we parameterised the model with published literature and
data concerning a real stock, this was on a qualitative and illustrative pur-
pose rather than to make quantitative predictions (i.e. to get possible rather
than exact values). We stress that our model is far too idealised to make
precise predictions and that available data are not designed for our model.

Our choice here was to formulate as simply as possible a model of density
dependence by cannibalism of adults on juveniles. Cannibalism is known to
be frequent in fish populations (Smith and Reay, 1991) including in highly
exploited stocks such as cod (Bogstad et al., 1994; Uzars and Plikshs, 2000).
Moreover cannibalism was at the core of development of Ricker historical
stock and recruitment theory (Ricker, 1954) and is a useful assumption in
the sense that it is the most straightforward process of over-compensatory
mortality. Other processes such as competition for food and space (Biro
et al., 2003) are known to potentially give rise to the same type of mortal-
ity. Rindorf et al. (2022) gave support to Ricker’s (1954) assumptions by
showing that most of exploited stocks undergo density-dependence before re-
cruitment and that overcompensation was more likely to occur in demersal
stocks such as the Bay of Biscay of sole. From a dynamical point of view,
over-compensatory reproduction curves with inter-stage density-dependence
are known to cause more complex behaviours. We were interested in stability
and resilience properties of the population equilibrium and for that reason
adopting a number of Ricker’s assumptions was a way of not restricting the
dynamical potential of our model.

This is to our knowledge the first resilience analysis on a single exploited
population subject to cannibalistic density-dependence, as well as the first
evaluating the effect of intra-annual timing of maturation and recruitment
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on resilience. Although we restricted ourselves to a particular case study
and made a number of assumptions that limit the generality of the presented
results, we stress that in future studies, the model could be modified in order
to address new questions while adopting a similar approach for structuring
the population in order to be able to study its dynamics easily as a first order
system. For example, instead of dealing with the case in which maturation
is separated from recruitment (what we did here), one could write another
slightly different model in which start of reproduction is separated from end
of density-dependent mortality. Alternatively, the reverse case where recruit-
ment occurs before maturation would be worth exploring given that it would
be verified in some species (ICES, 2018). All these extensions are permitted
by the conceptual framework presented in this study.

Moreover, in an operational purpose, one could be interested in expand-
ing this theoretical model to increase realism, at the cost of simplicity and
analytical tractability. A natural extension to it would be to add a representa-
tion of fecundity depending on length or weight of individuals. This function
would probably be species-dependent. Therefore, to maintain a broad scope
of conclusions, it would be necessary to explore a large panel of functions.
Also, the processes such as reproduction, recruitment and maturation were
considered instantaneous while they are likely spread over several months in
real populations. Finally other formulation for density-dependence including
form of functional response in the cannibalistic case could be tested.

More generally, the absence of consideration of process error (i.e. error
arising from under-specified models) limits the scope of our results. Here, we
presented some non-linear dynamics obtained assuming perfect knowledge of
the underlying mechanisms, but it remains true that non-linearities can be
enhanced in models containing process error when this error propagates in a
specific way (Anderson et al., 2008).

Our results suggest that ignoring intra-annual dynamics would result in
little error on F)sgy advice. However, we saw that small variations of the
recruitment time would have non negligible consequences on the fishing mor-
tality a population can support before extinction as well as on her resilience.
We recommend that the latter be taken into account in harvest management,
so that the sustainability of yields be guaranteed. A first step could be to
modify the Fygy-range framework (Hilborn, 2010; Rindorf et al., 2017) to
include resilience objectives to be attained aside from high enough yields.
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Table 1: Time and population structure notations.

Notation Interpretation

t Model time-step (expressed in months)

(m,y) Time-step expressed as a calendar time (month and year)

J Exact age of individuals (in months)

a Round age of individuals (in years)

d, d Density dependent/independent individuals (equivalent here
to immature/mature individuals)

h, h Harvested /unharvested individuals

AN Lag between birth and maturation (in months)

AV Lag between birth and recruitment (in months)

Amat Minimum round age of matured individuals (in years)

Qrec Minimum round age of recruited individuals (in years)

Mimat Month of the year at which maturation occurs

Myec Month of the year at which recruitment occurs

Merep Month of the year at which reproduction occurs (by construc-
tion, we always have m,., = 12)

N(t) Vector of the structured population at time ¢

N.(t) Number of individuals of class ¢ at time t. The class c is de-

fined by the intersection of groups of individuals of age a, im-
mature/mature individuals (d, d) and harvested /unharvested
individuals (h,h), e.g. N, 47(t) is the number of immature,
unharvested individuals of round age a,,q;-

Union of groups, e.g. (e,d,e) stands for the class of mature

individuals of all ages, whether or not they are harvested.
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Table 2: Model parameters and their interpretation

Parameter Interpretation

r Fecundity of mature individuals (number of eggs released in
a year)

1 Density-dependence factor

w Density-independent part of immature individuals’ mortality

My(t) Immature individuals’ mortality at time ¢

My Mature individuals’ natural mortality (assumed to be con-
stant)

Sa(t+1) Survival rate of immature individuals between time-steps ¢
and t + 1

San Survival rate of mature, unharvested individuals between
time-steps ¢t and ¢ + 1 (assumed to be constant)

San Survival rate of mature, harvested individuals between time-
steps t and ¢ + 1 (assumed to be constant)

F Fishing mortality by month (assumed to be constant)
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Table 4: Expressions of aggregated constants and auxiliary functions used in model devel-
opment. Sy, is the survival rate of mature, unharvested individuals. Sz, is the survival
rate of mature, harvested individuals. p and w are the two constants in immature indi-
viduals’ mortality function (2).

Number of spawners

W(Ng(1) = 2ai Naai(t) + ¢ No . ai(t) + 93 Nog, . an(t)

with

wl S;L;L‘ep Mmat 1/}2 — Smrec_mmatsgl}:ep Mrec ws — Trep_mmat

Expression of density-dependence, Vn € {1, 2}

(N (1) = Bu Su™ N, an(t) + 05 N an(t) + Ko Ne, . an(t)

with
/81 — Mzmmat_ mrepfmmat‘i’m Ky = [,L meat m'rep Mmat+m
d,h
mrep Mmat—1 m _ mrep mmat_ m
Ba= P01+ p D " dh Ry =K1+ )" Sin
mT‘ec Mmat Mmat—1 QMrep—Mrectm
0y = ST i sgh
Mrec—Mmat —1 m —m t mrep Myec—1 m
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Appendix A. Alternative case, when Mo > Myec

The same way we deduced system (17) from equations (3-10) for the case
when My, < Myee, we can deduce from the same equations the system E.1,
expressed in table E.8. As before, this system can be expressed as a first
order difference equation (see Appendix B for proof):

( NO,d,fL(mmaty Yy + 1) =To; o (MJ(mmata y)) e_gl(ﬂi(mmahy))

Nal,d,ﬁ<mmata y+1)=ay Na1—1,d,ﬁ(mmat, Y) g2 (Ha(mmary))

Nazﬂﬁ(mmata Y+ 1) =0 N (mmata y) (A1>
Namc,J,h(mmah Yy + 1) =X Narccfl,c?,fxmmata y)

N>arec,cf,h (mmata () + 1) =V N>arec,d h(mmatv y)
\ +v Narec,d h(mmat7 y)

withal =1, ..., tmar and a2 = Gpar+ 1, ..., Gree — 1, @ (N 4(¢)) the number
of spawners, &,(N;(t)) a density-dependence function. Here, we have :

Arec—1
D(Ny Y1 Y Noaa(t) +¥s [Noan() + Neg, o an(t)]

a=0mat

and

E(N (1) = B 0 Noan(t) +nn No,o—1.a(t)
+Kn [Namc,cz,h(t) + N>amc,cz,h(t)}
where
,’71 Smr6p+mrec_mmat meat Mrec— ]-Sm +Zmrec 1 mrep mmat+m]

My =4 o S

Smrep+mrec Mmat Smmat Mrec
d,h

are the same as in model (11) (see table 4 for full detail).
The inter-annual equilibrium is solution of :

is a constant and all other parameters
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740

741

742

743

744

745

746

747

748

749

750

751

752

753

N;matdﬁ(mmat) =ro agmat o (Mz_(mmat))
X 6_51 (ﬂg’(mmat))_amat 52(&2’(mmmﬁ))

*

N:Z,J,E (mmat) =0 NGQ_LJ’B(mmaQ

(A.2)
;Tecd7h(mmat) — X N:rec_]-,CZITL(mmat)
| Voo (mmar) = v [N;a% an(Mna) + N2 ()
with
N(mmar) = ¢ (N7, a5 (Monat)s Ny g (Ponar): N, Momat)s N2 (o))
and a2 = apar + 1, ..., Qree — 1.

Appendix B. Proof of result (11) and (A.1)

Expressions of systems (17) and (E.1) were deduced directly from the
month model represented by equations (3-10). To rewrite these two systems
as first-order difference equations systems we need to express:

1. No,J,o(mrep7y)
2. Hmmat Sd(m, Y + 1)

m=1

3. Hz:ﬁlmaﬁ_l Sd(m7 y)
as functions of N (myat, ).

Ezpression of Ny g¢(Myep, y)

For all y, we have: N, . i#(Mpep,y) =0and N, g, =0, Vy. Hence, if

Mumar < Meee, We get after equations (3-10):

Nedo(Myrep, y) = ZZ:;nat_s-l Na,Jﬁ(mrepv y) + Negyeosdh (Mrep, y)

_ Myrep —Mmat Arec—1 o
= Sia asamar Na,d i (Mmat, Y)
__ m —-m t Myrep—Mrec
+Noyee.dh(Mmats y) X Sgie™"" Sgy (B.1)

7 Mrep—Mmat
+N>arec,d,h(mmat7 y) X Sg,h

= U(Ng(mmar, y))
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754 Else, we get:

'rec_1
N%da'(m?“epv y) = Zgzamat+1 Na,ciﬁ(mrepv y) + N>a7.ec,ci,h (mrepa y)

Mrep—Mmat Qrec o
o SJ h a=amat Na,d,h(mmata y)

m'rep*mmat
+Narec,d h(mmata y) X S
X Smrep Mmat

+N>amc,d,h(mmat> y) d,h

= O(Ng(mmat,y))

w5 Expression of T[74" Sy(m,y + 1)
756 We have, for all y:

Mmat

I Sa(m,y+1) = emme e [Ne 0 (mrep )+t ™ Ny g o (may+1)]
m=1
with
N.7J7.<mrep, ) _|_ Zﬂ’bmat 1 (m y + 1)
= Napor, i (Mirep, ) + Dt "N, Noparan(m,y +1)
+Namaz+1,zi,ﬁ(mrepa y) + me‘” "N, Noppart1, Jﬁ(m7 y+1)
+
+Narec,J,B(mT€P7 ) + zmmat 1 arec,d h(m Yy + 1)
+Narec;d h(mreiﬂ ) + meat 1 arec,d h(m y + 1)
+N>aTeC,J,h(mT€p7 ) + meat 1 >amc,d h(m Yy + 1)
757 Moreover, after (3-10), we have for all y :
Mmat—1
Nappor @i (Morep, Y Z Nopardpn(m,y+1)=0
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758

759

760

761

and for all @ € {ama + 1, ..., Gpec — 1}:

Naﬂ,ﬁ(mrepy ) + meat ! adh(m y+ 1)

= Na dh (mrepa Y) szgt ' SZlnh

Mmat—1 va'ep —Mmat+m

= a—l,JJL(mmata y) Zm:(] J’fl
If myae < Myee we also have:

NareC7J7E(mrep7 ) + meat 1 arec,d h<m7 y + 1)

_ __ Mmat—1 Mrep—Mmat+m
- Namc—l,d,h (mmaty y) Zm:o SJ,E

Mmat—1

Narec,dh Mrep; Y Z Arec,d,h m Y+ 1) =0

and
N>arec,(z,h(m7‘ep7 ) + meat ! >aT‘€C7d_7h<m, y + 1)

Mmat—1 Sm'rep —Mmat+m

= N>arec7g7h(mmata y) Zm:() d,h

Mrec—Mmat Mmat—1 Smrep_mrec+m

+Namc,d h(mmat? y) d,h Em:Ol d,h

Else we have:

=

a'r'ec,JJl (mTEIN ) + meat 1 aru gﬁ<m7 y + ]‘)

Nyooai(Myep, y) + Som™ N, gr(m,y+1) +0

Mpec—1 Sm'rep —Mmat+m

Narecfl,cz,/_l (mmat> y) Zm:O d,h

Narec,&,h(mrepa y) + meat N, Noyoord p(m,y+1)
o O + sz’fa?ire]; arem h <m7 y + 1)
— Narec,J,h<mT€C7 y + 1) ZZmSt Mpec—1 S:inh

o o Mrep—Mmat+Mrec Mmat—Mrec—1 Qm
- Narec—17d7h(mmata y) Sd h Zm 0 Sd h
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762 and

mma 1
N>arec,li,h(m7'€p’ ) + Z o >arec,d h(m y + 1)

= Nog o @ (Mumats y) S ™ Syer ™o (B.11)

+N@rec,d?ib (mmat7 y) Zzzgtil Sg?}:ep*mmat“rm

763 By summing equations (B.4-B.5) and (B.6-B.8) if ma < Myee, or (B.4-
e B.5) and (B.9-B.11) otherwise, and injecting it into (B.3), we can rewrite the
s product of interest as:

Mamat a1 01(Ng(Mumat, ¥)) i Minar < Myee
I Satm.y+1) = (B.12)
m=1 aq gl (Mi(mmaty y)) else

76 see table 4 for exact formulation of ay, ¢; and &;.

w1 Bapression of [0 Sa(m,y)
768 Likewise, we can express [["* . Sa(m,y) for all y as:
Mrep L
H Sd(m, y) —e ¥ (rep—mmat) e H Z:fo:l;at No.d,0(m,y) (Bl?))
M=Mmat+1
with
St Nega(m,y)
= N, y) + 0 N, ai(m,y)
+
+ ere&mat Grec,d, h(m y) + Z:;n@refn_mlat Narecﬂ,h (m, y)
+ ZZ“,’;L,,; Sarec,d, (M, y)
760 For all a € {amat, - - -, Grec — 1}, for all y, we have:
m',-epfl mrep*mmatfl
> Nen(m,y) = Nyga(mmay) >, S (B.14)
M=Mmat m=0
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770 and

m»,-ep—l mrep_mmat_l
— N _ m
E N>arec,d,h(m7 y) = N>arec,d,h(mmat7 y) E Sczh (B.15)
M=Mmat m=0
m If mypar < mye. we also have, for all y:
Myep— Mrec—Mmat—1

1
> Neanmy)=Ne ai(mmay) Y. S;+0  (B.16)

M=Mmat m=0

772 and

1
szfnmat Narec,ci,h(mv y) = Narecﬂ,ﬁ (mmata y)

Mrec—Mma Myep—Mrec—1 m (Bl?)
<Sgh b 2nso St
73 Else we have: )
Myep—
> Nean(my) =0 (B.18)
m=Mmat
s and
mrep—l mrep_mmat_l
Z Na'rec;J,h (m7 y) = Namc,cz,h(mmab y) Z Sg?h (B19>
Mm=mMmat m=0

Hence, with notations exposed in table 4, we can write the double product:

Mrep Mmat Q2 P2 (Md_(mmata y)) Mmat S Myec

IT  Satmy) [] Satm,y+1) =

m=mmat+1

a2 &(Ng(Mumat, v)) else

75 Finally we get systems (11) and (A.1).

76 Appendix C. Jacobian of systems (11) and (A.1)

777 Let J*(Mmq) be the Jacobian matrix of system (11) at equilibrium.
78 J*(Mypqe) 1S written:
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779

781

782

0 Jo,a2 J0,arec J0,arect1

jal,O jal,aZ ,jatl,arEC jal,archrl
*
J (mmat) = (Cl)
0 Ja2t1a2 0 0
O 0 jarec+1yaTec jarec+1yarec+1
with al =1, ..., Gt 5 2 = Appaty - - - » Gree — 1 and:

Joaz = =7y [BLU (N5 (Mar)) — 1] e~ #1Egmman)
Joaree = =7 01 [0V (N (Mpar)) — U] e~ #1Eqlmmar))

: B ! i
J0,arec+1 = —T O [K1W(Mg(mmat)) — ¢3] e o1 (N5 (Mmmat))
jal al—1 = Q2 e_‘pQ(ﬂ}(mmat))

. ’ o - Ve .

Jal,a2 = —Q2 Ba N:kl,d,ﬁ(mmat) e—?2(N(mmat))

) B o

]al,arec - _042 02 N:lfl,d,]_l(mmat) e 502(7d( mat))

) B ; T

Jal,arectl = —Q2 Ko akl’dﬁ(mmat) o2 (N5 (mmat))

Ja2+1,02 = O

]Grec+17a7'ec = p
jarec+17arec+1 =V

For system (A.1), the Jacobian matrix at equilibrium is of the same gen-

eral shape but elements are instead:
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784

785

786

787

788

789

790

791

792

793

794

jO,aQ = —Troy [ﬁlcb(ﬂg(mmat)) - ¢1] e_gl(ﬂz(mmat))7 a2 7é Qrec — 1
J0aree1 = —T Q1 [m@(ﬂz_(mmt)) _ ¢1] e~ §1(N 3 (mmat))

jO,arec = —Tro [KIQ(MjZ(mmat)) - 77Z)3] eigl(ﬂj(nzmat))

Jo.arect1 = =1 01 [K1®(N (M) — ths] e~ Falmmar))

jal,al—l = Q9 e*fz(ﬂz%(mmat))

Jataz = =02 B N7 4 (Minat) =W (mmar)) @ ta -1
Jataree—1 = —02 12 N:1—1,d,ﬁ<mmat) e 62 (mmat))

Jalaree = —Q2 K2 Nsl—l,d,ﬁ<mmat) o—E2 (N5 (Mmat))

jal,arec+1 = —Q2 Rg Na1_17d7ﬁ<mmat) (& E2(7d( mat))

Ja2+1,a2 = O, a2 7é Qrec — 1
Ja2+1,arec—1 = X

ja'rec+17a7‘ec =V
jarec“‘lﬂrec‘i‘l =V

See table 4 for formulations of all the constants.

Appendix D. Estimation of parameters for the Bay of Biscay sole

Assume that all the model parameters are known except p and w. Here,
we aim at fitting a custom stock-recruitment relationship compatible with
our model formulation to estimate those parameters. In the case where A4
and A,e. verify my,q; < Myee, the population is governed by system (11). Tt
comes immediately from the formulation of the system that:

ah(Mmats Y 4 Amar +1) = 7oy ay™ U (N g(Mimar, y))
Xe_(Pl(ﬂJ(mmat,y ) (Dl)

xXe~ Z?;nflt P2 (Mg(mmat ,y—ﬁ-i))

Amat,

which is the number of newly mature individuals as a function of the set of
mature individuals of the a,,, years before.

To get the number of newly recruited individuals, we just need to take
into account the years between maturation and recruitment. We get:

Na7'eC7J7ﬁ<mmat’ ) + Arec + ]-) = Namaz,ciﬁ(mmat7 ) + Amat + 1)

Mrep (Arec 7amat)

><Sdh ( (D.Q)
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795

Let us pose: X3 =

% and X, = X5+ X2;X1

, where X,, = B, 0, Ky, (see

6 table 4 for computations of these constants), and let us define:

797

799

800

801

802

803

804

805

oly) =

63 ZZ:&;; Na,J,E(mmata y)
01 T e Na(Momar, y + 9)

+93 Narec,c?,ﬁ (mmata y)

(D.3)
+04 Zamat Narec,d h(mmata ) + Z)
+K3 N>areC,J,h(mmat7 y)
+’€4 zamat >arec,d h(mmat7 ) + Z)
then we can express:
Amat
@1 (M&(mmata y)) + Z 2 (MJ(mmatv Yy + Z)) = Mgﬁ(y) (D4>
i=1
Finally, with ajagm* = e« (mmatrtamatmres) e can write the custom
stock-recruitment relationship as:
Na Jﬁ(mmata Y+ Qrec + 1) =T U(amc*amat) v (Mj(mmata y))
e —p@(Y)—w (Mmat+amat Mrep) (D.5)
X e mat mat Tep

Conversely, in the case where A,,,; and A,.. verify my,q.s > My, the rela-

tionship to be fitted is:

N,

where

wé(y)

Arec,d,h (mmat7 Y+ Qrec + 1) =TX glaree=amar=1) (MJ(mmaty y))

Xe_ug(y)_w (Mmmat+amat Mrep) (D6)
= & (Nag(Mamat, v) + Y & (Nag(mimat, y + 1)) (D.7)
=1

Hence, one can estimate parameters p and w by non-linear regression for
any value of A,,4; or A, as long as sufficient data is available, assuming that
assessment is effectively made at m = m,,.;. The regression was performed
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Figure E.9: Number of mature individuals of round age a = amq: at equilibrium (m =
Mmat) as a function of fishing mortality (by month) when A, and A,.. vary and the
system is parameterized for the Bay of Biscay sole. Different colours indicate different
values of A, and/or A,... depending on the case: (a) A,uqe vary and A, = 44 ; (b)
Ayee vary and Ay,qe = 28 5 (¢) both A, and A, vary and their difference is constant
and equals 14.

using the nls function of R software, and repeated each time A,,,; or A,e.
was modified.

Estimations of parameters p and w for each combinations of A,,,; and
A, .. considered are given in tables 6 and 7.

NB: often, data for age ame < a < are are not available. In this case,
one can compute them by applying the right constant to the first known age
class. That is what we did for the Bay of Biscay sole (with a,ec — @mar = 1),

Nepee,d,h (Mmat,y+1)
g

considering that for all y: N, . 77(Mmat,y) =

Amat,

Appendix E. Supplementary outputs
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Figure E.10: Sum of reproducers at equilibrium at m = m,., as a function of fishing
mortality (by month) when A+ and A,.. vary and the system is parameterized for
the Bay of Biscay sole. Different colours indicate different values of A4 and/or A,
depending on the case: (a) Ayqr vary and Ayee =44 5 (b) Ayee vary and Ayqr = 28 5 (c)
both Ajqr and A,... vary and their difference is constant and equals 14.
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Figure E.11: Total annual yields at inter-annual equilibrium as a function of fishing mor-
tality (by month) and position of MSY when r varies, Ay,q¢ = 25 and Ay = 39 (all
other parameters being the same as in table 5). Coloured triangles correspond to MSY
(numerically solved) and different colours indicate different values of r.
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