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Résumé étendu en français 
 

Évaluation de stratégie de gestion pour la sole de Manche Est :  
une approche de gestion sous-incertitude. 

 
Introduction 
 
 La définition de la structure des populations est une étape fondamentale de 
l’évaluation et de la gestion des ressources marines (Kerr et al., 2016). Classiquement les 
stocks sont considérés comme des unités homogènes et isolées. Pour autant, ce cas de 
figure reste exceptionnel. Or, un décalage entre la structure des populations et les limites de 
gestion peut conduire à un biais dans la perception de la dynamique des populations, à la 
surexploitation d’un ou de plusieurs segments des stocks et à la diminution de leur producti-
vité, de leur stabilité et de leur résilience. Cependant, l’incertitude sur la structure des stocks 
et la mauvaise compréhension des conséquences d’un décalage entre structure de stock et 
limites de gestion empêche généralement toute évolution de la gestion.  
 Dans ce contexte, l’évaluation de stratégie de gestion (MSE) est une approche de 
modélisation permettant d’évaluer l’effet de stratégie de gestion dans un contexte 
d’incertitude sur la structure spatiale des stocks (Punt, 2015; Punt et al., 2001; Smith, 1994). 
Cette approche a été appliquée au stock de sole de Manche Est (zone VIId), un stock histo-
riquement surexploité pour lequel des indices suggèrent une forte structuration spatiale 
entre 3 subdivisions (UK, EastFR, WestFR - Du Pontavice et al., 2018; Lecomte et al., 2019; 
Randon et al., 2018 ; Rochette et al., 2012). 
 
Objectif 
 
 Cette étude cherche à évaluer la stratégie de gestion actuelle sur le court terme (10 
ans) pour différentes hypothèses de connectivité reflétant l’incertitude sur la structure du 
stock. 
 Pour compléter cette étude, des projections sur le long terme ont permis de tracer 
des courbes de captures à l’équilibre pour chaque modèle. Ces courbes apportent des élé-
ments complémentaires pour évaluer la stratégie de gestion actuelle. 
 Ces projections cherchent également à évaluer l’effet de la structure de stock sur la 
dynamique de la pêcherie. Dans le cas des projections à court terme, des scénarios alterna-
tifs se focalisant sur quelques paramètres incertains visent à identifier les principales 
sources d’incertitudes liées aux performances de gestion. 
 
Méthode 
 
 Cette étude s’appuie sur le modèle spatialement explicite ISIS-Fish combinant un 
modèle de dynamique de populations, un modèle d’exploitation et un modèle de gestion 
(Mahévas and Pelletier, 2004a; Pelletier et al., 2009a). En comparaison à une approche 
MSE classique, le modèle de dynamique de population et le modèle de gestion constituent 
le modèle opératoire, c’est-à-dire le modèle qui reproduit au mieux la pêcherie de sole.  Le 
modèle de gestion quant à lui reproduit le processus de gestion (i.e. l’évaluation de stock, le 
calcul du TAC et son implémentation dans la pêcherie). 
 
Modèle opératoire 
 
Dynamique de population 
 
 Dans le cadre de ce travail, une équation de recrutement a été intégrée au modèle 
de population sur la base des travaux d’Archambault et al. (2016). Elle reproduit les méca-



 

 
 

nismes de ponte et de dérive larvaires puis les processus de mortalité qui ont lieu dans les 
nourriceries (densité-dépendants ou non) lors des premiers mois de vie. 
 D’autre part, trois modèles alternatifs ont été paramétrés et calibrés pour 3 hypo-
thèses sur la structure du stock. Ils sont similaires en tout point sauf en ce qui concerne les 
paramètres densité-dépendants de l’équation de recrutement et les patterns de connectivi-
tés au stade adulte : 

- Le premier modèle cherche à reproduire l’hypothèse qui est faite dans l’évaluation de 
stock (1 population unique et homogène). Les soles adultes partagent la même aire 
de reproduction est se redistribue dans toute la zone VIId après la période de repro-
duction. 

- Le deuxième modèle est un modèle intermédiaire. Les soles partagent la même aire 
de ponte, mais retournent dans leur zone d’origine après la reproduction (homing). 

- Le troisième modèle reproduit le modèle développé par Archambault et al. (2016). La 
connectivité est nulle tout au long de l’année : les soles migrent vers la zone de 
ponte la plus proche et restent dans la même subdivision tout au long de l’année. 

Exploitation 
 
 Les flottilles françaises ont été modélisées de façon explicite dans le modèle ISIS : 
l’effort de chaque flottille (i.e. un groupe de bateaux ayant les mêmes caractéristiques : lon-
gueur, port d’attache, engins) est réparti dans l’espace, puis il est converti en mortalités par 
pêche desquelles on déduit les captures au pas de temps t et l’abondance au pas de temps 
t+1. 
 Les autres flottilles (i.e. les flottilles étrangères et les flottilles françaises trop petites 
pour être modélisées explicitement) sont modélisées de façon non explicite à travers un vec-
teur de mortalité aux âges qui se décompose dans le temps et l’espace au prorata des cap-
tures. 
 Les captures totales et des mortalités par pêche totales sont calculées en addition-
nant les captures et les mortalités par pêche associées aux deux flottilles. 
 
Stratégie de gestion 
 
 La sole de Manche-Est est gérée par un TAC unique. Il est calculé sur la base d’une 
règle de gestion s’appuyant sur des points de référence (une mortalité par pêche cible et 
une biomasse de précaution). Le modèle ISIS-Fish étant structurellement différent du mo-
dèle d’évaluation de stock, la mortalité par pêche cible (Frmd) a été recalculée à l’aide du 
modèle ISIS-Fish. 
 
Projections sur le long terme  
 
 Les modèles ont été projetés jusqu’à atteindre l’équilibre (40 ans) pour une gamme 
d’effort, l’effort étant maintenu constant tout au long de la simulation. Ces simulations per-
mettent de tracer les courbes de captures à l’équilibre. Elles sont exprimées en fonction de 
la mortalité par pêche à l’échelle de la zone VIId et en fonction du multiplicateur d’effort à 
l’échelle des subdivisions. On peut alors en dériver des points de référence, et notamment le 
Frmd pour la règle de gestion. 
 
Les critères de performances 
 
 Six critères de performance ont été sélectionnés pour évaluer la stratégie de gestion 
actuelle :  

- la SSB (biomasse féconde), les captures, la mortalité par pêche : ce sont des critères 
de performance absolue, ils renseignent du niveau prévisible de chacune de ces 
grandeurs sous chacune des hypothèses. 



 

 
 

- La SSB sur la SSB au RMD (rendement maximum durable), les captures sur le RMD 
et la mortalité par pêche sur le Frmd : ce sont des critères de performances relatifs 
qui renseignent de l’état du stock et du diagnostic d’exploitation. 

Analyse d’incertitude 
 
 L’analyse d’incertitude se base sur une analyse par scénarios : les simulations ont 
été lancées pour des valeurs de paramètres alternatifs reflétant l’incertitude sur ces para-
mètres. Elle s’est concentrée sur deux variables : la productivité des nourriceries (i.e. le re-
crutement) et la distribution des soles dans les zones ISIS-Fish. Pour le recrutement, 
compte tenu du nombre de paramètres incertains, nous avons limité l’analyse aux para-
mètres densité-dépendants, les paramètres les plus sensibles de l’équation de recrutement. 
 Les scénarios alternatifs ont été sélectionnées de façon à ce qu’ils encadrent les 
paramètres dans leur gamme d’incertitude. Lorsque la variable est plus complexe (i.e. la 
distribution des soles), les scénarios ont été sélectionnés pour qu’ils constituent des scéna-
rios crédibles mais bien distincts du cas de base. 
 
Résultats 
 
 Les projections sur le court terme n’ont pas été concluantes pour des raisons de 
constructions de modèle. 
 Malgré tout, que ce soit sur le long-terme ou sur le court-terme, la structure de stock 
a un effet sur la dynamique d’exploitation de la sole. De façon générale, les captures sont 
revues à la baisse lorsque la ségrégation est plus prononcée. Le diagnostic d’exploitation 
est plus pessimiste lorsque la connectivité est partielle alors que dans les deux autres cas 
les courbes à l’équilibre laissent penser que le stock serait pleinement exploité. D’autre part, 
il est probable que la subdivision UK aurait été surexploitée dans le cas où la ségrégation 
est totale ou partielle. 
 Pour ce qui est de l’analyse des scénarios alternatifs, à l’échelle de la zone VIId, la 
productivité des nourriceries et la structure de stock représentent les principales sources 
d’incertitudes. À l’échelle des subdivisions, la distribution spatiale des soles devient une 
autre source d’incertitude importante. 
 
Discussion 
 
 Si ce travail ne permet que de donner quelques éléments pour évaluer la stratégie de 
gestion actuelle, il met en évidence l’effet de la structure de stock sur l’exploitation de la sole 
de Manche-Est. Cette étude permet également d’identifier les principales sources 
d’incertitude de la performance de la stratégie de gestion à l’échelle de la Manche Est 
comme à l’échelle locale. Enfin, elle ouvre des perspectives en vue de l’évaluation de stra-
tégies de gestion alternatives. En effet, les projections sur le long-terme fournissent des 
points de référence pour chaque subdivision qui pourraient être utilisés pour évaluer des 
stratégies de gestion spatialisées ou pour construire des HCR spatialisés.  ISIS-Fish appa-
raît comme un outil de choix pour évaluer ces stratégies de gestion alternatives. 
 D’autre part, quelques modifications et ajouts devraient être apportés aux modèles 
afin de compléter les hypothèses sur la structure spatiale de la sole et de corriger la modéli-
sation des flottilles « autres » et du recrutement. 
 Enfin, compte tenu de la sensibilité des résultats à la structure spatiale ainsi qu’à la 
distribution dans le temps et l’espace de la sole, les prochaines études devraient s’appuyer 
sur une connaissance plus précise de la dynamique spatio-temporelle de la sole, en particu-
lier si l’objectif est d’évaluer la performance de stratégies de gestion (qu’elles soient spatiali-
sées ou non) à l’échelle locale.  

 



 

 
 

Abstract 
 

 Management Strategy Evaluation (MSE) provides a rigorous approach for evaluating 
management strategies in context of uncertainty on stock structure. Such methodology was 
applied to the common sole of the English Eastern Channel (ICES division: area VIId), a 
stock where evidences suggest spatial structuration of the population between 3 sub-areas 
but where uncertainties remain. Three ISIS-Fish models have been parameterized and cali-
brated to reflect uncertainty on stock structure (1 model with high connectivity among sub-
areas at the adult stage, 1 with null connectivity and 1 intermediate case). This study aimed 
to evaluate the current management strategy under the alternative hypothesis on connectivi-
ty. Long-term projections were run for plotting equilibrium curves and short-term simulations 
were run for evaluating the current management strategy. Both emphasize the effect of spa-
tial structure on exploitation dynamics. However short-term projections weren’t conclusive, 
current management entails local over-exploitation of the UK sub-area in case of intermedi-
ate and null connectivity and global overexploitation in case of intermediate connectivity. 
Uncertainty scenarios point out that recruitment and spatial structure are main sources of 
uncertainty and that sole distribution become another source of uncertainty at the local 
scale. Few modifications of ISIS-Fish models and a more accurate knowledge of sole spatio-
temporal dynamics may allow a finer modelling for further evaluations of the current man-
agement strategy and alternative spatial strategies. 
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1. Introduction 
 

1.1. Stock spatial structure and management issues 

 
A good understanding of population spatial structure and connectivity is critical for as-

sessing and managing marine resources. In stock management, it is traditionally assumed 
that stocks are discrete units with homogenous characteristics (same mortality, growth, etc.) 
and that adjacent stocks are isolated from each other (“unit stock assumption” - Secor, 
2014). However, such cases are exceptions rather than the rule (Kerr et al., 2016) leading to 
mismatches between stock limits and management boundaries. 
 

These discrepancies can introduce significant biases in assessment model outputs 
(Cadrin et al., 2019; Guan et al., 2013; Punt, 2019) and in resulting target values (Goethel 
and Berger, 2017). Such bias is even more pronounced when exploitation patterns and pop-
ulation segment productivity are contrasted (Cope and Punt, 2011). It can lead to over-
exploitation of less productive segments while under-exploitation of more productive ones 
and to a decrease in stock resilience, stability and productivity (Goethel et al., 2016). 
 
 However, in many cases stock spatial structure remains unknown or highly uncertain 
preventing the spatial management of marine populations (Goethel and Berger, 2017; Kerr 
et al., 2016). In other cases, although there are evidences of complex spatial structure, the 
lack of understanding of these phenomena and of their consequences, as well as their impli-
cations for fishing industry and the inflexible management process freeze any evolution of 
the management system and can impede fisheries in a non-sustainable situation. 
 
 In this context, Management Strategy Evaluation (MSE) provides a rigorous ap-
proach for evaluating consequences of mismatches between management unit boundaries 
and population spatial structure (Kerr et al., 2016). MSE is a simulation-based methodology 
which aims to assess the performance of management strategies regarding a set of perfor-
mance criteria and thus to identify the trade-offs among the management objectives for each 
strategy (Punt, 2015; Punt et al., 2001; Smith, 1994). Spatially explicit MSEs allow evaluat-
ing strategies in context of uncertainty on stock spatial structure by assessing strategy per-
formance for alternative stock structure configurations (Kerr et al., 2016).  Such methodology 
was applied to the English Eastern Channel (EEC) common sole, a stock where evidences 
suggest spatial structuration of the population within the management unit boundaries. 

1.2. Ecology of the English Eastern Channel Common Sole 

 
Common sole (Solea solea, Linnaeus 1758) is a benthic nursery-dependent flatfish 

distributed over the eastern Atlantic Coast from Senegal to southern Norway and along the 
Mediterranean rim (Carpentier et al., 2009). Its lifecycle includes 3 successive stages: a pe-
lagic stage (egg and larval life), a benthic stage in coastal and estuarine nurseries (juvenile) 
and an adult stage in deeper water (Le Pape, 2005). 

 
In the EEC, reproduction occurs between February and June reaching a peak in April 

and May (ICES, 1992). Spawning areas are located in the north of the EEC along the Bay of 
Somme and to a lesser extent along the Normandy Coast and the English coast (ICES, 
1992; Rochette et al., 2012). After spawning, eggs and larvae are transported for 7 weeks to 
nursery grounds (Figure 1) through hydrodynamic circulation and active tidal migration in the 
last development stages (Le Pape, 2005). After metamorphosis, juveniles stay in the same 
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nursery grounds for two years before migrating and mixing with the adult population 
(Koutsikopoulos, 1991 in Le Pape, 2005). Adults then participate each year to reproduction 
until being fished or die from natural death. 

 

 
Figure 1: Life-cycle of the EEC common sole (Veron, 2016). 

1.3. Exploitation and management  

 

The EEC common sole is a high value harvested fish exploited by French (~ 50 % of 
the landings), British (~ 30 %) and Belgian (~ 20 %) fleets (Figure 2 - ICES, 2018, 2017). In 
2016, it was the 4th most important landed species (Ifremer, 2018) in value. Besides, after 
restrictions on cod and skates (Ifremer, 2017), French fleets that target common sole have 
become dependent on this resource. 

 
Common sole is currently assessed and managed as one single stock through Total 

Allowable Catches (TAC) and technical measures (minimum landing size: 24 cm, minimum 
mesh size for beam trawling and otter trawlers: 80 mm, minimum mesh size for fixed nets: 
100 mm with an exemption to permit 90 mm - ICES, 2018). The stock has been over-
exploited since the 80’s and fishing mortality has remained above fishing mortality at maxi-
mum sustainable yield (Fmsy) oscillating around the fishing mortality limit (Flim - Figure 3). 
Recently, in response to the transition from the precautionary approach to the MSY ap-
proach, fishing mortality has decreased to Fmsy. However, stock spawning biomass (SSB) 
remains low and stock status is concerning as SSB is close to Blim (Figure 3). 

 
Furthermore, low recruitment (i.e. amount of fish added to the exploitable stock) 

since 2012 combined with the management strategy transition has led to a strong decrease 
in TAC which is hardly sustainable for the fleets relying on common sole (Ifremer, 2017). 
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Figure 2: Common sole landings (tons) by country in area VII.d from 1974 to 2017 (ICES, 2018). 

 
 

 
 

Figure 3: Summary of the stock assessment of Common Sole in division VII.d.  (ICES, 2018). 

1.4. Connectivity of the EEC common sole 

Connectivity and spatial structure of the EEC common sole have been investigated 
for the 3 main life stages. 
  
 For egg and larval stages, a larval drift model showed high larval retention within 3 
distinct areas suggesting low connectivity between them (Rochette et al., 2012 - Figure 4).  
 
 At juvenile stage, connectivity among nurseries is null as juveniles stay in the same 
nursery for 2 years (Koutsikopoulos, 1991 in Le Pape, 2005). 

  
 

Figure 4: 1-day egg density average distri-

bution over the spawning period. kriged 
map based on the data of the 1991 egg 
survey. Hatched areas: pebbles. Dashed 
lines:  limits of the three spawning sub-
areas deduced from the larval drift model 
(Rochette et al., 2012). 
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High uncertainty remained when considering adult stage. However, some recent re-
search outlined evidences of low connectivity between the 3 sub-areas (Du Pontavice et al., 
2018; Lecomte et al., 2019; Randon et al., 2018). 

 
Contrasts in life history traits suggested spatial structuration of the EEC common sole 

population. Du Pontavice et al. (2018) and Randon et al. (2018) highlighted spatial differ-
ences in growth parameters between the 3 sub-areas identified by Rochette et al. (2012). 
Besides, Randon et al. (2018) showed spatial asynchrony of density-at-age-time series be-
tween sub-areas suggesting isolation of the South Western sub-area from the others. 

When considering tag-recapture experiments, Burt and Millner (2008) and more re-
cently Lecomte et al. (2019) emphasised the low mobility of individuals and the relatively low 
migration rates between the subunits within area VIId, the North Sea and the Western 
Channel.  

 
Thus the hypothesis of metapopulation structure for EEC common sole appears 

more and more reliable (Archambault et al., 2016; Du Pontavice et al., 2018; Randon et al., 
2018; Rochette et al., 2012) and questions the entire management process including the 
stock assessment and the stock boundaries. Such mismatch could lead to overexploitation 
of stock segments particularly in areas where fishing capacity is important i.e the North East 
of EEC (Archambault et al., 2016; Du Pontavice et al., 2018; Du Pontavice et al., 2016). 

 
However, uncertainties on sole spatial structure remain and modifying management 

process and stock boundaries entail a long procedure before implementation (Kerr et al., 
2016). Thus, one step before revising the management strategy consists in evaluating cur-
rent management strategy while taking into account spatial structure uncertainty. In our 
case, we applied MSE approach with the spatially explicit model ISIS-Fish to alternative hy-
pothesis reflecting uncertainty on spatial structure: either high connectivity, partial connectivi-
ty, null connectivity. These simulations were run on the short-term (10 years) and integrated 
uncertainty on other spatial parameters (nursery productivity, sole distribution) through alter-
native scenarios. Such scenarios allow identifying the main sources of uncertainty and give 
another insight on the effect of spatial structure on strategy performance. To support and 
complete short term-projections, we computed equilibrium curves by projecting the model on 
the long term. Such supplement helps interpret short-term results and brings complementary 
elements to evaluate the current management strategy and to assess the effect of spatial 
structure on fishery dynamics. 

2. Materials and Methods 

2.1. MSE and the ISIS-Fish model 

Usually MSE combines: 
- an operating model which represents the 

best knowledge we have on population 
and exploitation dynamics. 

- a management model simulating the 
management procedures to be tested. 

- Both models communicate through the 
observation modules (‘monitoring data’ in 
figure 5) that mimics sampling programs 
or surveys and a management regulation 
that mimics the way management would 
be implemented. 
 

Figure 5: Conceptual overview of the 

management strategy evaluation mod-
elling process (Punt et al., 2016). 
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The ISIS-Fish framework (version 4.4.2.4) is a mechanistic model, spatially and sea-
sonally explicit with a monthly time step (Mahévas and Pelletier, 2004b; Pelletier et al., 
2009b). It was designed for evaluating management measures on fisheries and it combines 
a population dynamics module, an exploitation module and a management module. In the 
context of MSE approach and compared with figure 5, the population dynamics and the ex-
ploitation modules correspond to the operating model while the management module was 
used to mimic the stock assessment process and corresponds to “management strategy”. 

 
 Recently, Lehuta et al. (2015) have developed an ISIS-Fish framework for the EEC 
mixed fishery. It was extended to consider alternative population structures for common sole 
population and a recruitment equation linking abundance of year y to recruits of year y+1. 

2.2. Operating model  

2.2.1. Biological module 

 
The population dynamics is stage-structured (ages 1 to 11) and reproduce major bio-

logical processes in order to model the species life cycle in time and space (migration, 
growth, reproduction and recruitment). 
 

2.2.1.1. Population abundance and biomass 
 
ISIS-Fish biological equations are based on abundance by year, month, area and 

age group. They are spatial versions of the classical survival equation. At time step  , in zone 
    , abundance-at-age a (           ) is a function of abundance-at-age of the previous 

time-step (         ), natural mortality at age (   = 0.1), fishing mortality-at-age (              – 

fishing mortality proper to ISIS-Fish, Cf. 2.2.2.) in      , migrations (         ) and, in Janu-

ary, change of stage (     ) and recruitment (       ) (Formula 1). Change of stage, migra-

tions, reproduction and recruitment occur instantaneously at the beginning of each time step 
and mortality processes occurs throughout the time step (Figure 6).  

 

 
Figure 6: Chronology of processes underlying the simulation model (Mahévas and Pelletier, 2004b) 

 

 
                                                                                          

 
 

 
  
 

 
 
 
 

(1) 

Survival rate Abundance-at-age at time step t in zone zpop after 

recruitment, migrations and change of stage  
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Total biomass ( ) and SSB are computed by combining abundance (  ), weight-at-
age (  ) and maturity ogive (    ) through the formula (2) and (3): 

 

         
  
                                                        

  
     

 
Abundance is distributed in population zones (    ) through migration rates. Popula-

tion zones were built on the basis of the Atlantis model developed by Girardin et al. (2018 - 
Figure 7). ISIS-Fish model distinguishes two kinds of functional zones: nursery zones and 
reproduction zones (see Appendix I). 

 
Figure 7 : Main habitats in the Eastern Channel as identified by Girardin et al. (2018) for the EEC Atlantis model 

and corresponding ISIS polygons (black boxes) (Lehuta et al., 2015). 

 
 

2.2.1.2. Recruitment equation: from spawning to adult stage 
 
 The recruitment equation was implemented using the relationship and the parame-
ters’ estimates from the life cycle model developed by Archambault et al. (2016). This model 
links abundance in January of year y to recruitment of year y + 1 through deterministic and 
stochastic processes. Only the deterministic processes were considered in the ISIS-Fish 
model and are described beneath (Figure 8). 
 

In year y and in each sub-area r, the amount of eggs spawned (     - Formula 4) is 

computed as the combination of abundance-at-age a (      ) of the mature individuals 

(    ), the proportion of female in the population (    - formula 5) and the fecundity of 

each individual (       – Formula 6) depending on his weight (    ). 

 

                       
     

 

 

                     
                           

 
                            

 
 

 
Eggs and larvae are then attributed to each nursery through a larval drift matrix 

(      ) which allocates individuals to nurseries according to probabilities (i.e. probability of an 

egg spawned in sub-area   to reach nursery sector i and to settle – Formula 7). Those prob-
abilities were derived from the larval drift model developed by Rochette et al. (2012). 

 

(2) (3) 

(4) 

(5) 

(6) 
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Settling larvae (     - post-larvae) then experience post-settlement density-dependent 

mortality (Iles and Beverton, 2000). Such mortality is modelled through a nursery specific 

Beverton and Holt relationship (formula 8) with   the nursery,    the maximum survival rate 
(the survival rate without density dependence),    the carrying capacity per unit of surface 

(the maximum number of age-0 juveniles that can survive per unit of surface) and   , the 
nursery surface (Table 1). Juveniles then experience a constant natural mortality (formula 9) 

from September to December and reach age-1 in January (        ). 

 

        
       

   
  

     
     

 

 

 

                             

 
 
Age-1 juveniles stay one year in nurseries and experience the same natural mortality 

as adults (0.1). At age 2, individuals leave nurseries and migrate to reproduction zone mixing 
with the adult population. 
 

Natural mortality at age 0 differs in the Life-cycle model (2.6) and in the ISIS-Fish 
model (0.1 – based on stock assessment). Consequently, life-cycle recruitment is approxi-

mately  12 (          times higher than stock assessment recruitment and, on average, 17.56 
times higher than recruitment used in ISIS-Fish calibration (i.e. recruitment from the 2015 
stock assessment between 2008 and 2014 – ICES, 2015). Thus, we rescaled recruitment 

obtained through the life-cycle equations applying a correcting factor (    = 1/17.56) to fit 
with the recruitment used in calibration and stay in the range of calibration of recruitment 
when projecting the model (Appendix II). 

 
Table 1: Parameters value for survival rate, carrying capacity and surface of nurseries from 
Archambault et al. (2016) 

 Survival rate Carrying capacity (1000 fish/km
2
) 

Surface 
(km

2
) 

 1 single population 3 populations 1 single population 3 populations 

UK-West 0.41 0.22 120 82 1650 

Rye 0.5 0.48 370 220 504 

Somme 0.24 0.34 110 160 1680 

Seine 0.11 0.14 190 110 967 

BdV 0.25 0.22 200 130 320 

 

(7) 

 

(8) 

 

(9) 
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Figure 8: Diagram of the recruitment process based on Archambault et al. (2016)  

 
2.2.1.3. Migrations, connectivity and spatial structure: alternative models 

 
At the adult stage, each year is divided in two seasons: 

- the reproduction season between February and June: soles concentrate in 
breeding areas.  

- The foraging season between July and January: soles scatter and redistribute 
among ISIS polygons based on UK-BTS data (Appendix III). 

 
3 alternative models have been parameterised and calibrated to reflect uncertainty 

on spatial structure of the EEC common sole at the adult stage. Each one of the three mod-
els seeks to reproduce the EEC common sole life cycle in space and time. They are similar 
in all respects except concerning the hypothesis on adult migrations and length-at-age rela-
tionships (Figure 9). 

 
(1) The first model (H1 – “1_population”) reproduces the stock assessment hypothe-

sis. EEC common sole is structured in one single population and there is no segregation 
between sub-units at the adult stage. Soles share the same spawning area and redistribute 
in the entire area VIId after reproduction. 

 
(2) The second model (H2 – “mixing_subpopulations”) simulates a single stock but 

add segregation between the three subpopulations. As for the first model, soles share the 
same spawning area but each individual come back to its native sub-area after reproduction 
(homing). Connectivity only concerns reproduction period. In this case, there is 1 single pop-
ulation (soles share the same reproduction zones) divided into 3 mixing sub-populations 
(Kerr and Goethel, 2014). 

 
(3) The third model (H3 – “3_populations”) fits with the alternative stock structure hy-

pothesis retained in Archambault et al. (2016) and divides the EEC common sole in three 
distinct populations. In February, sole groups in the nearest spawning areas and in July after 
reproduction, soles remain in the same sub-area. In this case, connectivity is null throughout 
the year. 
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1_population 

 
 

Mixing_subpopulations 

 
 

3_populations 

 
 
Figure 9: Diagram of alternative stock structure hypothesis.  
Blue: EastFR. Green: UK. Red: WestFR. Circles: spawning zones. Points: soles. Arrows: migration patterns of individuals. 

When points and arrows are black, soles are not related to any sub-area.  When they are coloured, soles can be related to one 

sub-area (i.e. segregation) and the color of the figure corresponds to the area they are related to. 
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2.2.1.4. Model calibration and adjustments 
 

Each model was calibrated on catchability-at-age to reproduce French catches at the 
scale of area VIId between 2008 and 2014. Recruitment and fishing mortality from the 2015 
stock assessment were used to force recruitment and fishing mortality between 2008 and 
2014 of other fleets (Cf. 2.2.2.1.). 
 

As calibrated catchability-at-age (Cf. 2.2.2.2.) underestimated fishing mortality (Ap-
pendix IV), they were rescaled by a factor 1.5 to increase fishing mortality while reproducing 
catch and abundance (Appendix V).  

2.2.2. Harvest module 

 
The exploitation module is based on fishing effort and reproduces harvest processes 

at the fleet scale (i.e. set of vessels sharing the same characteristics), each fleet practising 
several métiers (i.e. combination of target species, a zone and a gear) throughout the year 
(Pelletier et al., 2009b). The exploitation zones correspond to the ICES delimitations. 
 
 

2.2.2.1. Fleet, métier and strategy definition 
 

In the first model EEC ISIS-Fish model, French vessels were grouped into 17 fleets 
based on the gear they used (either netters, bottom trawlers, mixed trawlers or dredgers), 
their mean length and their home region (Lehuta et al., 2015 - see Appendix VI). Those 
fleets are explicitly modelled, and harvest processes are described in the following section. 
They are referred as strategy thereafter. 
 

Other vessels (British and Belgian fleets and segments of fleets too small to be ex-
plicitly modelled) were grouped into another fleet called “Other fleets”. They are modelled 
through a seasonal and spatial mortality vector applied at each time step (Figure 10 – Ap-
pendix VIII). 

 
 

2.2.2.2. From fishing effort to total fishing mortality 
 

Fishing effort (                    ) of a métier (   ) belonging to one strategy (     ) at 

time t in the entire area VIId is expressed as a function of fishing time (                      ), 

number of vessels in strategy       practising the métier     (                          ) and 

a standardised unit of effort per hour (                           ) (Formula 10). Standardised 

unit of effort per hour depends on the number of fishing operations per day, the number of 
gears used in one fishing operation and on a standardisation factor (Formula 11 – see Ap-
pendix VII). 
 
                                

                                                                                         

 
                                       

                                                                           

 

(10) 

(11) 
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Effort per métier is then distributed uniformly over the exploitation grid cells where the 
métier is practised and reallocated to the corresponding population zones. 

Fishing mortality of the population    , an age class  , at time step   for the métier 
    belonging to the strategy       is then computed through the formula 12: 
          
                                       

                                                                                        

 
where : 

-                                is the standardized effort in population zone     . 

-               is the selectivity of the gear (gear-dependent factor).  

-                        is the target factor. It quantifies the strength with which the pop-

ulation is targeted by a métier. 
-        is the catchability-at-age: the probability that a fish is caught by a standardized 

unit of effort (gear-independent factor). This is the estimated parameter in calibration. 
-                             is the ISIS fishing mortality. Here, fishing mortality is a result of 

the combination of gear dependent and independent factor at the scale of each popu-
lation zone. It is not strictly speaking the same as stock assessment fishing mortality.  

 
ISIS fishing mortality is then summed over strategy and métier in each zone to compute 

abundance for the next time step in zone zpop and corresponding catch.  
 
Fishing mortality of French fleets are computed by solving numerically Baranov equation 

with French catches over the current year, abundance in January and fishing mortality relat-
ed to other fleets (Formula 13).  

 
Catch of other fleets can be computed based on the related fishing mortality vector de-

composed in time and space following the proportion of catch among quarters and sub-
areas (Appendix VIII – Formula 14). 

 

        
      

               
                              

 

           
              

 
  

       
  
                 

 
  

     
          

  
  

               
 
  
 
       

With: 
        : Age group. 
        : Year. 

        : Month.  
             : French catch-at-age. 

       : Fishing mortality at age of French fleets. 

   : Mortality at age. 

      : fishing mortality at age of other fleets. 
        : Catch proportion of other fleets in sub-area r for the quarter of the month  . 

     : Biomass at the beginning of the time period (here, in January). 
 

  
  

 

  
 : factor for converting mortality in            or in year-1 to        . 

 
Yearly fishing mortality of French fleets and of other fleets are then summed for compu-

ting total fishing mortality (  ).     is the average total fishing mortality between age 3 and 

age 7. Total catches (    ) are computed by summing French catch and catch of other fleets 
on the full year (Figure 10). 

 

(13) 

(12) 

 

(14) 
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2.3. Management Strategy 

2.3.1. Estimation method 

 
The management model here consists in the computation of annual TACs based on 

current stock status and reference points. In our case, the stock status is directly derived 
from ISIS-Fish outputs. Thus, compared to figure 5, “monitoring data” and “estimation meth-
ods” are very simple as catches, abundance, biomass, SSB, etc. were considered known 
without error. 

2.3.2. Harvest Control Rules and reference points 

 
Common sole in area VIId is currently managed through a typical ICES Harvest Con-

trol Rule (HCR - Formula 15).  This HCR assumes that fishing mortality and SSB are availa-
ble each year. It can be formulated as: 
 

 

                               

             
   

           
                   

  

 
Such HCR requires two reference points: 1 MSYBtrigger and 1 Fmsy. The Stock as-

sessment provides these reference points (respectively 19 251 t and 0.256 - ICES, 2018). 
However, the stock assessment model is structurally different from the ISIS-Fish model and 
reference points of both models may differ. Thus, we derived the Fmsy proper to ISIS-Fish 
model from long-term catch curve (Cf. 2.4. and 3.1.) of the model “1_population”. Applying 
the Fmsy from “1_population” to other models (“mixing_subpopulations” and 
“3_populations”) is equivalent to managing a complex population as if it was one single pop-
ulation, a more and more credible situation (Cf. 1.4.). 

 
MSYBtrigger comes from the stock assessment of 2015 (MSYBtrigger = 8 000 t - IC-

ES, 2015). 

2.3.3. TAC computation and catch limitation 

 
Each year, TACs were computed through the formula 16: 
 

       
          

             
                              

  

   

 

 
 

 Where            
        

   
        with         the fishing mortality defined by the 

management plan,    is the natural mortality,      the abundance-at-age and    is the 

mean weight at age  . 
 TAC is then distributed between French fleets (57 %) and other fleets. We assume a 
perfect implementation of landing obligation and thus when French fleets reach the catch 
limit, they stop fishing. As other fleets are not explicitly modelled, we assumed they catch the 
remaining TAC and we computed corresponding fishing mortalities at age for the next year 
through the Baranov equation assuming a constant age structure for catches. 
 

 

(15) 

 

(16) 
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2.4. Long-term projections: equilibrium curves 

 
Equilibrium curves for SSB and catch were computed by projecting each model until 

equilibrium (40 years) for a range of effort multiplier (0 to 4 with a step of 0.05) and by ex-
tracting sum of catches and mean SSB of the last year’s simulation. Long term catch and 
SSB were computed at the scale of area VIId and at the scale of subdivisions. 

 
At the scale of area VIId, we will talk about “global” equilibrium curves. In this case, 

long-term catch and SSB can be expressed as a function of fishing mortality (Cf. 
3.1.1.).  

At the scale of subdivision, we will talk about “local” equilibrium curves. In this case, 
fishing mortality over year cannot be computed in “1_population” and “mix-
ing_subpopulations” as yearly catches in 1 sub-area are constituted of soles coming from 
other sub-areas (as there is connectivity between sub-areas). Thereby, biomass in January 
in 1 sub-area cannot be related to catches over year in the same sub-area except in model 
“3_populations” where connectivity is null throughout the year. Thus, at the subdivision 
level long-term catches and SSB are expressed as a function of effort multiplier for all 
three models (Cf. 3.1.2.). Nevertheless, fishing mortality reference points were computed 
for model “3_populations” and appear in part 3.1.4. 

 
For integrating uncertainty to long-term projections, we projected models considering 

either low or high recruitment parameters in each nursery (for more detail see part “uncer-
tainty analysis” – Cf. 2.6.2.1.). Such outputs figure in Appendix XII but do not appear in the 
body of the report. 

2.5. Performance statistics 

 
The performance of the management scenarios were compared through absolute 

and relative performance criteria at the scale of area VIId and at the scale of subdivisions 
(Table 2). 
 

Table 2: Table of performance criteria 
 

Absolute performance criteria Relative performance criteria 

Catch 
Catch / MSY 

Catch maximization indicator 

SSB 
SSB / SSBmsy 

Stock status indicator. 

F 
F / Fmsy 

Exploitation status indicator. 
(Only at the scale of area VIId) 

 
Absolute performance criteria allow comparing predicted levels of catch, SSB and 

fishing mortality for the 3 alternative stock structure hypothesis. Relative performance criteria 
provide indicators of stock status or exploitation status and evaluate each strategy regarding 
their capability to reach the reference points. 

 
F / Fmsy was only computed at the scale of area VIId as it is impossible to compute 

fishing mortality at the subdivision level when there are exchanges between subdivisions 
(“1_population” and “mixing_subpopulations” – Cf. 2.4.). 
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To take into account exchanges between sub-areas, criteria on biomass consider the 
average SSB over the year and not the SSB in January. 
 

2.6. Uncertainty analysis 

2.6.1. Selection of variables 

 
Many parameters act on the population and exploitation dynamics of an ISIS-Fish 

model (Lehuta, 2010). In our case, some are well documented and reliable estimates exist in 
literature. This is the case for growth (Du Pontavice et al., 2018; Randon et al., 2018), tram-
mel net selectivity (Madsen et al., 1999) and ISIS-Fish exploitation parameters such as 
standardization factors and target factors (Lehuta et al., 2015). 
 

Other parameters like natural mortality (ICES, 2018) or selectivity of bottom otter 
trawl, beam trawl and set gillnets have been poorly studied (Obsmer data). They have been 
fixed arbitrarily in this study because only little data is available and fixing uncertainty around 
these parameters would be arbitrary as well. 
 

Finally, some parameters are highly uncertain, but the literature or scientific surveys 
provide estimates of these parameters with related uncertainty or credible alternative scenar-
ios. This is the case of recruitment (Archambault et al., 2016) and sole spatial distribution 
(UK-BTS data). We focused on these parameters as they are key variables of population 
dynamics while being spatial variables. It allows assessing the effect of other spatial varia-
bles compared with effect of stock structure and then identifying the main sources of uncer-
tainty. 

2.6.2. Selection of parameters' modalities 

  
 Uncertainty was integrated to simulation by selecting alternative scenarios for each 
parameters of interest. As uncertainty is explored through discrete parameters, we adopted 
a full simulation design and we limited the number of simulations because of simulation time 
constraints (one simulation can last 15 minutes to 1 hour depending on the model). 

 
2.6.2.1. Recruitment 

 
A sensitivity analysis conducted on recruitment equation outlined the sensitivity of re-

cruitment to carrying capacity and survival rates of nurseries (Figure 11 - Table 3); we re-
tained these two parameters in the uncertainty analysis. 

 
Archambault et al. (2016) provide posterior distribution of these two parameters for 

each nursery. For time constraints reasons, recruitment in each sub-area takes only 2 mo-
dalities in short-term projections:  

- Medium: carrying capacity and survival rates equal the mean of the posterior distribu-
tions in each nursery of the sub-area. 

- Low: carrying capacity and survival rates equal the quantile 10 % of the posterior dis-
tributions in each nursery of the sub-area. 
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Figure 11: Sensitivity indices conducted on recruitment equation for a range of abundance multiplier (1 to 3 step 

= 0.1). 
 
 
 

Table 3: modalities of recruitment equation parameters selected for the uncertainty analysis. 
 

Parameters Modality Sources 

Carrying capacity 

Base case: mean of the posterior dis-
tribution 

Archambault et al., 2016 
Alternative scenarios: quantile 10 and 
quantile 90 of the posterior distribution 

Survival rate 

Base case: mean of the posterior dis-
tribution 

Archambault et al., 2016 
Alternative scenarios: quantile 10 and 
quantile 90 of the posterior distribution 

Mortality-at-age 0 

Base case : 1,5 
Archambault et al., 2016  

Rochette et al., 2013 Alternative scenarios: brackets of +/- 
20 % 

Fecundity 

Base case: function from the report of 
fecundity of sole and plaice 

ICES, 1992 
Alternative scenarios : brackets of +/- 
20 % 

Larval drift 

 Base case: mean over last 3 years 

Rochette et al., 2012 
Alternative scenarios: 4 alternative ex-
treme cases from the larval drift out-
puts (for more details see Appendix IX) 

Age structure  
(abundance-at-age and weight-

at-age) 

Base case: mean over the time series 
ICES, 2015 Alternative scenarios: data of the year 

where either maximum or minimum 

Maturity ogive  before and after benchmark ICES, 2015 ; ICES, 2018 
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2.6.2.2. Spatial distribution 
 
In ISIS-Fish EEC, years are divided in two seasons: the reproduction period (sole 

gather in reproduction zones) and the foraging season (soles distribute in ISIS polygons fol-
lowing UK-BTS data - 2.2.1.3.). Larval drift matrix relies on soles distribution during repro-
duction period. Thus, modifying soles distribution in this period would be inconsistent with 
the larval drift matrix. Then alternative scenarios only focus on distribution during foraging 
season which are based on UK-BTS data. 

UK-BTS survey provides spatial abundance indices for each year since 1989. The 
base case for projection is the mean distribution of sole between 2008 and 2014. As alterna-
tive scenarios, we selected two years (1990 and 2001 – Figure 12) where sole distribution in 
ISIS polygons was clearly distinct from the base case. To select these scenarios, we made 
an ACP on soles distribution in ISIS polygons based on UK-BTS data (Appendix X). 

 

 

Figure 12: Sole distribution among ISIS polygons.  

Boxplot: full dataset. Blue points: distribution based on 1990 UK-BTS data. Red points: distribution based on 

2001 UK BTS data. Violet points: distribution based on the mean of UK BTS data between 2008 and 2013. Poly-

gons with related numbers appear in Figure 13. 

 

 
 
 

Figure 13: ISIS polygons number 
with related sub-areas. 
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2.6.3. Simulation design 

 
For short-term projections, 3 sets of 24 simulations (full simulation design with 8 re-

cruitment scenarios and 3 spatial distribution scenarios) have been run over the period 
2008-2018 to evaluate the performance of the current management strategy under the 3 
hypothesis on spatial structure. 

2.6.4. Interpretation of simulation plan outputs 

 
The selected alternative scenarios allow evaluating a credible range of uncertainty for 

performance metrics according to nursery productivity and spatial distribution of sole. Fur-
thermore, such approach allows quantifying the effect of spatial variables (stock structure, 
soles distribution and nursery productivity) on strategy performance through sensitivity indi-
ces and then identifying the main source of uncertainty among variables. 

 
Linear models used to compute sensitivity indices follow the general formula: 
 

                                                                   
 
 With: 
  : All performance criteria. 
                : The effect related to stock structure (i.e. the 3 models). 

        : The effect related to recruitment in EastFR (either high or low). 
       : The effect related to recruitment in WestFR (either high or low). 

   : The effect related to recruitment in UK (either high or low). 
             : The effect related to soles spatial distribution scenarios (base case, 1990, 
2001). 
             : All two-way interactions. 
 

Note that the selection of alternative scenarios strongly differed: 
- Migration rates scenarios are plausible scenarios based on UK-BTS survey data  
- Recruitment scenarios bracket the credible range of uncertainty.  

 
Furthermore, recruitment parameters vary among models: “1_population” and “mix-

ing_subpopulations” do not have the same recruitment parameters values as 
“3_populations” (Table 1). Thus, sensitivity indices must be interpreted with cautious. They 
only provide a quantitative way of looking at variability in outputs for a better understanding 
of the effect of spatial variables on strategy performance and for identifying the main sources 
of uncertainty. 
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3. Results 

3.1. Long-term projections: Equilibrium curves. 

3.1.1. Area VIId  

 
Figure 14: Catch equilibrium curves at area VIId scale.  

Points: Statu quo situation (effort multiplier = 1). Colored square: reference points. 

 
A for any equilibrium catch curve, for each model long-term catches increase when 

fishing mortality increases until reaching a maximum (Fmsy, MSY) and then decreasing 
(Figure 14). However, all three curves differ indicating that spatial structure affects long-term 
yields. 

 
At the scale of area VIId, long-term yields  decrease when segregation is sharper : 

compared to “1_population” model, MSY is 1.15 times lower in case of “mix-
ing_subpopulations” and 1.35 lower in case of “3_populations”. 
 

Regarding fishing mortality, Fmsy are equal in “3_populations” and “1_population”. 
On the other hand, Fmsy is 20 % lower in “mixing_subpopulations”. Moreover, when fishing 
mortality reach greater value than Fmsy, the curve is steeper than in the two other cases. 
This can be interpreted as if “mixing_subpopulations” was more sensitive to fishing pressure 
(long-term catches decrease sooner and faster) than “1_population” and “3_populations”. 
 

When looking at the status quo situation (black dots on figure 14), “1_population” and 
“3_populations” are under-exploited ; Fstatu.quo is 20% lower than the corresponding Fmsy 
while in “mixing_subpopulations” sole appears fully exploited (Fstatu.quo = Fmsy). 

 
Long-term curves for SSB figure in Appendix XI. 
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3.1.2. Sub-areas  
 

 
Figure 15: Catch and SSB equilibrium curves as a function of effort multiplier at each subdivision scale (multE = 

1: statu quo situation). 

 
At subdivisions scale, differences between models are more contrasted (Figure 15). 

When comparing sub-areas, maximum yields remains between 1000 and 1500 tons in the 
WestFR segment and between 500 and 750 tons in the UK segment. Long-term catches are 
more sensitive to stock structure hypothesis in the UK segment: in “1_population” and “mix-
ing_subpopulations”, catches are higher than in any other sub-areas (local MSY is up to 
1500 tons) while they are lower in “3_populations” hypothesis (MSY = 859,55 tons). Thus, 
depending on stock structure hypothesis, long-term catches distribution among sub-areas 
differs (Figure 16). At Fmsy, in “1_population” and in “mixing_subpopulations”, EastFR, UK 
and WestFR gather respectively 40%, 50 % and 10% of long-term catches while in 
“3_populations” they gather 50 %, 30 % and 20 % of long-term catches.  

 

 
Figure 16: catch distribution among areas under the alternative stock structure hypothesis (F = Fmsy). 

 
Moreover, fishing effort multipliers at local MSY (and thus exploitation status) vary 

among sub-areas and among hypothesis (Figure 15). In all hypothesis, EastFR and WestFR 
segments appears under-exploited (multE(MSY) > 1). For EastFR sub-area, multE at local 
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MSY is 15 % higher than the status quo situation (multE = 1) in “mixing_subpopulations” and 
50 % higher in models “1_population” and “3_populations”. For WestFR segment, fishing 
multiplier is 2 times higher than the status quo situation in “1_population” and 
“3_populations” and 1.15 higher in “mixing_subpopulations” case. Conversely, UK segment 
appear fully exploited in “1_population” and 20 % over-exploited in “mixing_subpopulations” 
and “3_populations”.  
 

When comparing models at the subdivision scale, EastFR long-term catch curves  
are fairly similar in “1_population” and “3_populations”. “mixing_subpopulations” shows lower 
long-term catches: local MSY is 20% lower than in the 2 other models. 
 

UK catch equilibrium curves show even higher contrasts. Local MSY is the highest in 
“1_population” model (1907,49 tons) and is the lowest in “3_populations” model (859,55 
tons) with “mixing_subpopulations” being an intermediate case (1634,57 tons).  

 
 For WestFR segment, long-term catches are higher when considering 3 distinct 
stocks (648,37 tons) than 1 population (510 tons for both other models). Moreover, this 
segment appears more robust to fishing effort in “1_population” than in the two other cases 
as the curve after MSY is flatter and multE at local MSY is higher (2.15 versus 1.80 for 
“1_population” and 1.15 for “mixing_subpopulations”). 

 
 

3.1.3. Differences in long-term catch can be related to differences in recruit-
ment parameters and connectivity patterns. 

 
Explaining contrasts in long-term catches is more qualitative than quantitative. They 

can be related to differences: 
- in recruitment parameters between models (nursery productivity varies depending on 

stock structure hypothesis – Table 1 and Appendix XIV). 
- in connectivity patterns among sub-areas. 

 
For example, UK nursery carrying capacity is 2 times higher in case of total segrega-

tion at the adult stage which seems to explain the higher MSY of UK segment in case of 3 
distinct stocks compared to other hypothesis. 

 
However, for EastFR segment, Somme carrying capacity may be 45 % higher in 

“3_populations” than in “1_population”, long-term catches are nearly similar. In “mix-
ing_subpopulations”, consistently with recruitment parameters differences, they appear 30 % 
lower on average. 

 
Only connectivity patterns explain such differences: as there are no exchanges be-

tween sub-populations in “mixing_subpopulations”, other sub-populations will only supply the 
EastFR sub-area during the reproduction period (February to June). Thus, catches in 
EastFR subarea during foraging season will only rely on the EastFR sub-population and on 
corresponding recruitment parameters. As nursery productivity in the EastFR segment is 
lower in “mixing_subpopulation” compared with “3_populations”, long-term catches in 
EastFR are lower on the whole year. Conversely, in “1_population” other sub-areas supply 
the EastFR segment before and after reproduction and thus long-term catches are higher. 
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3.1.4. Summary of reference points 
 

Table 4 summarizes all the reference points derived from equilibrium curves. They 
were used in the management strategy and in the computation of performance criteria. Note 
that the sum of local MSY is slightly higher than global MSY (in “1_population” 1.5 % higher, 
in “metapopulation” 0.8 % higher, in “3_populations” 3.6 % higher). It suggests that manag-
ing 3 distinct populations as one structured population with one TAC is slightly suboptimal. 
 

Local long-term catches as a function of fishing mortality for “3_populations” model 
appears in Appendix XIII. Long-term catch differences have been outlined previously. Be-
sides, fishing reference points vary among areas: Fmsy is two times higher in EastFR than in 
UK and WestFR. It suggests that a spatial management strategy would allow a more accu-
rate management of sub-populations in this case for slightly higher yields. 
 
 
 
 
 

Table 4: Summary of the main reference points at the scale of area VIId and at the scale of 
each subdivision. 

 

Model Area 
MSY 

(tons) 
Bmsy 
(tons) 

Fmsy 
(year-1) 

1_population VIId 3800.52 11360.16 0.423 

Mixing_subpopulations VIId 3296.88 12606.84 0.339 

3_populations VIId 2824.19 9243.26 0.423 

1_population EastFR 1440.34 3221.50  

1_population UK 1907.49 5738.52  

1_population WestFR 509.15 1431.11  

Mixing_subpopulations EastFR 1179.72 3153.79  

Mixing_subpopulations UK 1634.57 5832.40  

Mixing_subpopulations WestFR 508.34 3355.05  

3_populations EastFR 1418.22 2639.47 0.393 

3_populations UK 859.55 3717.97 0.238 

3_populations WestFR 648.37 2585.25 0.219 
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3.2. Short-term projections : evaluation of the current strategy 

 

3.2.1. Area VIId 
 

 
Figure 17: Performance metrics of the current management strategy at the scale of area VIId.  

Black points: base case. Black lines: uncertainty range. Red points: reference points. Blue line: fishing target. 

 
In ISIS-Fish, exploitation model is built so that effort can decrease but not increase. 

As effort multiplier at fishing target (multE = 1.25 and F = 0.42 year-1) is higher than the effort 
multiplier to status quo (multE = 1 and F = 0.34 - see Appendix XI), the exploitation model is 
unable to reach fishing target and thus fishing mortality remains to F = 0.34 year-1 in each 
case (Figure 17). 

Moreover, SSB and catch show high range of uncertainty making difficult the inter-
pretation of results. However, few points stand out. 

 
 “1_population” and “3_populations” are under-exploited as fishing mortality is ¾ of 

corresponding Fmsy (0.42). Consequently, SSB is 40 % higher than SSBmsy and catches 
are 10 % lower than MSY in each case. 
 

On the other side, by chance, “mixing_subpopulations” is fully exploited (F/Fmsy = 1). 
Consequently, SSB is close to SSBmsy (SSB/SSBmsy = 1.1) though catch remains under 
MSY (Catch/MSY = 0.88). 

 
As with catch equilibrium curves (Cf. 3.1.1.), catches seems to decrease when seg-

regation is sharper. When considering the base case, catches are 10% lower in “mix-
ing_subpopulations” than in “1_population” and 20% lower in “3_populations”. 
 

In case fishing mortality reached target values (F = 0.42 year-1), “1_population” and 
“3_populations” would be fully exploited (Ftarget equals Fmsy) while “mix-
ing_subpopulations” would be over-exploited (Ftarget is 30 % higher than Fmsy). 
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3.2.2. Sub-areas 
 

 
Figure 18: Absolute performance criteria at subdivisions scale.  

Black points: base case. Black lines: uncertainty range. Red points: reference points. 

 
 
 
 

 

  
Figure 19: Relative performance criteria at subdivisions scale. 

Black points: base case. Black lines: uncertainty range. 
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As any model met the fishing target and because of high uncertainty range, results at 
the subdivision scale aren’t valuable (Figure 18, Figure 19). Nevertheless, it remains that 
local performance metrics differ among sub-areas and stock structure hypothesis and that 
absolute and relative performance criteria do not give the same insight on strategy perfor-
mance. 

 
In WestFR, catch remains around 500 tons in each case and SSB is 30 % higher in 

“3_populations” than in other models. However, stock status is more contrasted as SSB / 
SSBmsy is 2 times over 1 in “1_population” and “3_populations”, compared with “mix-
ing_subpopulations” where SSB / SSBmsy equals 1. In the first case, WestFR segment 
could be more exploited even though catches wouldn’t be much higher (Catch / MSY = 0.9) 
while in the second case WestFR segment is almost fully exploited (SSB / SSBmsy = 1 and 
Catch / MSY = 0.9). 
 

Catches in UK sub-area contrasts with WestFR. Catches as SSB are 50 % lower in 
“3_populations” than in the two other models. These differences can be related to long-term 
catches curves: for the UK sub-area, “1_population” and “mixing_subpopulations” long-term 
catches are 2 times higher than “3_populations” long-term catches (Figure 15). However, in 
all cases, exploitation status is the same: this segment seems almost fully exploited as SSB / 
SSBmsy = 1.1 and catch / MSY nearly equals 0.75 in “1_population” and “mix-
ing_subpopulations” and 0.9 in “3_populations”. Increasing fishing mortality would probably 
mean decreasing SSB out of SSBmsy. In this case, UK segment diagnostic would be more 
worrying. 
 

Finally, catches in EastFR segment remain around 1250 tons while SSB in 
“metapopulation” is 60 % lower than in “1_population” and 25 % lower than in 
“3_populations”. However, in all cases, stock status remains the same as SSB / SSBmsy 
equals 1.5 and catch / MSY vary from 1 in metapopulation to 0.9 in the other cases.  
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3.2.3. Sensitivity indices: effect of spatial parameters 
 

Table 5: sensitivity indices for performance criteria at the scale of area VIId and at the scale 
of subdivisions. 
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 At the scale of area VIId, performance metrics are mainly sensitive to the hypothesis 
on spatial structure and recruitment parameters (in all cases they explain more than 80 % of 
total variability). Recruitment parameters effect are ordered as follows in each case: 
WestFR, UK, EastFR. This is mainly a consequence of the choice of the recruitment alterna-
tive scenarios. We selected the brackets of credibility intervals of recruitment parameters of 
each nursery. Thereby, as credibility intervals are higher in WestFR nurseries compared to 
UK or EastFR (Appendix XIV), related sensitivity indices are higher. 

Stock structure appears as another sensitive factor. It is one of the main factor (SI > 
0.15) when regarding catch and SSB criteria and it is the main factor when regarding fishing 
mortality. It can be related to differences in recruitment parameters and connectivity patterns 
at the adult stage. Thus, stock structure appears as a high source of uncertainty on strategy 
performance. 
 

Besides, there are several small interactions between nursery carrying capacity and 
stock structure hypothesis. When summed, related sensitivity indices are generally between 
0.05 and 0.1. This is probably a consequence of differing recruitment parameters between 
models’.  It could also be interpreted as a contrasted effect of nursery productivity among 
hypothesis: each nursery modality doesn’t have the same effect following the stock structure 
hypothesis. For example, one nursery productivity parameter could have more effect in 
“1_population” than in “metapopulation” and “3_populations” because of connectivity differ-
ences. 
 

When regarding local performance criteria, Stock structure and nursery productivity 
remain important factors, but they do not appear systematically as main effects (i.e. SI < 
0.1). Furthermore, they are ordered differently: among nursery productivity effects, the main 
effect corresponds to the sub-area nursery productivity and then to other nursery productivi-
ty. 

Moreover, two new effects come out: sole spatial distribution (‘migration rates’) and 
the interaction between stock structure and sole spatial distribution. 

As sole proportion in each sub-area varies in each distribution alternative scenario 
(Appendix X), logically catches and SSB are highly sensitive to this variable at subdivisions 
scale. 

The interaction shows that sole distribution effect varies across stock structure hy-
pothesis. This is the consequence of connectivity patterns: as in “1_population” sole redis-
tributes in the entire area VIId while they return to their home area in “mix-
ing_subpopulations”. Thereby, redistribution of biomass is completely different among hy-
pothesis, affecting both SSB and catches at local scale. 

Although these processes do not affect catch and biomass at the scale of area VIId 
but they can be detected at the subdivision level and they constitute another source of un-
certainty at this scale. 
 Surprisingly, WestFR SSB and catch criteria only depend on WestFR productivity 
or/and on state of nature. Particularly, WestFR catch criteria only rely on WestFR nursery 
productivity. There seems that whatever the stock structure, catch in WestFR mainly relies 
on recruitment and then stock structure doesn’t have major effect on yields in this sub-area. 
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4. Discussion 

4.1. Effect of stock structure on long-term exploitation dynamics: main out-
comes and perspectives 

 
Our results outline the effect of stock structure on the long-term dynamics of the EEC 

common sole at the scale of area VIId or at the scale of subdivisions. Besides, equilibrium 
curves provide a new insight on sole local and global dynamics. 

 
At the scale of area VIId, long-term catches is affected downwards when connectivity 

is sharper. At the scale of sub-areas, long-term yields vary depending on stock structure 
hypothesis. Particularly, the UK segment is strongly affected by connectivity patterns. Con-
sequently, proportions of catches in each sub-area vary following the hypothesis. 

 
Finally, stock status is slightly affected by spatial structure. At the scale of area VIId, 

“mixing_subpopulations” is fully exploited while the 2 other models are under-exploited. At 
the subdivision scale, UK sub-area appears overexploited or fully exploited while EastFR 
and WestFR appear under-exploited.  

Surprisingly, at the scale of area VIId, in any case common sole appear underex-
ploited while the 2015 stock assessment indicates a worrying exploitation diagnosis, F being 
higher than Fpa between 2008 and 2014 (Appendix XV). This can be explained by an overly 
optimistic stock-recruitment relationship compared to stock assessment projections and 
probably also to the way other fleets are modelled (Figure 10 - Cf. 4.2.3.). 

 
These contrasts result from differences in connectivity patterns and recruitment pa-

rameters. Thereby, ignoring spatial structure would mean ignoring a factor impacting long-
term yields and, to a lesser extent, exploitation status, two key variables of fisheries man-
agement.  

 
Long-term projections integrating uncertainty on growth or recruitment could contrast 

our results (Appendix XII). Moreover, the effect of spatial structure on reference points re-
mains poorly studied (Goethel et al., 2016), and further study could focus on the sensitivity of 
long-term yields to some key variables (including spatial variables). 

 
Furthermore, each subdivision shows a proper local MSY and stock status at local 

scale differs. It suggests that a spatial strategy could provide a more accurate management 
of common sole. Goethel et al. (2016) emphasized some spatial strategies in context of spa-
tial complexity. Managing the stock through spatial HCRs appears as the most straightfor-
ward option. The life cycle model (Archambault et al., 2016) provides necessary reference 
points while accounting for connectivity at young stages and at the adult stage. However, 
profit of such strategy compared to current strategy looks small as the sum of local MSY is 
only few percent higher than global MSY (Cf. 3.1.4.). 

Determining the optimal distribution of fishing effort may be another option. Only few 
studies focused on this issue (Goethel et al., 2016; Le Quesne and Codling, 2008; Okamura 
et al., 2014; Wilberg et al., 2008). Such method must account for distribution of fishing effort 
in time and space in relation with population spatio-temporal dynamics. This last variable 
remains highly uncertain (Cf. 4.2.1.). Nevertheless, VMS (Vessel Monitoring System) data 
offer new opportunity to infer on fish spatio-temporal dynamics at a precise spatio-temporal 
scale (Kerr and Goethel, 2014). Further research may enable estimating an optimal alloca-
tion of effort and then corresponding spatial reference points (Goethel et al., 2016). As effort 
distribution play an important role in management strategy efficiency, this issue is of interest 
and the ISIS-Fish model provides a suitable framework for conducting these researches.  
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Finally, local reference points were computed by projecting the models for a range of 
effort multiplier assuming a constant effort multiplier throughout the simulation. However, 
when there is connectivity between sub-areas, abundance and catches in one sub-area 
depend on abundance and catches in other sub-areas. Thus, long-term yields and SSB in 
one sub-area rely on long-term yields and long-term SSB in other sub-areas. It means that 
local reference points are conditional to catches and SSB in other sub-areas. Therefore, 
determining local reference points as we did appears artificial in the cases “1_population” 
and “mixing subpopulations”. The only way to compute local reference points that maximize 
yields at the scale of area VIId, is to project each model for triplets of effort multiplier (1 effort 
multiplier for each sub-area) and to identify the one that maximizes yields. Nevertheless, 
these curves constitute a first step for estimating spatial reference points and, in future 
research, appraising spatial harvest control rules. 

4.2. Evaluation of the current management strategy and of the main sources 

of uncertainty 

 
 On the short term, although projections were not conclusive, some valuable out-
comes can be noticed. 
 

4.2.1. Comment on performance criteria  

 
First, as reference points vary across each hypothesis, absolute and relative perfor-

mance criteria do not give the same vision of strategy performance. While absolute perfor-
mance criteria predict a credible range for key values of exploitation dynamics, relative per-
formance criteria provide information about exploitation status.  

For example, at the scale of area VIId (Figure17), catches and SSB decrease when 
segregation is sharper while remaining in the same range of uncertainty. When considering 
relative performance criteria, catch / MSY remains at the same level (0.8) while stock status 
(SSB / SSBmsy) is more concerning in “mixing_subpopulations” than in two other models. 
Thereby, absolute and relative criteria give contrasted but complementary insights of each 
situation because of contrasted long-term dynamics. Thus, the computation of reference 
points specific to each model appears as a necessary step when evaluating management 
strategy for alternative stock structure hypothesis. 

 

4.2.2. Management diagnosis 

 
As fishing target is not met, we do not observe any catch limitation in short-term pro-

jections and performance criteria are more optimistic than expected. Thereby, no conclusion 
can be made for management purposes from performance criteria. 

Nevertheless, if the fishing target was met, “mixing_subbpopulations” would be glob-
ally overexploited as fishing mortality would be over Fmsy. Catch and SSB would be lower 
and they would be further from reference points. In the two other cases, SSB and yields 
would be closer to reference points. 

At the subdivision scale, SSB in UK area would pass under SSBmsy while catches 
would decrease. This sub-area would appear overexploited (especially in model “mix-
ing_subpopulations”). Predicting results in other sub-areas seems more difficult as there 
remains a big difference between SSB, catch and corresponding reference points. 
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4.2.3. Sources of uncertainty 

 
In our case, the uncertainty analysis is more a quasi-quantitative analysis than a rig-

orous statistically based analysis. Such method is appropriate for eliminating management 
actions that are likely to perform poorly (Hill et al., 2007). However, as the management rule 
was not implemented effectively, highlighting such situation has little interest. 

 
It remains that crossing all alternative scenarios through a full simulation design ena-

bles computing sensitivity indices. These indices quantify the effect of each factor on per-
formance criteria and help determine the main sources of uncertainty. Moreover, as alterna-
tive scenarios focus on spatial parameters, this analysis provides another insight on the ef-
fect of spatial structure on strategy performance. 

 
At the scale of area VIId, stock structure and nursery productivity appear as the main 

sources of uncertainty. However, sensitivity indices related to stock structure must be con-
trasted as recruitment parameters vary among models. Consequently, these indices reflect 
both differences in connectivity patterns and in recruitment parameters value. 

 
At the scale of subdivisions, migration rates (i.e. sole distribution) combined with 

connectivity patterns appears as another major source of uncertainty. The effect related to 
migration rates result from the varying proportion of sole in sub-areas following the distribu-
tion scenarios. The interaction between stock structure hypothesis and sole distribution re-
flects the contrast in redistribution patterns between models: soles spread in the entire area 
VIId, come back to their native sub-area or stay in the same sub-area. 

Thereby, when looking at local performance criteria, new sources of uncertainty ap-
pear in addition to nursery productivity and stock structure. Thus, evaluating strategy at local 
scale appears highly uncertain as more complex and uncertain processes (like distribution of 
soles) become more important and are added to other highly uncertain variables (recruit-
ment). 

 

4.2.4. Choice of alternative scenarios 

 
The choice of uncertainty scenarios remains questionable. First, we only focus 

recruitment uncertainty on density dependent parameters because they are the most 
sensitive parameters in recruitment equations. Other less sensitive parameters remain 
uncertain (larval drift matrix, natural mortality at age 0). They are arbitrarily fixed in this study 
as they are less sensitive than density-dependent parameters. However, this is debatable as 
some sensitivity scenarios were arbitrarily fixed too (Table 3). 

 
Second, we choose alternative distribution scenarios with a had-oc method: we use 

an ACP on UK-BTS data to isolate distinct distribution scenarios (Figure 12, Appendix X). 
Such method allows evaluating if another credible spatial distribution would affect 
management performances; But it does not allow a rigorous way of assessing spatial 
distribution uncertainty, only to assess the effect related to some extreme spatial 
distributions. 
 

Thirdly, some key parameters aren’t integrated in projections: growth, natural 
mortality, initial biomass, selectivity… For well-documented parameters, such approach 
consists in considering that available estimates are reliable and that there is no inter-
individual variability. However, when considering uncertain parameters as natural mortality, 
they are fixed based on stock assessment because no better estimates exist (ICES, 2018). 
Methods exist for estimating such parameters (e.g. Cady method for natural mortality – 
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Gascuel, com. perso.) but they are not developed in this report. However, it is noteworthy 
that natural mortality, which is probably a major source of uncertainty in our case, would act 
as a scaling factor and wouldn’t change the main conclusions of our results. 
 

Finally, these alternative scenarios only provide a range of uncertainty that relies 
mainly on the modality we chose. We could have run Monte Carlo simulations for uncertain 
parameters that are associated to a probability distribution. Such method allows computing 
probability of reaching some catch levels or falling down some SSB levels, etc. but require a 
high number of simulations. 

4.3. Recruitment hypothesis 

 
 As a highly sensitive and unpredictable variable, recruitment is a critical issue in 
model development. Appreciating recruitment variability while understanding its determinism 
remains a challenging issue (Houde, 2008). Until now, no stock-recruitment relationship has 
been identified for the EEC common sole and current stock assessment projections assume 
a constant recruitment when SSB is over Blim and a linearly decreasing recruitment below 
Blim (Hockey-Stick relationship - ICES, 2017b). The life-cycle model developed by 
Archambault et al. (2016) is an integrated framework that attempt to capture both variability 
and determinism of such processes for 2 alternative hypotheses on stock structure (1 stock 
or 3 stocks). However, to do so, Rochette et al. (2012) and Archambault et al. (2016) first 
made assumptions on the global recruitment processes and then fixed some parameters 
before estimating others. In addition, we make own assumptions to adapt the recruitment 
equations to the ISIS-Fish framework and this raises questions. 
 

First, we chose to model recruitment through the deterministic terms of life-cycle 
equations (Archambault et al., 2016). Thus, the projections assume a constant recruitment 
throughout the simulation. This approach enables quantifying the effect of recruitment 
among other factors and then identifying the main source of uncertainty. Incorporating 
stochasticity of the process would have been more realistic but would have avoided such 
analysis. 

 
Second, life-cycle model hypothesised density-dependent process in nurseries 

following the  concentration hypothesis (Iles and Beverton, 2000). However, it implies a high 
number of parameters and then low precision. In this case, Hill et al. (2007) suggest running 
models with alternative simpler process hypothesis. This would mean comparing the current 
model based on density-dependence in nurseries with models based on simpler processes 
such as Hockey-stick relationships linking directly SSB to recruitment and assuming a 
constant recruitment over Blim and a linearly decreasing recruitment under Blim. 
 

Thirdly, as the life-cycle model and the stock assessment have different parameters 
value, using data from both models can lead to inconsistencies. In our case, natural mortality 
at age 1 is the same as the stock assessment (0.1 - ICES, 2018). On the other hand, natural 
mortality at age 1 equals 2.6 in the life cycle model. Consequently, recruitment in the stock 
assessment are about 12 times lower than in the life cycle model.  Archambault et al. (2016) 
encountered the same issue when fixing priors on the survival rates. Thus, we rescaled 
recruitment by a factor 17.5 so that mean recruitment obtained through the life cycle 
equations fit with the recruitment used in the calibration of the ISIS-Fish models (recruitment 
between 2008 and 2014 from the 2015 stock assessment). In this case, it enables 
conserving the mechanisms from Rochette et al. (2012) and Archambault et al. (2016) while 
staying in the range of recruitment used in calibration. Adopting natural mortality at age 1 of 
the life-cycle model (2.6) in the ISIS-Fish model and then calibrating with recruitment outputs 
from Archambault et al. (2016) would solve this inconsistency. 
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4.4. Other fleets: computation of catches and fishing mortality 

 
Other fleets are modelled through a fishing mortality vector that is decomposed in 

time and space following the distribution of catch among sub-areas (Figure 10 and Appendix 
VIII).  However, such approach assumes a linear relationship between catch and fishing 
mortality. Even if it allows dividing fishing mortality by the proportion of catch in each sub-
area to spatialize fishing mortality, it distorts the modelling of fishing mortality related to other 
fleets.  

 
Consequently, computing fishing mortality by summing fishing mortality of other fleets 

and fishing mortality of French fleets on the whole year do not give the same result as 
computing fishing mortality based on total catch (Figure 10). In the second case, fishing 
mortality are scaled down (Figure 20).  

 
Moreover, another artefact related to the computation of other fleets' catches 

concerns the distribution of catches among fleets in equilibrium curves. While distribution of 
catches among fleets should be constant (about 50 % for French fleets and 50 % for other 
fleets), here it varies depending on fishing mortality (Figure 21). 

 
These two artefacts questioned the way other fleets are computed. The hypothesis 

retained for spatialising fishing mortality of other fleets should consider abundance in each 
zone while it doesn’t in the current hypothesis (linear relationship between catch and fishing 
mortality).  Otherwise, modelling other fleets directly through a fleet grouping all non-
explicitly modelled vessels may allow a more straightforward implementation. Anyway, this 
suggests recalibrating models and reconducting analysis. However, there is slight chance 
that this affects the conclusions we draw concerning effect of stock spatial structure on short-
term and long-term dynamics because in all three models, fishing mortality as total catch 
was computed following the same method.   

 

 

 

 
 

 

 

 

 
Figure 20: Equilibrium curves with fishing mortality computed on total catch (solid line) compared with fishing 

mortality computed by summing French fishing mortality and other fleets fishing mortality (dashed line). 
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Figure 21: Equilibrium curves with total catches (solid line) and French catches (dashed line) 

 

4.5. Stock spatial structure hypothesis 

 
Stock structure alternative hypothesis were chosen to reflect uncertainty on spatial 

structure. They were based on few credible types of population structure: one single 
population, three distinct populations and an intermediate case where soles share the same 
reproduction zones and come back to their native sub-area after reproduction.  

Kerr and Goethel (2014) emphasized the necessity of simulating alternative 
hypothesis on spatial structure and connectivity to gain further insight into stock structure 
implications. They outlined four main types of population structure (Figure 22): (a) single 
populations while having heterogeneous spatial structure (in our case “1_population”), (b) 
isolated populations (“3_populations”), (c) overlapping populations with natal homing 
(“mixing_subpopulations”) and (d) metapopulation composed of several self-sustaining 
segment with some exchanges. 

 

 
 

Figure 22: The four main types of population spatial structure from Kerr and Goethel (2014).  
Circles: population segments, straight arrows: movement 

between models, curved arrows: scale of recruitment. 

 
The last case is the only one which wasn’t modelled in our study because data was 

only available recently. However, recent studies conducted by  Lecomte et al. (2019) on 
mark recapture data provide estimates of exchanges between sole subunits. They outline 
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low exchanges between sub-areas within EEC and support the hypothesis of 
metapopulation structure.  

 
This new information could be incorporated in the ISIS-Fish framework as an 

additional alternative hypothesis. This alternative model would fit with the recent modification 
of the life cycle model conducted by Veron (2016) and Lecomte in his post postdoctoral 
research. It would integrate new estimates of recruitment parameters and migration rates 
between EEC subunits and adjacent zones (West Channel and North Sea - see Appendix 
XVI and XVII). 

 
However, this would bring new issues in the 

way of modelling flows between sub-populations. 
Indeed, exchanges with adjacent zones cannot be 
neglected and modelling corresponding immigration 
rates means to model abundance in departure zones 
(North Sea and in Western Channel). Assuming 
constant abundance in adjacent zones is a 
straightforward approach as it implies constant 
migration rates and a simple implementation in ISIS-
Fish. Otherwise, adjacent stocks could be modelled 
through a non-age structured dynamic model as 
Marchal and Vermard (2013) did with a deterministic 
Schaefer production model or through an age 
structure model equivalent to the stock assessment 
model of both zones.  

 
Even when integrating adjacent stock dynamics, other issues would raise. For 

example, exchanges were computed based on individuals released in the south west of the 
North Sea (Figure 23).  However, the stock assessment only provides abundance at the 
scale of area IV which is much larger than the area covered by mark-recapture data. Thus, 
computing number of migrating individuals based on stock assessment outputs would not be 
consistent with migration rates derived from Lecomte et al. (2019). Such approach would 
require abundance estimates at the scale of the study area of Lecomte et al. (2019). 

 
Spatially explicit simulation models also enable identifying gaps in our knowledge 

where further study may be needed (Goethel et al., 2016). Stock structure is a main source 
of uncertainty, but research tends to increase the knowledge on this point (Du Pontavice et 
al., 2018; Lecomte et al., 2019; Randon et al., 2018; Rochette et al., 2012). Sole spatial 
distribution in time and space is a much more uncertain variable as it is based on coarse 
data : one single egg-survey for reproduction period (ICES, 1992) and for foraging season, 
UK-BTS data, a yearly survey occurring during the 3rd quarter (ICES, 2017a). More 
generally, sole spatio-temporal dynamics remains largely unknown or incomplete while it is a 
major source of uncertainty at the local scale. Consequently, evaluating strategies at a local 
scale doesn’t seem cautious as long as more information is not available.  

Usually, such information is provided by yearly surveys (here UK-BTS) which collect 
standardized information and precise data on fish biology. Nevertheless, the temporal 
coverage of this data is limited due to their annual recurrence. On the other side VMS 
(Vessel Monitoring System) data provide spatial coordinates of fishing vessels (> to 12 m) at 
a fine temporal scale. Combining this data with landing data give a more precise knowledge 
of catches distribution in time and space. However, such information is biased as fishers 
target valuable species and productive zones. Combining survey data and VMS data 
through an integrated framework may provide a precise description of soles spatio-temporal 
dynamics that would allow a finer modelling of EEC sole in the ISIS-Fish framework. 

 

Figure 23: Release locations of tagged 

common sole in the English Channel, 
east of the Western Channel and West 

of North Sea (Lecomte et al., 2019). 
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4.6. Management process 

In short-term projections, we assume a perfect estimation of fishing mortality and 
abundance in management module. This is a strong hypothesis as in reality abundance and 
fishing mortality are derived from catches through a stock assessment model. Full MSE 
approaches simulate these processes by adding random noise in catch or surveys and by 
coupling the operating model with a stock assessment model. This would raise questions 
particularly concerning the modelling of surveys: the scale of modelling and the noise related 
to observation errors. 

However, building a full MSE loop would enable to quantify the bias induced by stock 
assessment while taking into account issues related to stock structure issues and the 
advantages that could bring a spatially explicit assessment model as the life-cycle model on 
strategy performance. 

5. Conclusion 
 
 Common sole of the EEC is a stock managed as one single unit whereas evidences 
suggest spatial structuration of the population within the management unit boundaries. To 
reflect uncertainty on spatial structure, three ISIS-Fish models have been parameterized and 
calibrated for three alternative hypotheses on stock structure (one model with high connec-
tivity, one with null connectivity and an intermediate case). In this study, we projected each 
models on the short term and on the long-term to evaluate the current management strategy. 
Long-term projections completed short-term projections by providing equilibrium curves and 
reference points. 
 
 Even if short-term projections weren’t conclusive, both long-term and short-term pro-
jections were affected by stock structure. Catches were affected downwards when stock 
structure was sharper. Stock status was pessimistic in the case of intermediate connectivity, 
while sole appeared fully exploited in the two other cases. Finally, UK segment appeared 
overexploited in case of segregation between sub-units. 
 
 Moreover, this study allowed to quantify the effect of stock structure and, in the case 
of short-term projections, to compare it to other sources of uncertainty (nursery productivity 
i.e. recruitment, sole spatial distribution). At the scale of area VIId, main sources of uncer-
tainty were recruitment and stock spatial structure. When looking at a more precise scale, 
sole spatial distribution became another main source of uncertainty. Thus, evaluating man-
agement strategy at a local scale with the ISIS-Fish model would involve considering addi-
tional highly uncertain variables. 
 
 Few modifications of models and a more accurate knowledge of stock spatio-
temporal dynamics may allow a finer modelling of exploitation dynamics for further evalua-
tion of the current management strategy and alternative spatial strategies with the ISIS-Fish 
model. Besides, coupling the ISIS-Fish model with alternative stock assessment model (spa-
tially explicit or not) would allow the evaluation of their predictive capacity at the same time 
as a more realistic evaluation of alternative management strategies. 
 
 However, even in this case, adopting a spatial management for common sole would 
be challenging as it would raise questions about TACs distribution among countries and pro-
ducers’ organisations, a thorny issue in EU fishery management.  
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Appendices 
 

Appendix I: Functional zones in ISIS-Fish EEC. 
 

 
Nursery zones 

 

 
Spawning zones : (a.) UK (b.) WestFR (c.) EastFR 
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Appendix II: Rescaled stock recruitment relationship. Blue points: recruitment from the 2015 
stock assessment. Red points: stock recruitment relationship rescaled to fit with the recruit-
ment used in calibration (2008-2014).  
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Appendix III: Soles distribution in ISIS polygons based on UK-BTS data. 
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Appendix IV: Comparison of fishing mortality in stock assessment and in ISIS-Fish on the 
calibration period (2008-2014) for a range of accessibility multiplier (1 to 3, step = 0.25)  
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Appendix V: Goodness of fit of ISIS-Fish model 1_population for catch, abundance and 
fishing mortality for alternative accessibility multiplier. 
 
 
Percentage of error between observed and simulated values for a range of accessibil-

ity multiplier (1 to 3, step = 0.25) 
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Appendix VI: Strategies described in the model, with indication of their main gear, home 
harbour, vessel length class, average number of boats participating over the period 2008-
2010, estimated technical efficiency and availability of VMS data (Lehuta et al., 2015). 
 
 

 
 
 
 
 

  



 

xiii 
 

Appendix VII: Estimates of the parameters of effort standardization (gear:species) (Lehuta 
et al., 2015). 
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Appendix VIII: Fishing mortality vector of other fleets (a.) and proportion of catch of other 
fleets per quarter and per sub-area (b.). 
 
 
a. 
Age 1 Age 2 Age 3 Age 4 Age 5 Age 6 Age 7 Age 8 Age 9 Age 10 Age 11 

0.003 0.088 0.295 0.33 0.332 0.326 0.342 0.274 0.297 0.303 0.303 

 

b. 

 1
st

 quarter 2
nd

 quarter 3
rd

 quarter 4
th

 quarter 

EastFR 0.043 0.023 0.018 0.043 
UK 0.260 0.153 0.154 0.197 

WestFR 0.080 0.016 0.004 0.009 
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Appendix IX: Choice of larval drift scenarios 
 

 
 

 

 Variable : Probability for an egg to reach nursery i knowing it was 
spawned in sub-area r.  
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Appendix X: Alternative scenarios for soles distribution. 
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Appendix XI: Long term catch (a.), SSB (b.) and effort multiplier (c.) as a function of fishing 
mortality at the scale of area VIId.  
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Appendix XII: long-term catch with related uncertainty range at the scale of area VIId and at 
the scale of subdivisions. 
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Appendix XIII: local equilibrium curves for model “3_populations” 
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Appendix XIV: Marginal posterior distributions of the nursery-specific Beverton-Holt param-

eters   (a) and   (b) obtained with the model considering one homogeneous adult popula-

tion (white) and with the model considering three isolated subpopulations (gray).   is in 
thousands of fish per km2.   is a maximum survival rate. (Archambault et al., 2016). 
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Appendix XV: Sole in Division VIId. Summary of stock assessment (weights in thousand 
tonnes). Assumed values are not shaded. 
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Appendix XVI: Table of estimates of fish movement probabilities between seasons 
(Lecomte et al., 2019). bold: migration rates between and adjacent zones. 
 
 
 
 

From To Spawning - Foraging Foraging - Overwintering Overwintering - spawning 

WC WC 0.99 0.94 1.00 

WC UK 0.00 0.06 0.00 

WC FrW 0.01 0.00 0.00 

WC FrE 0.00 0.00 0.00 

WC NS 0.00 0.00 0.00 

UK WC 0.04 0.00 0.15 

UK UK 0.96 1.00 0.79 

UK FrW 0.00 0.00 0.00 

UK FrE 0.00 0.00 0.00 

UK NS 0.00 0.00 0.06 

FrW WC 0.22 0.00 0.00 

FrW UK 0.00 0.00 0.02 

FrW FrW 0.76 0.98 0.98 

FrW FrE 0.03 0.00 0.00 

FrW NS 0.00 0.02 0.00 

FrE WC 0.00 0.00 0.00 

FrE UK 0.00 0.04 0.00 

FrE FrW 0.00 0.05 0.00 

FrE FrE 1.00 0.91 0.84 

FrE NS 0.00 0.00 0.16 

NS WC 0.00 0.00 0.00 

NS UK 0.06 0.02 0.00 

NS FrW 0.00 0.00 0.00 

NS FrE 0.03 0.00 0.00 

NS NS 0.91 0.98 1.00 
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Appendix XVII: Long term catch and SSB at the scale of subdivisions.  
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Appendix XX: Bibliographic synthesis - The MSE approach: Generalities and a focus on 
spatial structure issues. 
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L’approche MSE (Management Strategy Evaluation) 
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I. Quelques généralités 
A. La théorie MSE (Management strategy evaluation) 

 

Pourquoi l’approche MSE ? 

 

L’approche MSE est une méthodologie basée sur la simulation de pêcherie qui a été 

théorisée dans les années 1990-2000 en réponse aux limites du système de gestion clas-

sique basée sur l’évaluation des stocks et l’application de TAC (Smith, 1994 ; Holland, 

2010). En effet, le manque de connaissances sur la dynamique des populations rend leur 

gestion difficile. L'incertitude sur la croissance des individus, sur la composition des stocks, 

sur leur structure spatiale et la stochasticité des processus tel que le recrutement font que 

même les évaluations où la donnée est disponible sont incertaines. Fixer des TAC en se 

basant sur les projections de ces modèles paraît donc hasardeux. D’autre part, l’approche 

de précaution préconisée par la FAO (i.e. le maintien de la biomasse au-dessus d’un seuil 

permettant le renouvellement du stock et les captures au RMD) est plus une règle de ges-

tion générique et ad-hoc qu’une règle de gestion robuste à l’incertitude permettant effecti-

vement de réduire les risques de surpêche. D’où la nécessité de disposer d’un cadre de 

travail intégrant l’incertitude et permettant d’évaluer des règles de gestion alternatives possi-

blement plus robustes à l'incertitude.  

 

Définition de l’approche MSE et objectifs 

 

L’approche MSE vise à évaluer des stratégies de gestion en adoptant une approche 

par simulation. Les pêcheries sont modélisées avec un modèle opératoire dans lequel des 

stratégies de gestion sont implémentées puis évaluées à l’aide de critères de performance 

précis (Smith, 1994 ; Punt et al., 2001 ; Punt, 2015). 

Punt et al. (2001) définissent ainsi 4 objectifs propres à l’approche MSE. Ils peuvent 

être formulés sous la forme de 4 questions : 

- Quelles stratégies permettent d’atteindre les objectifs de gestion ? Quels sont les 

compromis associés à chaque stratégie au regard des objectifs de gestion (i.e. pour 

chaque stratégie, dans quelle mesure les objectifs sont-ils atteints) ? 

- Les évaluations de stocks fournissent-elles des estimations fiables des grandeurs 

d’intérêts (biomasse, recrutement, mortalité par pêche) utilisées dans la gestion ? 

- Les critères de performances détectent-ils les phénomènes qu’ils sont censés identi-

fier ? 

- Les programmes de recherches sont-ils bénéfiques et à quel point ? 

 

 Le premier objectif est toutefois le cœur de la problématique et la plupart des cas 

d’études se contentent de répondre à cette question. 

 

L’incertitude dans les modèles 

 

Smith (1994) identifie 6 classes d'incertitudes qui devraient explicitement être prises 

en compte dans les cas d’étude : 

- les erreurs de spécification des paramètres (ex : la mortalité naturelle) 

- la variabilité des processus (ex : la variabilité du recrutement) 
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- les erreurs d’observations (ex : erreur d'échantillonnage, erreur d’estimation de l’âge) 

- les biais dans les estimateurs 

- le manque de contraste dans les données (captures et effort) 

- l’incapacité à implémenter les mesures de gestion. 

 

En intégrant du bruit au modèle et en faisant varier les paramètres dans leur do-

maine d’incertitude, il est possible d’explorer l'incertitude associée aux mesures de gestion 

et de déterminer quelles sont les mesures les plus robustes à l’incertitude. Toutefois, les 

auteurs se restreignent généralement à l’étude de l’incertitude sur quelques paramètres clés 

des modèles (Cf. conclusion sur les cas d’étude). 

 

La modélisation des mesures de gestion nécessitant une évaluation de stock 

 

L’approche de précaution préconisée par la FAO passe nécessairement par une éva-

luation de stock. Pour modéliser ce processus, la méthode utilisée consiste à coupler un 

modèle d’évaluation à l’OM et à évaluer le stock du modèle opératoire. C’est ce qui est plus 

couramment appelé “boucle MSE” (Punt et al., 2001 ; Punt et al., 2016a – Figure 1). Elle 

peut être résumée en 4 étapes :  

- Génération des données nécessaires à l’évaluation de stock à partir de l’OM. 

- Évaluation du stock à partir du modèle d’évaluation.  

- Fixation du TAC pour l’année suivante sur la base de la règle de gestion (HCR). 

- Implémentation du TAC dans l’OM. 

 
 

 

Les bonnes pratiques MSE 

 

De nombreux articles traitent des bonnes pratiques pour la construction d’une MSE 

et pour l’analyse et la présentation des résultats issus du processus de modélisation (Ma-

rasco et al., 2007 ; Levin et al., 2013 ; Punt, 2015 ; Punt et al., 2016a). Punt (2015) souligne 

notamment l’importance de définir clairement les objectifs de gestion et les stratégies à éva-

luer. Ce travail devrait être fait en collaboration avec les acteurs notamment parce qu’il per-

met de clarifier pour eux aussi les objectifs de gestion. D’autre part, il propose une batterie 

de mesures de performance en vue d’estimer les effets de chaque mesure de gestion au 

regard des objectifs définis au préalable. Ces critères de performance ne doivent pas être 

Figure 1 : Diagramme conceptuel 

d’une boucle MSE  

(Punt et al., 2016a) 
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trop nombreux et ils doivent être présentés à travers des graphes synthétiques intégrant 

l’incertitude en vue de leur utilisation dans la prise de décision.  

Le processus de décision fait donc nécessairement interagir scientifiques et gestion-

naires dans le but d’identifier des stratégies de gestion robustes à l’incertitude et de quanti-

fier leurs performances au regard d’objectifs bien définis. Cela dans le but de fournir les in-

formations nécessaires aux gestionnaires pour qu’ils sélectionnent une stratégie de gestion. 

B. Les cas d’application MSE 

 L’annexe liste les quelques cas d’applications de l’approche MSE qui ont permis de 

réaliser cette synthèse. Le paragraphe qui suit cherche à synthétiser quelques traits com-

muns et quelques différences notables des différents cas d’étude. 

 Chaque cas d’application a comme dénominateur commun la simulation de règles de 

gestion. Pour le reste, chaque cas d’étude vise à répondre à une problématique précise pour 

un système particulier. En d’autres termes, il existe une grande diversité de cas d’application 

MSE qui diffèrent soit par les mesures de gestion implémentées soit par les modèles opéra-

toires utilisés (espèces intégrées aux modèles, complexité des modèles, etc.). 

 Ainsi, certains cas d’étude se limitent à évaluer des règles de gestion avec un simple 

modèle monospécifique, tout en prenant en compte les incertitudes sur certains paramètres 

clés tel que le recrutement, là où d’autres modèles intègrent des processus écologiques, 

économiques, etc. ainsi que la dimension spatiale des pêcheries. Ces modèles plus com-

plexes permettent d’évaluer des mesures de gestion alternatives - AMP, fermetures saison-

nières, règles de gestion spatialisées, etc. – au regard de critères de performance plus di-

versifiés – critères économiques, écologiques, etc. 
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II. La structure spatiale, la connectivité et les 

mouvements de population dans l’approche 

MSE 

A. Modéliser la structure spatiale d’une population dans 

un modèle opératoire 

 

La structure spatiale des stocks et la connectivité des populations peuvent avoir un 

impact sur l’évaluation et la gestion des ressources aquatiques. De nombreux travaux de 

modélisation ont démontré que si un modèle d’évaluation n’est pas consistant avec la struc-

ture du stock alors les sorties ainsi que les niveaux de référence obtenus par ces modèles 

sont biaisés (Guan et al., 2013 ; Goethel and Berger, 2017 ; Cadrin et al., 2018, Punt, 2019). 

Ce biais est d’autant plus prononcé que les patterns d’exploitation et la dynamique des 

sous-populations sont contrastés (Cope and Punt, 2011). Cela peut provoquer la surexploi-

tation de certains segments du stock et à l’inverse la sous-exploitation d’autres segments 

(Goethel et al., 2016) ce qui peut conduire à la diminution de la résilience, de la stabilité et 

de la productivité du stock. 

D’où la nécessité de les prendre en compte dans les approches de types MSE. Kerr 

et Goethel (2014) distinguent 4 grands types de structure de population (Figure 2) : 

 

- (a) la population unique n’étant 

pas distribuée uniformément sur 

toute la zone. 

- (b) les populations complètement 

isolées entre elles. 

- (c) les populations chevauchantes 

une partie de l’année et isolées le 

reste de l’année. C’est le cas des 

espèces migratrices partageant la 

même aire d’alimentation et pré-

sentant un comportement de ho-

ming. 

- (d) la métapopulation où les sous-

populations sont connectées, mais 

ne présentent aucune fidélité à 

une aire de reproduction particu-

lière. 

 

Pour modéliser la structure et la connectivité des populations, 3 éléments doivent 

être intégrés aux modèles opératoires (Goethel et al., 2011 ; Kerr and Goethel, 2014) : 

- l’hétérogénéité spatiale : elle peut être modélisée soit en disposant de données de 

campagne pour chaque zone, soit à l’aide de modèles d’habitat, soit  en répartissant 

la biomasse d’une zone dans des zones plus petites sur la base d’un indice 

d’abondance. 

Figure 2 : Les grands catégories de structure de 

population (Kerr et Goethel, 2014) 
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- le degré d’isolement reproducteur : il est modélisé à travers le recrutement. Soit la 

connectivité est importante aux jeunes stades et on ne peut associer zones de ponte 

et productivité d’une sous-population. Le recrutement est alors simulé de façon 

unique pour l’ensemble des sous-populations. Soit l’isolement reproducteur est im-

portant. La connectivité est faible lors de la période de reproduction pour les stades 

adultes comme pour les jeunes stades (isolation hydrodynamique) et les productivi-

tés de chaque sous-population sont indépendantes. Dans ce cas, le recrutement est 

modélisé de façon indépendant pour chaque sous-unité. 

- les mouvements des individus : ceux-ci sont d’autant plus complexes à modéliser 

qu’ils varient selon les stades de vie. Des modèles individu centré (IBM - individual-

based model) associés à des modèles hydrodynamiques permettent de modéliser le 

phénomène de ponte et la dérive larvaire. Le but de ce type de modèle est de simu-

ler de façon plus réaliste le recrutement dans le temps et l’espace et d’estimer le 

parcours des œufs et des larves. Aux stades adultes, les mouvements peuvent être 

modélisés par des modèles lagrangiens. Dans ces modèles, on fait l’hypothèse que 

les individus se déplacent dans le temps et l’espace en réponse à des variables envi-

ronnementales (facteurs biotiques comme la nourriture ou abiotiques comme la tem-

pérature). Les mouvements peuvent également être modélisés à l’aide de modèles 

eulériens. Dans ce cas, les mouvements sont représentés par des flux entre stocks 

et entre frontières géographiques via des coefficients de transferts (i.e. des probabili-

tés de mouvements entre les différents stocks et les différentes régions). 

 

B. Quelques cas d’application prenant en compte la 

structure spatiale des populations 

 

Dans certains cas MSE, la structure spatiale est décrite uniquement par souci de 

réalisme et elle n’est pas au cœur de la problématique (Dichmont et al., 2008 ; Little et al., 

2009 ; Marchal and Vermard, 2013 ; Kuykendall, 2015 ; Smith et al., 2015 ; Punt et al., 

2016c). Dans d’autres cas, la dimension spatiale des pêcheries permet de simuler des 

règles de gestion alternatives comme des AMP (Little et al., 2005 ; Mapstone et al., 2008 ; 

Bastardie et al., 2009). Dans d’autres cas encore, la dimension spatiale peut être utilisée 

pour quantifier la performance de mesures de gestion dans un contexte d'incertitude quant à 

la structure du stock (Fay et al., 2011 ; Ying et al., 2011 ; Hintzen et al., 2014). Les para-

graphes qui suivent cherchent à résumer les articles qui correspondent à ce dernier cas de 

figure. 

 

1. L’impact de l’incertitude de la structure spatiale sur la performance de diffé-

rents HCR pour le rouffe antarctique (Fay et al., 2011) 

 

Le rouffe antarctique (Hyperoglyphe antarctica ; Carmichael, 1819) est une espèce à 

haute valeur marchande exploitée dans le sud-est de l’Australie. Il est géré comme un seul 

stock malgré des incertitudes sur la structure de la population. D’autre part, la règle de ges-

tion actuelle est basée sur une approche data-poor où une estimation de la mortalité par 

pêche suffit pour calculer un TAC. Pour autant, cette règle de gestion n’a pas été testée 

avant implémentation. L’objectif de Fay et al. (2011) est donc d’évaluer différentes HCR pour 
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différentes hypothèses sur la connectivité entre les sous-populations. Fay et al. (2011) ont 

construit 2 modèles différents : (1) un modèle avec une population occupant une seule ré-

gion et exploitée par une seule flottille, (2) un modèle avec une population occupant deux 

régions avec des mouvements entre les sous-populations. La population peut être exploitée 

par une ou deux flottilles différentes. Pour tester différentes stratégies de gestion dans un 

contexte spatialisé, les TAC sont calculées : 

- (1) soit en ignorant la structure spatiale de la population et en agrégeant les données 

pour les deux régions. 

- (2) soit en estimant une mortalité par pêche pour chaque zone, en pondérant ces es-

timations par l’inverse de leur variance et en les combinant pour obtenir un F unique 

pour toute la zone.  

- (3) soit en utilisant le F maximal entre les deux zones dans la règle de gestion.   

 

 La troisième option est l’approche la plus précautionneuse, toutefois elle peut con-

duire à des TAC inutilement bas lorsque la connectivité est élevée. Cette étude si elle prend 

en compte la dimension spatiale de la pêcherie dans le calcul des TAC ne pousse pas 

l’analyse jusqu’à implémenter des TAC spatialisés. C’est pourtant une stratégie de gestion 

que les auteurs mentionnent et préconisent. 

 

2. Le risque d’ignorer la structure spatiale des populations dans la gestion des 

stocks (Ying et al., 2011). 

 

 

 

 Ying et al. (2011) étudient l’effet de 3 modèles 

d’évaluation sur la gestion de la métapopulation de 

Larimichthys polyactis en mer de Chine (Figure 3) :  

 

(1) soit le modèle d’évaluation considère qu’il 

y a des échanges entre les 3 trois sous-

populations. L’évaluation est consistante avec 

la structure de la métapopulation. 

 

(2) soit l’évaluation considère qu’il n’y a pas 

d’échange entre les 3 sous-populations. 

 

(3) soit l’évaluation considère qu’il n’y a qu’une 

seule population homogène. 

 

  

 Dans tous les cas, les modèles d’évaluation de 

stocks sont des modèles de production ce qui facilite 

considérablement le calcul des niveaux de référence. 

Lorsque les échanges sont pris en compte dans l'évaluation, le calcul du TAC est plus com-

plexe, mais les équations admettent une solution analytique et le TAC dépend des échanges 

entre les sous-populations et de la biomasse dans les zones adjacentes.  

 Une mauvaise définition de la structure spatiale de la population dans l’évaluation du 

stock peut mener à l’estimation de paramètres biaisés et donc à un diagnostic d’exploitation 

Figure 3 : Dynamique spatiale de la 

métapopulation de Larimichthys polyac-

tis en mer de Chine (Ying et al., 2011) 
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erroné. Les niveaux de référence et les niveaux de captures qui en résultent peuvent être 

eux-mêmes biaisés et peuvent conduire à la surexploitation de certains segments de la po-

pulation. 

 

3. La gestion d’une population structurée dans l’espace : l’effet d’informations 

provenant de données indépendantes des pêcheries (Hintzen et al., 2015). 

 

 La population de hareng 

(Clupea harengus, Linnaeus 1758) 

de l’Atlantique des zones VIaN, 

VIaS/VIIb,c et VIIaN est composée 

de 3 sous-populations migrant en 

été et partageant alors la même 

aire de répartition (Figure 4). Ces 

trois sous-populations sont gérées 

comme des stocks distincts par le 

CIEM. Toutefois, les captures sont 

constituées d’individus provenant 

des trois stocks et actuellement 

les campagnes utilisées pour cal-

culer des indices d’abondance ne 

réattribuent pas les individus 

échantillonnés à leurs sous-

populations respectives. Le mé-

lange entre les populations n’est 

donc pas pris en compte dans 

l’évaluation et dans la gestion des 

stocks. Toutefois, la campagne ‘Malin Shelf’ existant depuis 2010 cherche à réattribuer les 

individus à leur sous-population respective et à fournir des indices d’abondance non biaisés 

pour chacun des stocks. Hintzen et al. (2015) cherche ainsi à déterminer l’effet que pour-

raient avoir ces indices d’abondance sur l’évaluation et la gestion du stock sous différentes 

hypothèses sur le mélange entre les populations, l’erreur de classification des individus et la 

taille des échantillons. L’évaluation et la gestion du stock ne sont que légèrement améliorées 

en incluant ces indices d’abondance. En effet, les sorties du modèle d’évaluation sont bien 

plus dépendantes des captures - qui ne sont pas corrigées - que des indices d’abondance. 

Hintzen et al. (2015) proposent deux solutions pour débiaiser l’évaluation des stocks :  

- soit d’utiliser des modèles reposant uniquement sur des données indépendantes des 

pêcheries (i.e. les indices d’abondance obtenus via la survey ‘Malin Shelf’) 

- soit de réaliser une évaluation qui soit consistante avec la structure du stock (i.e. en  

réallouant les captures à chaque sous-unité de la population dans un modèle 

d’évaluation spatialisé). Cela dans le but d’obtenir des matrices de captures aux 

âges non biaisés. 

 

 

 

Figure 4 : Migration des stocks de harengs de l’Atlantique 

des zones VIaN, VIaS/VIIb,c et VIIaN modélisée par Hint-

zen et al. (2015)  
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C. Conclusions sur les 3 études de cas et perspectives 

 

Bilan des articles 

  

 Les 3 études de cas MSE ayant une problématique centrée sur la structure spatiale 

traitent de 3 problèmes différents : 

- L’effet de différentes HCR en fonction de la structure du stock (Cf. B.1). Dans ce cas, 

Fay et al. (2011) simulent différentes stratégies de gestion pour différentes hypo-

thèses sur la connectivité. Dans ce cas, la gestion n’est pas spatialisée. 

- Le risque d’ignorer la structure spatiale du stock dans la gestion (Cf. B.2). Dans ce 

cas, Ying et al. (2011) simulent un stock pour une seule hypothèse sur la connectivi-

té et ils évaluent trois stratégies de gestion qui diffèrent selon les modèles 

d’évaluation de stock (un modèle faisant l’hypothèse de trois populations distinctes, 

un modèle faisant l’hypothèse d’une seule population homogène, et un modèle con-

sistant avec la structure ‘réelle’ du stock). Dans ce cas, les auteurs gèrent les stocks 

de façon spatialisée ce qui est facilité par la simplicité du modèle employé. 

- L’effet que peuvent avoir des données de campagne sur l’évaluation de plusieurs 

stocks présentant des échanges entre eux (Cf. B.3). Hintzen et al. (2015) modélisent 

ainsi plusieurs sous-populations se mélangeant et étudient l’effet d’indices 

d’abondances débiaisés sur l’évaluation et la gestion des stocks suivant différentes 

hypothèses sur le taux de mélanges et les caractéristiques des survey. 

 

L’analyse d’incertitude dans les cas d’étude 

  

 Dans les 3 cas précédents, l’analyse d'incertitude se fait en incorporant du bruit soit 

au niveau des survey, soit au niveau de processus biologiques et en faisant varier des pa-

ramètres précis dans le modèle (i.e. analyse par scénarios). Les paramètres en question 

sont systématiquement reliés à la problématique d’étude. D’autres paramètres sont très in-

certains voir sont fixés de façon arbitraire, mais ne sont pas inclus dans l’analyse d'incerti-

tude. 

  

Perspectives 

  

 Aujourd’hui, à notre connaissance, aucun cas d’application MSE hormis l’étude de 

Ying et al. (2011) n’a cherché à évaluer de HCR spatialisées. Goethel et al. (2016) font le 

même constat et montrent qu’il existe des modèles d’évaluation permettant le calcul de ni-

veaux de référence nécessaires à la formulation de ces HCR (Haddon et al., 2005 ; Kerr et 

al., 2014 ; Plaganyi et al., 2014 ; Goethel et al., 2014 ; Punt et al., 2015 ; Goethel et al., 

2016 ; Punt et al., 2016b ; Punt et al., 2018 ; Punt et al., 2019). Ces travaux pourraient servir 

de base pour construire des HCR spatialisées afin de les utiliser comme stratégie alternative 

dans notre cas étude. 

  

  

 

 

  



 

xxxv 
 

Bibliographie 

 
À’MAR, Z. Teresa, PUNT, Andre E., et DORN, Martin W. The impact of regime shifts on the performance of 

management strategies for the Gulf of Alaska walleye pollock (Theragra chalcogramma) fishery. Canadian Jour-

nal of Fisheries and Aquatic Sciences, 2009, vol. 66, no 12, p. 2222-2242. 

 

A’MAR, Z. Teresa, PUNT, André E., et DORN, Martin W. Incorporating ecosystem forcing through predation into 

a management strategy evaluation for the Gulf of Alaska walleye pollock (Theragra chalcogramma) fishery. Fish-

eries Research, 2010, vol. 102, no 1-2, p. 98-114. 

 

ANDERSEN, Bo Sølgaard, VERMARD, Youen, ULRICH, Clara, et al. Challenges in integrating short-term behav-

iour in a mixed-fishery Management Strategies Evaluation frame: a case study of the North Sea flatfish fishery. 

Fisheries Research, 2010, vol. 102, no 1-2, p. 26-40. 

 

BACALSO, Regina Therese M., WOLFF, Matthias, ROSALES, Rina Maria, et al. Effort reallocation of illegal 

fishing operations: A profitable scenario for the municipal fisheries of Danajon Bank, Central Philippines. Ecologi-

cal modelling, 2016, vol. 331, p. 5-16. 

 

BASTARDIE, Francois, NIELSEN, J. Rasmus, et KRAUS, Gerd. The eastern Baltic cod fishery: a fleet-based 

management strategy evaluation framework to assess the cod recovery plan of 2008. ICES Journal of Marine 

Science, 2009, vol. 67, no 1, p. 71-86. 

 

CADRIN, Steven X., GOETHEL, Daniel R., MORSE, Molly R., et al. " So, where do you come from?" The impact 

of assumed spatial population structure on estimates of recruitment. Fisheries Research, 2018. 

 

CARRUTHERS, Thomas R., PUNT, André E., WALTERS, Carl J., et al. Evaluating methods for setting catch 

limits in data-limited fisheries. Fisheries Research, 2014, vol. 153, p. 48-68. 

 

COPE, Jason M. et PUNT, André E. Reconciling stock assessment and management scales under conditions of 

spatially varying catch histories. Fisheries Research, 2011, vol. 107, no 1-3, p. 22-38. 

 

COX, Sean P. et KRONLUND, Allen Robert. Practical stakeholder-driven harvest policies for groundfish fisheries 

in British Columbia, Canada. Fisheries Research, 2008, vol. 94, no 3, p. 224-237. 

 

DICHMONT, Catherine M., DENG, Aijun Roy, PUNT, André E., et al. Management strategies for short-lived spe-

cies: The case of Australia's Northern Prawn Fishery: Accounting for multiple species, spatial structure and im-

plementation uncertainty when evaluating risk. Fisheries research, 2006, vol. 82, no 1-3, p. 204-220 

 

DICHMONT, C. M., DENG, A., PUNT, A. E., et al. Beyond biological performance measures in management 

strategy evaluation: bringing in economics and the effects of trawling on the benthos. Fisheries Research, 2008, 

vol. 94, no 3, p. 238-250. 

 

DICHMONT, Catherine M. et BROWN, Ian W. A case study in successful management of a data‐poor fishery 

using simple decision rules: the Queensland Spanner Crab Fishery. Marine and Coastal Fisheries, 2010, vol. 2, 

no 1, p. 1-13. 

 

DOONAN, Ian J., FU, Dan, et DUNN, Matthew R. Harvest control rules for a sustainable orange roughy fishery. 

Deep Sea Research Part I: Oceanographic Research Papers, 2015, vol. 98, p. 53-61. 

 

DOYEN, Luc, THÉBAUD, Olivier, BÉNÉ, Christophe, et al. A stochastic viability approach to ecosystem-based 

fisheries management. Ecological Economics, 2012, vol. 75, p. 32-42. 

 

ELVARSSON, Bjarki Þór, WOODS, Pamela J., BJÖRNSSON, Höskuldur, et al. Pushing the limits of a data chal-

lenged stock: A size-and age-structured assessment of ling (Molva molva) in Icelandic waters using Gadget. 

Fisheries research, 2018, vol. 207, p. 95-109. 

FAY, Gavin, PUNT, André E., et SMITH, Anthony DM. Impacts of spatial uncertainty on performance of age 



 

xxxvi 
 

structure-based harvest strategies for blue eye trevalla (Hyperoglyphe antarctica). Fisheries Research, 2011, vol. 

110, no 3, p. 391-407. 

 

FAY, Gavin, LINK, Jason S., LARGE, Scott I., et al. Management performance of ecological indicators in the 

Georges Bank finfish fishery. ICES Journal of Marine Science, 2014, vol. 72, no 5, p. 1285-1296. 

 

GOETHEL, Daniel R., QUINN, Terrance J., et CADRIN, Steven X. Incorporating spatial structure in stock as-

sessment: movement modeling in marine fish population dynamics. Reviews in Fisheries Science, 2011, vol. 19, 

no 2, p. 119-136. 

 

GOETHEL, Daniel R., LEGAULT, Christopher M., et CADRIN, Steven X. Testing the performance of a spatially 

explicit tag-integrated stock assessment model of yellowtail flounder (Limanda ferruginea) through simulation 

analysis. Canadian journal of fisheries and aquatic sciences, 2014, vol. 72, no 4, p. 582-601. 

 

GOETHEL, Daniel R., KERR, Lisa A., et CADRIN, Steven X. Incorporating spatial population structure into the 

assessment-management interface of marine resources. Management science in fisheries: an introduction to 

simulation based methods. Edited by CTT Edwards and DJ Dankel. Routledge, New York, 2016, p. 319-347. 

 

GOETHEL, Daniel R. et BERGER, Aaron M. Accounting for spatial complexities in the calculation of biological 

reference points: effects of misdiagnosing population structure for stock status indicators. Canadian journal of 

fisheries and aquatic sciences, 2017, vol. 74, no 11, p. 1878-1894. 

 

GOURGUET, Sophie, MACHER, Claire, DOYEN, Luc, et al. Managing mixed fisheries for bio-economic viability. 

Fisheries Research, 2013, vol. 140, p. 46-62. 

 

GRÜSS, Arnaud, HARFORD, William J., SCHIRRIPA, Michael J., et al. Management strategy evaluation using 

the individual-based, multispecies modeling approach OSMOSE. Ecological Modelling, 2016, vol. 340, p. 86-105. 

 

GUAN, Wenjiang, CAO, Jie, CHEN, Yong, et al. Impacts of population and fishery spatial structures on fishery 

stock assessment. Canadian Journal of Fisheries and Aquatic Sciences, 2013, vol. 70, no 8, p. 1178-1189. 

 

HADDON, Malcolm, ZIEGLER, P. E., LYLE, J. M., et al. Using a spatially structured model to assess the Tasma-

nian fishery for banded morwong (Cheilodactylus spectabilis). Fisheries Assessment and Management in Data-

Limited Situations’.(Eds GH Kruse, VF Gallucci, DE Hay, RI Perry, RM Peterman, TC Shirley, PD Spencer, B. 

Wilson and D. Woodby.) pp, 2005, p. 737-756. 

 

HINTZEN, N. T., ROEL, B., BENDEN, D. P. L. D., et al. Managing a complex population structure: exploring the 

importance of information from fisheries-independent sources. ICES Journal of Marine Science, 2014, vol. 72, no 

2, p. 528-542. 

 

HOLLAND, D. S., Management Strategy Evaluation and Management Procedures: Tools for Rebuilding and 

Sustaining Fisheries. OECD Food, Agriculture and Fisheries Working Papers, 2010, no. 25, 66 p. 

 

HOSHINO, Eriko, MILNER-GULLAND, E. J., et HILLARY, Richard M. Bioeconomic adaptive management pro-

cedures for short-lived species: A case study of Pacific saury (Cololabis saira) and Japanese common squid 

(Todarodes pacificus). Fisheries Research, 2012, vol. 121, p. 17-30. 

 

KELL, Laurence T., MOSQUEIRA, Iago, GROSJEAN, Philippe, et al. FLR: an open-source framework for the 

evaluation and development of management strategies. ICES Journal of Marine Science, 2007, vol. 64, no 4, p. 

640-646. 

 

KERR, Lisa A., CADRIN, Steven X., et KOVACH, Adrienne I. Consequences of a mismatch between biological 
and management units on our perception of Atlantic cod off New England. ICES Journal of Marine Science, 

2014, vol. 71, no 6, p. 1366-1381. 
 
KERR, Lisa A. et GOETHEL, Daniel R. Simulation modeling as a tool for synthesis of stock identification infor-
mation. In : Stock Identification Methods. Academic Press, 2014. p. 501-533. 

 
KUYKENDALL, Kelsey M., Management strategy evaluation for the Atlantic surfclam, Spisula solidissima, using a 



 

xxxvii 
 

fisheries economics model. 2015. Master's Theses. University of Southern Mississippi. 156p. 
 

LITTLE, L. R., SMITH, A. D. M., MCDONALD, A. D., et al. Effects of size and fragmentation of marine reserves 

and fisher infringement on the catch and biomass of coral trout, Plectropomus leopardus, on the Great Barrier 

Reef, Australia. Fisheries Management and Ecology, 2005, vol. 12, no 3, p. 177-188. 

 

LITTLE, L. Richard, PUNT, André E., MAPSTONE, Bruce D., et al. An agent-based model for simulating trading 

of multi-species fisheries quota. Ecological Modelling, 2009, vol. 220, no 23, p. 3404-3412. 

 

LITTLE, L. Richard, WAYTE, Sally E., TUCK, Geoffrey N., et al. Development and evaluation of a cpue-based 

harvest control rule for the southern and eastern scalefish and shark fishery of Australia. ICES Journal of Marine 

Science, 2011, vol. 68, no 8, p. 1699-1705. 

 

MARCHAL, Paul et VERMARD, Youen. Evaluating deepwater fisheries management strategies using a mixed-

fisheries and spatially explicit modelling framework. ICES Journal of Marine Science, 2013, vol. 70, no 4, p. 768-

781. 

 

MAPSTONE, B. D., LITTLE, L. R., PUNT, A. E., et al. Management strategy evaluation for line fishing in the 

Great Barrier Reef: balancing conservation and multi-sector fishery objectives. Fisheries Research, 2008, vol. 94, 

no 3, p. 315-329. 

 

MCDONALD, A. D., LITTLE, L. R., GRAY, R., et al. An agent-based modelling approach to evaluation of multiple-

use management strategies for coastal marine ecosystems. Mathematics and Computers in Simulation, 2008, 

vol. 78, no 2-3, p. 401-411. 

 

NEEDLE, Coby L. Management strategy evaluation for North Sea haddock. Fisheries Research, 2008, vol. 94, 

no 2, p. 141-150. 

 

PLAGÁNYI, Éva E., WEEKS, Scarla J., SKEWES, Tim D., et al. Assessing the adequacy of current fisheries 

management under changing climate: a southern synopsis. ICES Journal of Marine Science, 2011, vol. 68, no 6, 

p. 1305-1317. 

 

PLAGÁNYI, Éva E., PUNT, André E., HILLARY, Richard, et al. Multispecies fisheries management and conser-

vation: tactical applications using models of intermediate complexity. Fish and Fisheries, 2014, vol. 15, no 1, p. 1-

22. 

 

PRELLEZO, Raúl, CARMONA, Itsaso, et GARCÍA, Dorleta. The bad, the good and the very good of the landing 

obligation implementation in the Bay of Biscay: A case study of Basque trawlers. Fisheries Research, 2016, vol. 

181, p. 172-185. 

 

PRINCE, Jeremy D., DOWLING, Natalie A., DAVIES, Campbell R., et al. A simple cost-effective and scale-less 

empirical approach to harvest strategies. ICES Journal of Marine Science, 2011, vol. 68, no 5, p. 947-960. 

 

PUNT, André. E. et SMITH, Anthony D. M. Harvest strategy evaluation for the eastern stock of gemfish (Rexea 

solandri). ICES Journal of Marine Science, 1999, vol. 56, no 6, p. 860-875. 

 

PUNT, André E., SMITH, Anthony D. M., et CUI, Gurong. Review of progress in the introduction of management 

strategy evaluation (MSE) approaches in Australia's South East Fishery. Marine and Freshwater Research, 2001, 

vol. 52, no 4, p. 719-726. 

 

PUNT, André E. Strategic management decision-making in a complex world: quantifying, understanding, and 

using trade-offs. ICES Journal of Marine Science, 2015, vol. 74, no 2, p. 499-510. 

 

PUNT, André E., HADDON, Malcolm, et TUCK, Geoffrey N. Which assessment configurations perform best in 

the face of spatial heterogeneity in fishing mortality, growth and recruitment? A case study based on pink ling in 

Australia. Fisheries research, 2015, vol. 168, p. 85-99. 

 

PUNT, André E., BUTTERWORTH, Doug S., DE MOOR, Carryn L., et al. Management strategy evaluation: best 



 

xxxviii 
 

practices. Fish and Fisheries, 2016a, vol. 17, no 2, p. 303-334. 

 

PUNT, André E., HADDON, Malcolm, LITTLE, L. Richard, et al. Can a spatially-structured stock assessment 

address uncertainty due to closed areas? A case study based on pink ling in Australia. Fisheries research, 

2016b, vol. 175, p. 10-23. 

 

PUNT, André E., MACCALL, Alec D., ESSINGTON, Timothy E., et al. Exploring the implications of the harvest 

control rule for Pacific sardine, accounting for predator dynamics: A MICE model. Ecological modelling, 2016c, 

vol. 337, p. 79-95. 

 

PUNT, André E. Modelling recruitment in a spatial context: A review of current approaches, simulation evaluation 

of options, and suggestions for best practices. Fisheries Research, 2017. 

 

PUNT, André E., OKAMOTO, Daniel K., MACCALL, Alec D., et al. When are estimates of spawning stock bio-

mass for small pelagic fishes improved by taking spatial structure into account?. Fisheries research, 2018, vol. 

206, p. 65-78. 

 

PUNT, André E. Spatial stock assessment methods: A viewpoint on current issues and assumptions. Fisheries 

Research, 2019, vol. 213, p. 132-143. 

 

SMITH, Anthony. D. M. Management strategy evaluation: the light on the hill. Population dynamics for fisheries 

management, 1994, p. 249-253. 

 

SMITH, Anthony. D. M., FULTON, Elizabeth A., et DAY, Robert W. Using an Atlantis model of the southern 

Benguela to explore the response of ecosystem indicators for fisheries management. Environmental Modelling & 

Software, 2015, vol. 69, p. 23-41. 

 

SZUWALSKI, Cody S. et PUNT, André E. Fisheries management for regime-based ecosystems: a management 

strategy evaluation for the snow crab fishery in the eastern Bering Sea. ICES Journal of Marine Science, 2012, 

vol. 70, no 5, p. 955-967. 

 

YING, Yiping, CHEN, Yong, LIN, Longshan, et al. Risks of ignoring fish population spatial structure in fisheries 

management. Canadian Journal of Fisheries and Aquatic Sciences, 2011, vol. 68, no 12, p. 2101-2120. 

 

ZHANG, Yuying, CHEN, Yong, ZHU, Jiangfeng, et al. Evaluating harvest control rules for bigeye tuna (Thunnus 

obesus) and yellowfin tuna (Thunnus albacares) fisheries in the Indian Ocean. Fisheries research, 2013, vol. 137, 

p. 1-8. 

 



 

 

 

 
 

 

 Diplôme : Ingénieur 

 Spécialité : Ingénieur agronome  

Spécialisation / option : Sciences halieutiques et aquacoles  

(REA -  Ressources et Ecosystèmes aquatiques) 

 Enseignant référent : Olivier LE PAPE 

Auteur(s) : Baptiste 

ALGLAVE 

Date de naissance* 

: 22/01/1997 

Organisme d'accueil : Ifremer -  

Centre Ifremer Atlantique 

Adresse : rue de l'Ile d'Yeu 

BP 21105 

44311 Nantes Cedex 03 

 

Maître de stage : Sigrid Lehuta – Youen Vermard 

Nb pages : 35  

Annexe(s) : 38 

Année de soute-

nance : 2019 

Titre français : Évaluation de stratégie de gestion pour la sole de Manche Est : une approche 
de gestion sous-incertitude. 
Titre anglais : Management Strategy Evaluation of the Eastern English Channel Common 
Sole: Management approach under uncertainty. 

Résumé (1600 caractères maximum) : 
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emphasize the effect of spatial structure on exploitation dynamics. However short-term projections weren’t con-
clusive, current management entails local over-exploitation of the UK sub-area in case of intermediate and null 
connectivity and global overexploitation in case of intermediate connectivity. Uncertainty scenarios point out that 
recruitment and spatial structure are main sources of uncertainty and that sole distribution become another 
source of uncertainty at the local scale. Few modifications of ISIS models and a more accurate knowledge of sole 
spatio-temporal dynamics may allow a finer modelling for further evaluations of the current management strategy 
and alternative spatial strategies. 
 

Mots-clés : Ecologie halieutique, Modélisation halieutique, Évaluation de stratégies de gestion, Incertitudes. 
Key Words: Fishery ecology, fishery modelling, Management strategy evaluation, uncertainty. 

* Elément qui permet d’enregistrer les notices auteurs dans le catalogue des bibliothèques universitaires 


