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Abstract : 
 
European hake (Merluccius merluccius) is a key species in the management of several mixed fisheries 
in the north-east Atlantic where regional spatial management plans are being set up. The wide spatial 
distribution of hake and the lack of knowledge of some processes involved in its spatial dynamics could 
hamper the assessment and management of hake. 

To help understand the processes, we implemented a spatial version of the Stock Synthesis stock 
assessment model for northern hake, including available data on this stock and the associated fisheries. 
For the 1978–2012 time series, the model distinguished the Bay of Biscay, the Celtic Sea and a 
northern area aggregating the West of Scotland and the North Sea. The model considered an age-
structured population for each age class and area, a seasonal migration, global recruitment allocated to 
areas and fishing fleets for each area. Parameters for stock and exploitation spatio-temporal dynamics 
were estimated by likelihood maximization for each quarter and area. 

The comparison of spatial and non spatial models goodness of fit showed they were close, although the 
fit to abundance indices slightly improved with the spatial model. 

Fishing mortalities, spawning stock biomasses and recruitments were slightly different from the current 
assessment model estimates, essentially at the beginning and the end of the time series. On average 
over the time series, fishing mortality estimates relative to the abundance were higher in the Bay of 
Biscay than elsewhere, spawning stock biomass estimates were higher in the Celtic Sea than 
elsewhere, and recruitment occurred mainly in the Bay of Biscay. Finally, the final spatial model 
estimated a strong movement from the northern area to the Celtic Sea. The final spatial model is a step 
towards a spatial assessment and management of the stock. 
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The comparison of spatial and non spatial models goodness of fit showed they were close, 

although the fit to abundance indices slightly improved with the spatial model.

Fishing mortalities, spawning stock biomasses and recruitments were slightly different from 

the current assessment model estimates, essentially at the beginning and the end of the time 

series. On average over the time series, fishing mortality estimates relative to the abundance 

were higher in the Bay of Biscay than elsewhere, spawning stock biomass estimates were 

higher in the Celtic Sea than elsewhere, and recruitment occurred mainly in the Bay of Biscay.

Finally, the final spatial model estimated a strong movement from the northern area to the 

Celtic Sea. The final spatial model is a step towards a spatial assessment and management of 

the stock.

Keywords

Stock Synthesis; integrated analysis; spatially explicit model; european northern hake; 

Merluccius merluccius

Main text

1 Introduction

European hake (Merluccius merluccius) is a demersal fish widely distributed over the north-

east Atlantic shelf from Mauritania to Norway and in the Mediterranean Sea (Casey and 

Pereiro, 1995). It has been one of the most important commercial species in the north east 

Atlantic demersal fisheries since the first half of the twentieth century (Murua, 2010). 

European hake is assessed as three distinct stocks: northern, southern, both assessed by the 

International Council for the Exploration of the Sea (ICES), and Mediterranean. This study 
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focused on the northern stock distributed from the northern Bay of Biscay to the Kattegat 

(ICES Division 3a, Sub-areas, 4, 6, 7, Divisions 8a, b, d, see figure 1).

Following concerns in the late 1990s about the low stock biomass and the possibility of 

recruitment failure, a range of measures were introduced (EC, 2001a, 2001b, 2002) in order to

improve selectivity and protect juveniles, and a recovery plan was subsequently adopted (EC, 

2004). These management measures, coupled with several years of high recruitment, lead to a 

stock recovery, with an increase of the spawning stock biomass (SSB) well above the 

precautionary approach level since 2009 (ICES, 2016). With the reformed Common Fishery 

Policy (EU, 2013), the European Commission is currently developing regional multi-annual 

management plans to address mixed fishery issues (STECF, 2015). Several framework 

directives, e.g. the Maritime Spatial Planning Directive (EU, 2014) and the Marine Strategy 

Framework Directive (EU, 2008), have provided the basis for the measures drawn up by the 

European Commission.

Hake is one of the main species included in the multiannual management plans for Southern 

and Northern European Western Waters (STECF, 2015) recommending a management at 

regional scale with target ranges of fishing mortality for individual species. As the hake stock 

is distributed over several management regions, it is of importance to consider the spatial 

distribution and dynamics of the stock and of the fleets exploiting it. This may improve the 

stock management, as it may allow to define management measures consistent with the spatial

variations of the stock and fleet dynamics.

Since 2010 (ICES, 2010) the northern stock has been assessed using Stock Synthesis, version 

v3.24f (SS3) (Methot and Wetzel, 2013) based on length-structured data, avoiding the use of a
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potentially biased and uncertain age-length key (de Pontual et al., 2006). The current 

implementation of the SS3 assessment model for hake is, however, non spatial, ignoring the 

spatial variations of several biological processes and fishery related metrics, with spatially 

invariant selectivity patterns for some fleets, recruitment, and the absence of migrations. This 

may affect estimates of biomass and length structure (Cadrin and Secor, 2009; Cope and Punt,

2011; Gertseva and Cope, 2011), and hence stock management.

A spatial model can account for the spatial distribution of the fishing mortality associated with

each fleet and thus reduce the potential bias in a non spatial model (Pelletier and Mahevas, 

2005), improving estimates of biological processes parameters and biomass (Garrison et al., 

2011; McGilliard et al., 2015). Furthermore, such models can potentially reveal additional 

information on stock dynamics and spatial variations in the impact of fishing, to improve the 

accuracy of management indicators and the evaluation of spatial management plans (Hampton

and Fournier, 2001; Montenegro et al., 2009; Moustakas et al., 2006; Russo et al., 2014). 

Currently, the background knowledge required for implementing spatially structured stock 

dynamics for hake is limited. Little is known about the annual variations in recruitment in the 

Bay of Biscay, the Celtic Sea and the northern nurseries. Hake is unevenly distributed over its 

range of distribution and its spatial patterns and habitat preferences are poorly understood. 

Mature hake migrate westwards from the shelf in autumn and winter and aggregate offshore 

for spawning (Poulard, 2001; Woillez et al., 2007). A northwards spawning migration, through

the reproductive season, has been proposed by several authors (Alvarez et al., 2004; Guichet, 

1996) and a migration from the Celtic shelf to the Bay of Biscay has also been proposed 

(Guichet, 1996), but neither of these migrations has yet been confirmed. Recently, migration 

between the West of Scotland and the North Sea has also been proposed (Baudron and 

Fernandes, 2015). All these migrations are difficult to estimate with the available models and 
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data, and given the lack of appropriate tagging data (Bertignac et al., 2012; Drouineau et al., 

2010).

Several spatial models have been proposed to account for the spatial features of hake northern

stock and estimate uncertainties. Drouineau et al. (2010) proposed a spatial model fitted to a 

short time series to improve knowledge of hake growth and migrations. Bertignac et al. 

(2012) proposed a spatial Stock Synthesis model fitted to a long time series to provide 

information for the development of spatial management of hake, such as on the spatial 

distribution of hake. These preliminary studies provided new insights into the spatial stock 

dynamics of hake, such as estimates of spatial distribution, recruitment and fishing mortality, 

and migrations. They also highlighted several limitations of the models, such as confounding 

between model estimates (Bertignac et al., 2012), a failure to reproduce spatial patterns, such 

as mature hake aggregation on the Celtic Sea shelf, or a migration from the Bay of Biscay to 

the Celtic Sea (Drouineau et al., 2010). To improve their models, they suggested that further 

exploration was required on the assumptions about selectivity patterns, the definition of the 

migrations, the allocation of recruitment to each area and on alternative spatial structures. 

Furthermore, Drouineau et al. (2010) excluded the North Sea and the West of Scotland, and 

Bertignac et al. (2012) included them aggregated with the Celtic Sea. Yet, there have been 

recent changes in stock dynamics in the North Sea (Baudron and Fernandes, 2015) calling for 

a more precise modeling of this area. An improved model, addressing the issues described 

above, is required to improve knowledge of hake stock dynamics.

Spatially structured Stock Synthesis models have already been implemented for other species 

and fisheries: Day et al. (2015) assessed toothfish stocks in the Macquarie Island fishery, 

Kolody, 2010; Sharma, 2014 assessed an Indian Ocean Swordfish Fishery, Thorson and 
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Wetzel (2015) assessed canary rockfish stocks off the US West Coast, Cass-Calay et al. (2015)

assessed red snapper stocks in the Gulf of Mexico, all using a spatially structured Stock 

Synthesis model. Among others, they noticed the high sensitivity of their models to poorly-

known processes, and that while developing a more complex model, one may replace 

problematic assumptions with other problematic assumptions. Hence the implementation of 

such models requires an accurate specification of the model, and, more specifically, an 

appropriate spatial structure and scale given the available knowledge, data and management 

needs. Finally, spatial assessment should be treated with caution as misspecified assumptions 

of spatial features and lack of data may lead to a poorly performing model (Maunder and 

Piner, 2017; Punt et al., 2015).

From the non spatial Stock Synthesis model currently used to assess the northern hake stock 

(ICES, 2016), we have implemented a spatial Stock Synthesis model, describing explicitly the

Bay of Biscay, the Celtic Sea and a northern area including the West of Scotland and the 

North Sea. The population dynamics component of the model can, therefore, allow for spatial 

variations in the demographic structure, the recruitment and migration estimates. Selectivity 

patterns and fishing mortalities1 for each commercial fleet and indices of abundance from 

scientific surveys are calculated for each area. This spatial Stock Synthesis model was fitted 

to spatially disaggregated catch and survey data. Statistical metrics of goodness of fit were 

used to evaluate its relevance for integrated assessment of the northern hake stock. Spatial and

global estimates of biomass are then discussed to assess whether this spatial model provides 

new insights into the fishery. Finally we discussed lessons raised by the modeling process for 

implementing spatial models using currently available data and scientific knowledge.

1 Here fishing mortalities are relative to the abundance, see formulae in Appendix B.
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2 Material and methods

2.1 Model description

2.1.1 Current non spatial Stock Synthesis assessment model

Stock Synthesis is a statistical framework for calibration of population dynamics model using 

a diversity of fishery and survey data (Methot and Wetzel, 2013) providing flexibility for 

spatially and seasonally explicit modeling. It is designed to accommodate age structure at a 

seasonal time scale with multiple stock sub-areas, and allows for the description of a length 

structure to fit length composition data..

Northern hake is currently assessed using a non spatial, age-length structured Stock Synthesis 

model, encompassing the whole northern stock distribution area. In this model hake growth 

was described by a von Bertalanffy relationship and the distribution of lengths for a given age

were assumed to be normally distributed. Recruitment was modeled by a Beverton-Holt 

stock-recruitment relationship, and is seasonally distributed in proportions that vary from year

to year. Due to lack of knowledge on recruitment processes, the steepness was set to 0.999, 

leading recruitment almost independent of spawning biomass. Maturity-at-length was 

described using a time invariant logistic ogive, without distinction between sexes. Weight-at-

length were estimated from a fixed length-weight relationship. Natural mortality was set to 

0.4. This high value was set after tagging results showed that previously hake age was 

overestimated by a factor of two (de Pontual et al., 2006). The model stock dynamics were 

assumed to be spatially invariant. Seven fleets and 7 scientific surveys were described (see 

Table A.1), some encompassing several areas at a time, such as the Bay of Biscay and the 

Celtic Sea. Some spatial variations in fishing dynamics were included, as some fleets and 

selectivities describe fishing fleets operating in only some areas, such as the Spanish trawlers 

operating only in the Bay of Biscay or only in the Celtic Sea, or a mix fleet operating mostly 

in the West of Scotland and in the North Sea (see table A.1). Further details on this non spatial
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model can be found in (ICES, 2014).

2.1.2 Towards a spatial assessment model

In this study, the spatial model was developed from a non spatial model through the 

implementation of several intermediate models, with a step-wise increase in complexity to 

provide a better understanding of the final spatial model fit. Two of these intermediate 

models, and the spatial model are described through their differences in main features, which 

are summarized in table 1. More details on the intermediate models are given in Appendix A.

The first intermediate model (intermediate 1 in Table 1) modelled one area, as in the non 

spatial model, but with an implicit spatial fleet definition (table 2) so that each fleet operated 

only in the northern Bay of Biscay (8a, b, d), or only in the Celtic Sea (7a-c, f-k), or only in a 

northern area merging the West of Scotland, the North Sea, Kattegat and Skagerrak (3a, 4, 6)

(see figure 1). Longliners and gillnetters were aggregated, since complex configurations 

distinguishing these 2 fleets lead to convergence issues given the high number of parameters 

required to describe fleets fishing intensity (see appendix A). Given that these fleets both fish 

bigger individuals than other fleets, this also justified a merge, which still allows a spatially-

explicit modelling. Non-Nephrops trawlers were split between trawlers fishing in shallow (E) 

or in deep (W) waters to improve the fit given the dissimilarities between the exploitation 

patterns of these fleets. Only one fleet operated in the northern area, combining all hake 

métiers in this area. A specific selectivity function was estimated for each fleet. For the fleets 

discarding hake (TRAWL_FISH_CS_W, TRAWL_FISH_BOB_W, TRAWL_NEP, 

OTHERS), a retention function separated the landed and discarded fractions of the catch. 

These functions were the same as those defined by (ICES, 2014). Although 

TRAWL_FISH_CS_E and TRAWL_FISH_BOB_E fleets are known to discard, this was not 

modeled as available information on their discards is not reliable enough. The EVHOE survey
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was split between the Bay of Biscay and the Celtic Sea, and it was assumed that both EVHOE

surveys had the same selectivity pattern.

The second intermediate model (intermediate 2 in table 1) was spatially explicit as 3 areas 

were described: the Bay of Biscay, the Celtic Sea, and the northern area (Figure 1). The stock 

was split into these three areas, with the same stock dynamics and no migration. The 

recruitment was distributed over these three areas in proportions that could vary from year to 

year. Each fleet defined in intermediate 1 model was explicitly associated to the area 

corresponding to its operating fishing area, and therefore its selectivity pattern affected the 

length structure of the stock in the area. Three additional surveys operating in the northern 

area were included to capture more information on small individuals in this area: NS-IBTSQ1

and NS-IBTSQ3, the IBTS surveys in the North Sea winter and summer respectively, and the 

SWC-IBTS survey in the West of Scotland in autumn. Scientific surveys operating with the 

same vessel in different areas (e.g EVHOE_CS and EVHOE_BOB) or in different seasons 

(e.g. NS-IBTSQ1 and NS-IBTSQ3) were assumed to have strictly the same selectivity 

pattern.

Given to the literature, there are several potential migrations of the stock between the three 

areas (Table 3). Several studies (Alvarez et al., 2004; Baudron and Fernandes, 2015; Casey 

and Pereiro, 1995; Guichet, 1996; Korta et al., 2015) indicate that some seasonal migrations 

may occur between the Bay of Biscay and the Celtic Sea, on the one hand, and between the 

West of Scotland and the North Sea on the other hand, linked to both spawning and 

environmental conditions. Based on those studies, we considered migration from the Bay of 

Biscay to the Celtic Sea at the end of winter and in the opposite direction in the other seasons.

Likewise, we considered migration from the Celtic Sea to the northern area, at the end of 

winter and spring, and in the opposite direction in the other seasons. All these migrations were

assumed to be the same every year. A comprehensive description and the input files of this 
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model are provided in Appendix C, as well as a description of the estimation procedure.

2.1.3 Model assessment

Models with various levels of complexity were fitted (see Table A.2 and Appendix A). The 

estimation procedure was assumed to have converged if the approximation of the Hessian 

matrix was positive definite and the gradient of the objective function value was below an 

empirical threshold of 0.01: below this threshold, it was assumed that an optimum of the 

objective function was reached. The model was assumed to be identifiable if the rank of the 

estimate of the Hessian was equal to the number of parameters to be estimated (Drouineau, 

2008; Viallefont et al., 1998) The quality of the parameter estimates was tested in various 

ways, following (Cass-Calay et al., 2014):

- The variance-covariance matrix, estimated by calculating the inverse of the Hessian matrix, 

was analyzed to check for any abnormal parameter redundancy, i.e. any high correlation 

between two unrelated estimated parameters.

- A jitter analysis (Cass-Calay et al., 2014), i.e. the analysis of runs with different initial 

parameter values, was used to ensure the model was robust to changes in the initial values.

- A likelihood profile was calculated for the virgin recruitment level parameter to ensure that 

there was enough information in the data to estimate this parameter.

- Sensitivity to the most recent years of data was tested using a retrospective analysis.

The quality of fit of the non spatial, intermediate and spatial models were compared using two

indices representing the divergence between predicted and observed time series of catch and 

discards for each fleet and of survey indices: 
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- IndR, which is based on the correlation coefficient R introduced in (Taylor, 2001):

IndR=R+1
2

where 
R=

1

N
∑
n=1

N

(on�ō)( pn� p̄)

σoσ p

, where N is the number of observations in the time series,

o .  is a normalized observation series, p.  is the associated normalized model prediction 

series, ō  is the mean of the normalized observations, p̄  is the mean of the normalized 

estimates, σo  is the standard deviation of the observation series and σ p  is the standard 

deviation of the prediction series. An IndR value of 1 indicates 100% correlation between o 

and p series, a value of 0,5 indicates zero correlation, a value of 0 indicates 100% 

anticorrelation.

-IndRMSD, which is based on the pattern root mean square difference E' introduced in Taylor 

(2001): IndRMSD=exp(�3√(
ō� p̄
ō

)
2

E ') , where E '=√ 1N∑
n=1

N

((on�ō)�( pn� p̄ ))
2 . An 

IndRMSD value of 1 indicates that o and p series are perfectly alike. The closer is IndRMSD 

of 0, the more the series differ. This index characterizes the amplitude of variations, seen as 

discrepancies to the series main values, and scale. For length distribution data series, IndR and

IndRMSD are calculated for each length bin, then averaged over the bins.

Usually, Taylor diagrams are used to display such indices and compare models fit (see 

(Taylor, 2001) for full explanation), however, to improve the readability, we plotted IndR and 

IndRMSD indices on a small number of radar charts. The right part of a radar chart shows the 

ability to reproduce the variability of a series with IndR, and the left part shows the 

accumulated deviations of the mean of the series with IndRMSD.

Models were compared whenever possible using pseudo-AIC. The model with the smallest 
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pseudo-AIC was considered as the most likely for a given number of estimated parameters. 

The pseudo-AIC is based on AIC (Akaike, 1974), except the negative log likelihood is 

replaced by the objective function (weighted log likelihood):

pseudo-AIC = 2*OF +2*n

where n is the number of estimated parameters. This selection procedure was carried out for 

the models for which the estimation procedure converged, which were identifiable, which had

no estimated parameters at the bounds of the range for which they were defined and 

reproduced the main features of the observations dataset.

2.2 Data

The data availability is shown in Figure 2. All the data were available quarterly, except for 

landings by weight and landing length-frequency distribution between 1978 and 1989 which 

were available annually. For this period, landings by weight were distributed between quarters

using the mean seasonal distribution between 1990 and 1994 for each fleet. For some time 

steps, fleets and data categories, there may be gaps in the data (see figure 2):

- Landing data depends on the country and are derived from sales notes, logbooks, auction 

hall sales notes and sampling data.

- Discard data and discard length-frequency distributions were collected on-board by 

observers, and then raised by national institutes.

- Length-frequency distributions were sampled at auction halls for landings.

- Relative abundance indices and the associated length-frequency distributions come from 11 

surveys listed in table 2. Abundance indices were calculated using stratified sampling 

aggregated for each area. There are 2 main differences in the data between the non spatial and 

the spatial models: 1) as the EVHOE survey has been split into EVHOE Bay of Biscay and 
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EVHOE Celtic Sea, the spatial models were able to use the data from 1987-1996, when the 

survey was carried out in the Bay of Biscay only; 2) data from SWC-IBTS and NS-IBTSQ1 

and Q3 has been added;

3 Results

3.1 Goodness of fit
For all intermediate models, the estimation procedure converged and estimates were 

considered valid, as they fulfill the criteria of convergence, identifiability and estimation 

procedure described in section 2.1.3. Concerning the spatial model, in terms of pseudo-AIC 

and convergence, the model with migration pattern including only the movement from the 

northern area to the Celtic Sea at season 3 provided the best performances (see Appendix A, 

and table A.2), hence it was selected as our final spatial model. For the latter model, more 

diagnostics were carried out. The jitter analysis showed that the estimation procedure was 

sensitive to the initial point, and so a set of initial points was used to chose the best solution 

possible (see Appendix A for details). Also, the likelihood profile (see Appendix A, figure 

A.1) showed that the final spatial model estimation procedure converged globally. Even 

though the profile is smooth, the estimation procedure had to be run with several initial points 

before reaching a global convergence for some parameter values, indicating instabilities 

between local and global convergences for the final spatial model. Finally the retrospective 

analysis (figures A.2 and A.3) showed that the final spatial model was sensitive to the 

inclusion of recent years data at global and regional scales, especially on spatial recruitment 

allocation, and on fishing mortalities and spawning stock biomass at the end of the time 

series.
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3.2 Comparison of model performance

All IndRMSD and IndR indices are displayed on radar charts (figure 3) on one broken line per

model, the right parts of charts displaying IndR, and the left parts of charts IndRMSD; rows 

display from top to bottom indices on landings, discards and abundance indices, columns 

from left to right indices on length compositions and in weight. The radar charts show that for

IndR and IndRMSD, all models perform similarly on normalized length compositions of 

catch, discards and abundance indices (figure 3A, B & C) and on normalized catch and 

discards by weight and abundance indices (figure 3D, E & F). The final spatial model 

performs similarly or slightly better than the non spatial model on landings length 

compositions indices (figure 3A), even if the non spatial model still performs the best on 

some of these indices. The final spatial model has similar or better performances than the non 

spatial on most of discards in weight indices (figure 3E). On abundance indices, the 

intermediate 2 and final spatial models perform in general better than other models (figure

3F). This indicates benefits of using a spatial model on processes linked to landings length 

compositions, discards and abundance indices.

IndRMSD for the normalized length structure of the catch (figure 3A) are higher for the final 

spatial model than for the non spatial model for GILLLONG, TROTH and SPTR7 fleets, 

IndR is higher for the final spatial model than the non spatial for GILLLONG and SPTR7. 

This indicates a better estimation of the catch length composition, which may be linked to a 

better modeling of fishing mortalities or selectivities for these fleets. This is however not the 

case for the OTH fleet indices and TROTH IndR, where the final spatial model performs 

worse than the non spatial, but better than the other models. These differences are seen 

between the fit of the non spatial model and the fit of intermediate 1 model. Adding an 

explicit spatial dimension without migration (intermediate model 2) brings further slight 
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improvements. Adding a migration to the model improves only OTH IndRMSD. The fact that 

the final spatial model brings only few improvements may indicate that the data contains very 

few information on migration processes.

IndRMSD and IndR for normalized length structure of discards, abundance indices and 

landings in weight (figure 3B, C & D) show that the predictions of all models are close. We 

notice only a few discrepancies, the intermediate model 1 performing better on SPTR8 IndR 

for discards length compositions. IndRMSD for RESSGASCQ1;3 are higher for the non 

spatial model than the final spatial model, liekwise for RESSGASCQ1 IndR; whereas 

IndRMSD for EVHOE and RESSGASCQ2 are higher for the final spatial model than the non 

spatial. Apart from these few discrepancies, we cannot bring out benefits or drawbacks of 

using a spatial model linked to the modeling of discards and abundance indices length 

compositions, and of landings in weight.

IndR for discards by weight (figure 3E) are similar for all models, however, IndRMSD for 

NEP and SPTR7 fleets are better for the final spatial model than the non spatial model, which 

may be linked to the modelling of these fleets retention patterns, even though NEP IndR is 

slighly lower for the final spatial model than the non spatial. Some of the previous indices 

may improve or worsen when adding an implicit spatial fleet design (intermediate model 1), 

an explicit spatial dimension (intermediate model 2), or a migration (final model), making it 

hard to bring out which assumption may improve the modeling of discards in weight. These 

performances are worse than for landings, given the higher uncertainties in the discard data.

IndRMSD and IndR for the normalized abundance index (figure 3F) are similar or slightly 
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higher for most of surveys for the intermediate 2 and final spatial models than the non spatial. 

Intermediate model 1 improves predictions mostly for IGFS and RESSGASCQ1, but not for 

RESSGASCQ2-4 surveys. The spatially-explicit intermediate model 2 improves predictions 

for PORCUPINE and RESSGASCQ2-4, but not Q1. Finally, the final spatial model worsens 

PORCUPINE indices, and does not bring further improvement. It performs best than the non 

spatial model for RESSGASCQ2-4 and IGFS surveys. Since we assumed that abundance 

indices are directly proportional to abundance, this indicates a better estimation of abundance 

or catchabilities by the final spatial model for these surveys. IndR values for the abundance 

indices are smaller than for the other data series in general. This is explained by the high inter-

annual variability of survey indices of abundance.

We observed that the final spatial model is the most parsimonious, since its pseudo-AIC is the

lowest among all the models with various levels of complexity that were tested (Appendix A).

This model was therefore chosen for analysis of the fit and predicted dynamics.

3.3 Analysis of final spatial model fit

The comparison of observed and predicted length-frequency distributions aggregated over 

time steps (Figure 4) and the mean Pearson residuals over time steps (Figure D.1) shows that 

the final spatial model fits well the observed length-frequency distributions. This is 

particularly true for commercial fleets and landings (panels F to I, O to Q and V), for which 

the differences between observations and the model results are small and the mean Pearson 

residuals are close to 0. Note that the largest discrepancies on the fit appear at the quarter 

scale (see Supplementary Material). Furthermore, for fleets operating in two different areas 

with the same gear, the peaks in observed length-frequency distributions do not occur at the 
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same lengths in the Bay of Biscay and the Celtic Sea, which is well reproduced in the model 

predictions. This demonstrates the ability of the model to accurately estimate the selectivity 

pattern of each fleet.

The model also performs well in predicting length-frequency distributions for the scientific 

surveys (Figures 4 and D.1 panels A to E, L to N, and S to U). It must be noted that the 

EVHOE surveys, operating in different areas of the final spatial model, have the same 

selectivity function. The ability of the model to capture the differences observed in length 

frequency distributions in different areas demonstrates its ability to describe spatial variations 

not only through selectivities, but also through the spatial structure of the stock.

Nevertheless, the model has a relatively coarse structure and cannot account for all observed 

spatial variations. In the Celtic Sea for instance, the model did not fit the PORCUPINE survey

length-frequency distributions very well (Figures  4 and D.1, panel N), even though a 

selectivity pattern specific to this survey is estimated. For this survey, occurring only on the 

Porcupine Bank, an area where mainly large hakes are present, the observed length frequency 

distributions are very different from the other surveys conducted on the Celtic Sea shelf 

(IGFS, EVHOE_CS, Figures 4 and D.1, panels L and M), and slightly erratic (see 

Supplementary Material). Different selectivities cannot account for all the differences in 

length-frequency distributions inside a particular area of the model, as they apply on the same 

abundance length compositions. In the northern area, there is the same difference between the 

well-fitted West of Scotland SWC-IBTS survey, and the poorly fitted and erratic North Sea 

NS-IBTS surveys (Figures 4 and D.1, panels S to U, and Supplementary Material) with the 

survey selectivities in the final spatial model only accounting partially for the northern area 

spatial structure as shown by the different predicted length-frequency distributions for the 

surveys in the area.
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The final spatial model provides a generally good representation of the seasonal variation in 

length-frequency distributions, except for RESSGASCQ3 (Figures 4 and D.1, panels B to E), 

for which smaller length classes, corresponding to the arrival of recruits, are a poor fit. This 

might indicate a poor estimation of the summer Bay of Biscay recruitment levels in the 

model.

For the commercial fleets, observations are all well predicted by the model and the only 

weaknesses are for the mixed fleet OTHERS and for uncertain discard data (see Appendix D, 

figures D.1 and D.2). The model provides a good prediction of the inter-annual variations of 

landings and discards by weight (Figure D.2) except for the discards from non-Nephrops 

trawler fleets (panels I and K) which, could cause the fishing mortality at the end of the time 

series to be over-estimated in the Bay of Biscay and underestimated in the Celtic Sea.

The abundance indices (Figure 5) are also well predicted by the model, especially in the Bay 

of Biscay and in the Celtic Sea, and the fitted curves are mostly within the confidence bands 

for each survey. Again, it is interesting to note that the model has difficulty fitting the SWC-

IBTS and NS-IBTS survey indices simultaneously (panels I to K). These surveys, conducted 

in the West of Scotland and North Sea respectively, show different abundance patterns 

although, in the model, these two areas are aggregated in the same northern area with the 

assumption that the two surveys harvest a population that is uniform over the whole of the 

northern area. This is similar to the difficulty of fitting the length-frequency distributions for 

the surveys, and highlights the problems arising from the coarse spatial structure used in the 

model.
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3.4 Perceptions of fishery and stock dynamics: final spatial model versus non 

spatial model

Overall, the final spatial model provides a similar perception of the fishery and stock 

dynamics to that of the non spatial model (Figure 6) even if the final spatial model estimates 

are slightly more uncertain, as the wider confidence intervals show. Total fishing mortality 

(see Appendix B for calculations), SSB and recruitment are similar over most of the time 

series, but there are some differences at the beginning and the end:

- from 1978 to 1986, fishing mortalities and recruitment are estimated to be higher, and SSB 

in general lower in the final spatial model than in the non spatial model.

- from 1987 to around 1994, fishing mortalities and SSB are higher in the final spatial model 

than in the non spatial model.

- from 2006 to 2012, fishing mortalities are estimated to be higher, and SSB lower in the final 

spatial model than in the non spatial model, except for fishing mortality the last year. 

Recruitment is lower in the final spatial model, except the last three years, where it increases 

much more than in the non spatial model.

For the last year, SSB and fishing mortality are within precautionary reference points, SSB 

and fishing mortalitiy are above Maximum Sustainable Yield reference points for both models

(see MSY Btrigger, FMSY, Blim, Flim, Bpa and Fpa and their definitions in ICES (2015)).

3.5 Perception of spatial stock dynamics

The spatial estimates of fishing mortalities, SSB, recruitment, and migrations for the three 

studied areas provide new insights into the population dynamics of hake (Figure 7).

The northern area is productive, with high levels of SSB before 1994, between around 15000 

and 40000 tonnes, and a recruitment of around 12% of the total over the time series. The 

estimate of the proportion of adults migrating to the Celtic Sea during season 3 is high, 
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around 37%, giving the Celtic Sea enough biomass to yield the observed high level of catch. 

The model estimated low fishing mortalities before 1992, mainly below 0.5 which then 

increased to around 0.75 in 1994 with the SSB dropping to around 3500 tonnes in 1998. 

Fishing mortalities remained at these high values until 2002 and then dropped to values 

similar to those at the beginning of the time time series, below 0.5. SSB remained low from 

1994 to 2008, then strongly increased to almost 40000 tonnes.

The Celtic Sea population is abundant, as its SSB is the highest over almost the whole time 

series. This area is allocated around 15% of the total recruitment at the beginning of the time 

series, excepted in 1981, where the proportion reaches around 30%. This proportion increases 

between 1990 and 2000 to around 30%, with inter-annual fluctuations. The recruitment, 

coupled to immigration from the northern area, partly explain the high estimated SSB in this 

area, between 20000 and 60000 tonnes. It increases from around 20000 to around 60000 

tonnes from 1978 to 1986, then drops back to less than 20000 tonnes from 1986 to 1998, and 

then fluctuates around 25000 tonnes, before a steady increase from 2009 onwards to reach 

around 60000 tonnes in 2012. Over the time series, the fishing mortalities were estimated 

mostly between and 0.25 and 0.5, with high inter-annual variability.

In the Bay of Biscay, at the beginning of the time series, the SSB was surprisingly much lower

than in the northern area, by a factor of two. However, on average over the time series, the 

Bay of Biscay was allocated around 67% of the total recruitment, with high inter-annual 

variability. Coupled to the very high estimates for fishing mortality, almost all over 1 before 

2006, this indicates the Bay of Biscay population is heavily exploited and renewed. The 

dynamics are shifting from 2006, with a dramatic fishing mortality drop from around 1,5 to 

0,13 and SSB increase from around 4000 to 76000 tonnes. As for the two other areas of the 

model, this may be to be linked with  the strong recruitment in 2008 and 2011-2012 (Figure

6).
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4 Discussion

4.1 Perception of the fishery and stock dynamics supported by the final 

spatial model estimates

In the Celtic Sea and the Bay of Biscay, the increasing SSB estimated by the final spatial 

model after 2005 was consistent with the increase in landings at the end of the time series for 

these two areas (Figure D.2, panels A to G) and the high estimated recruitment in 2008 and 

2012 (Figure 5), already estimated by the non spatial model (ICES, 2016). The estimated 

distribution of SSB or total biomass between the Celtic Sea and the Bay of Biscay was 

between the values already given in the literature (Bertignac et al., 2012; Drouineau et al., 

2010). For example, 94% of SSB was allocated to the Celtic Sea and around 6% to the Bay of

Biscay in the Drouineau et al. (2010) model for 2005 (they did not model the northern area), 

while, for 2005, the final spatial model allocated around 80% of SSB outside the northern area

to the Celtic Sea. On the other hand, Bertignac et al. (2012) estimated that around 55% of the 

total biomass was located in the Bay of Biscay over the whole time series, while the final 

spatial model estimated only 19% in the Bay of Biscay (not shown) over the whole time 

series. This makes our spatial repartition estimates intermediate between these 2 previous 

models estimates.

Also, the estimated spatial pattern of recruitment allocates most recruitment (67%) to the Bay 

of Biscay, less (21%) to the Celtic Sea and least (12%) to the northern area over the time 

series (Figure 7). This result is rather expected on the basis of the literature and surveys with 

known nursery areas mostly located in the Bay of Biscay, then the Celtic Sea (Casey and 

Pereiro, 1995) and lastly the northern area (Guichet, 1996; Quéro and Vayne, 1997; Werner et 

al., 2016); the spatial distribution of recruits observed by the EVHOE survey showed higher 
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recruitment in the Bay of Biscay than in the Celtic Sea (ICES, 2016).

The estimates of spatial allocation of recruitment are sensitive to the inclusion of observations

on discards and surveys, given that these observations include information on small 

individuals. Given the high uncertainties on discards data, more information on discards may 

help to estimate more accurately the recruitment.

In constrast, the final spatial model also showed some rather unexpected patterns. Over the 

earlier period of the time series (1978-1992), the estimates of SSB in the northern area were 

almost as high as in the later period (Figure 7), and were almost twice those estimated for the 

Bay of Biscay. This result is somewhat inconsistent with the low level of catches observed in 

the northern area over the same period (Figure D.2, panel H) which indicated a quasi-absence 

of hake in the North Sea for the past 50 years (Baudron and Fernandes, 2015).

Also, in the northern area, the increasing SSB estimated by the model after 2005 in all areas 

(figure 7) is inconsistent with results of Baudron and Fernandes (2015), who suggested a SSB 

increase mainly in the northern area.

By selecting a model with movement occurring only from the northern area to the Celtic Sea, 

we made the strong assumption that no migration occurs towards the northern area, and 

between the Bay of Biscay and the Celtic Sea. The availability of relevant tagging data could 

have allowed to release this strong assumption and test more complex migration design. This 

simple pattern of migration contrasts with some literature (Alvarez et al., 2004; Baudron and 

Fernandes, 2015; Casey and Pereiro, 1995; Guichet, 1996; Korta et al., 2015), which 

discussed potential movements between the Bay of Biscay and the Celtic Sea, even if no data 

supports this statement. This also contradicts Bertignac et al. (2012) model, which estimates a

60% migration to the Celtic Sea, and a 25% migration to the Bay of Biscay. On the contrary, 
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the absence of movement in the final spatial model from the Bay of Biscay to the Celtic Sea is

consistent with estimates from the model of Drouineau et al. (2010).

Migrations were assumed constant over the period and not density dependent. Alternative 

migration designs including time variability and less constrained designs (some migrations 

occur during more seasons) were explored (see Appendix A), however the increase of 

complexity was not supported by the available data, resulting in convergence issues during 

the estimation procedure. This highlights the needs for improved knowledge on migration and

its seasonality (Alvarez et al., 2004; Baudron and Fernandes, 2015; Casey and Pereiro, 1995; 

Guichet, 1996; Korta et al., 2015) as assuming time-invariant migration rates may have 

consequences on the estimates of the spatial distribution of the stock in both abundance and 

size/age structure. Again, tagging data could help estimate migration rates for more complex 

and realistic models, but it is not currently available.

4.2 Lessons from the intermediate models

The final spatial model set out to elucidate stock and fleet spatial dynamics and to slightly 

improve the estimation of abundance spatio-temporal variability and of some fleets landings 

length compositions. We started the process by adding an implicit spatial fleet design into the 

current non spatial assessment model which improved the model's predictions of the dynamics

of the length composition of some fleets landings. The second significant improvement in the 

model was introducing explicit spatio-temporal dynamics to create the intermediate 2 model. 

At this stage, the model accounted for spatial variability through both an explicit spatial 

structure and spatially explicit selectivity patterns (Hurtado-Ferro et al., 2014). Most of the 

gains on the estimation of abundance indices spatio-temporal variability were made at this 

stage. Finally, a seasonal migration was introduced to create the final spatial model, which 
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improved predictions of some fleets landings length compositions, but worsened the 

predictions of abundance spatio-temporal variability. This made the final spatial model the 

most likely for the number of estimated parameters (Appendix A).

We also note that we assessed the models abilities to predict abundance spatio-temporal 

variability basing on goodness of fit to abundance observations. Since these observations have

a high inter-annual variability, one could expect that indices on goodness of fit to abundance 

would be lower than other indices. A perspective to overcome this could be to fit the model to 

abundance indices trends, rather than to abundance indices.

Despite these strengths, the final spatial model has limits, often encountered for complex 

integrated modeling of spatio-temporal stock dynamics. Firstly, the final spatial model 

highlights data conflicts (figures 4 and 5) for the northern area and the Celtic Sea surveys, 

which already existed with the less complex intermediate models. These data conflicts are 

linked to misspecification of these models (Francis, 2017; Maunder and Piner, 2017) in terms 

of spatial resolution: a hake population was modelled in each zone, each having its abundance

length structure estimated, which conflicts with the data for the Celtic Sea and northern area 

(figure 4). Preliminary runs increasing the spatial resolution by distinguishing offshore areas 

from the shelf, for both the Bay of Biscay and the Celtic Sea, resulted in an increase in 

complexity that was not supported by the current available data (not shown), preventing the 

estimation procedure from converging. To partly address the misspecification issue, 

estimating separate selectivity patterns for both NS-IBTS surveys could be an interesting 

prospect. At the moment, such a misspecification may affect the estimates of spatial 

distribution of SSB and recruitment discussed in section 4.1.

Other issues frequently encountered in complex modeling are the over-parametrization and 
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identifiability issues. Implementing a more complex model implies adding new processes and 

parameters that require numerous observations to be accurately estimated. For instance, 

without appropriate tagging data, it is hard to distinguish whether an abundance increase is 

linked to movements between areas (Drouineau et al., 2010). The final spatial model and 

supplementary runs revealed complex interactions between the estimates of migrations, 

spatial allocation of recruitment, spatial fishing mortalities and spawning stock biomass 

(Appendix A). This directly affects the perception of the fishery provided by the model, and 

its ability to provide spatial assessments of the stock and underlines the need for 

supplementary data to address the model misspecifications.

At this stage, several recommendations could be made to further develop this spatial 

assessment of the northern hake stock. Firstly,  model misspecifications should be better 

identified through, for example, an analysis of performances of fitting and data conflicts 

(Maunder and Piner, 2017) and then resolved with appropriate modeling hypotheses, if 

possible. This is of primary importance, as a more complex model does not bring any 

improvement if misspecified (Punt, 2017).

Secondly, a parsimonious modeling approach using the available data and scientific 

knowledge should be used, to avoid modeling a complex process with confounding estimates 

for non-identifiable parameters (Appendix A).

We also recommend to work on the definition of elements of the estimation procedure, given 

the difficulties of estimating a high number of parameters in integrated complex modeling 

(Mahévas et al., comm. pers.). Indeed, given the high number of parameters and the high 

computational cost for exploring the parameter space, investigating the features of the 

estimation procedure, such as running the procedure with a large number of initial points, 
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analyzing available indicators of goodness of fit, analyzing model parameters using likelihood

profiles (Cass-Calay et al., 2014), is required to increase the chances of global convergence 

and correct parameter estimates. Further work to explore parameter values variations with a 

lower gradient threshold could be an interesting prospect on future models.

4.3 Towards spatial management

This spatial model is a step towards a spatial assessment of the northern hake stock and its 

fisheries spatial management. Even though the spatial structure of the model is still coarse, 

our model takes spatial variations in the stock and fishery dynamics into account and could, 

therefore, predict management indicators at various scales. In particular, the final spatial 

model estimates of SSB spatial distribution were variable in time which is different from the 

current constant Total Allowable Catch (TAC) spatial distribution (ICES, 2016), with a 

discrepancy between the constant proportion of TAC (3.5%) allocated to the North Sea and 

the SSB estimates for the final spatial model increasing towards the end of the time series in 

the northern area or the recent increase in SSB in the North Sea reported by Baudron and 

Fernandes (2015). Even if the TAC spatial allocation is made at a different spatial scale from 

the model described in this paper, the spatial distributions of abundance, fishing mortality and 

recruitment estimated by the stock assessment model are useful for spatial catch predictions 

and allocating quotas in different areas. This would help to provide exploitation rates more in 

line with the potential productivity and fishing pressure at regional levels. Even if this needs 

to be treated with caution due to the misspecifications identified in the final spatial model, the 

model is a step towards regionalisation of northern hake fisheries management, as 

recommended by current European directives and regulations (EU, 2013, 2008).

Following these directives and regulations, several regional multiannual management plans to
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address mixed fisheries issues are currently being developed (STECF, 2015). These need tools

such as a Management Strategy Evaluation (MSE) framework to predict their effects.

The results introduced in this manuscript could contribute significantly to the conditioning of 

a spatial MSE, which may allow the assessment of stock management measures in mixed 

demersal fisheries, especially spatially-explicit measures. The MSE could use the spatial stock

assessment model coupled to a fisheries simulation model, such as ISIS-Fish (Mahévas and 

Pelletier, 2004; Pelletier et al., 2009), which has already been used in a MSE for other mixed 

fisheries (Marchal and Vermard, 2013).

Acknowledgements

We would like to thank IFREMER and the Pays de la Loire who provided all the funding for 

this study. We also thank

- all the commercial and survey data providers

- the participants in the surveys and sampling programs that collected the data used in our 

study

- the Stock Synthesis 3 and r4ss communities for providing SS3 executables, resources, and 

help on SS3 and r4ss R library.

We also thank André Punt and an anonymous reviewer who helped us to improve the quality 

of this manuscript.

27

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649



Figures and tables
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Figure 1: Map of the areas modelled in the final spatial model. Areas are delineated by thick
black lines, area names are in black, bold, underlined text.

Figure 2: Data availability, one panel per area, one line per fleet and data type. A black line
indicates that data is available for the period covered by the line.

Figure 5: Final spatial model fit to abundance indices for each survey (log scale). The widths
of the bands represent twice the standard error. First row is for the Bay of Biscay surveys

(panels A to E), second row is for the Celtic Sea surveys (panels F to H) and the last row is
for the northern area surveys (panels I to K).

Figure 6: Estimates of fishing mortality F (top panel), spawning stock biomass (SSB) in
tonnes (middle panel), recruitment in numbers (bottom panel) per time step for the final
spatial model (solid) and non spatial model (dashed). The confidence intervals represent

twice the standard deviation.

Figure 7: Estimates of fishing mortality F (top left panel), spawning stock biomass (SSB) in
tonnes (middle left panel), spatial distribution of recruitment per area and time step (bottom
left panel) and migrations per season and age class (middle right panel) for the final spatial

model. The confidence intervals represent twice the standard deviation. Uncertainties are
provided only for the spatial allocation of recruitment and the migrations, as uncertainties for

spatial fishing mortalities and SSB are not implemented in the current Stock Synthesis
framework.

Figure 3 : Radar charts for the non spatial, intermediate and final spatial models, giving
IndR and IndRMSD values for normalized length structure ofn commercial catch (A),

discards (B) and on scientific surveys (C), normalized catch in weight (D), discards by weight
(E) and indices of abundance (F) for each fleet and survey. IndR are plotted on the right, and
IndRMSD on the left of the radar charts. Opposite indices on the same radar chart are for the

same fleet*data category combination. Fleet definitions: GILLONG, all longliners and
gillnetters; NEP, Nephrops trawlers; SPTR7 and SPTR8 Spanish trawlers in the Celtic Sea

and in the Bay of Biscay respectively; TROTH, all non Spanish, non Nephrops trawlers in the
Bay of Biscay and in the Celtic Sea; OTH, the mixed fleet in the northern area. Fleets are

grouped by area: mixed (GILLONG & TROTH), Bay of Biscay (NEP & SPTR8), Celtic Sea
(SPTR7) and northern area (OTH); see table 2 for surveys areas.

Figure 4 : Final spatial model fit to length -frequency distributions for each commercial
fleet /survey and type (landings, discards or survey) aggregated over time steps. The 2 first
rows are for the Bay of Biscay fleets (panels A to K), the 2 next rows are for the Celtic Sea

fleets (panels L to R) and the last row is for the northern area fleets (panels S to W).
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Model Non spatial Intermediate 1 Intermediate 2 Spatial model

Areas 1 1 3 3

Fleets 7 8 8 8

Surveys 7 8 11 11

Recruitment
allocation

Seasonal
allocation

Seasonal allocation Spatio-seasonal
allocation

Spatio-seasonal
allocation

Migrations No No No Yes

Fleets/survey
sharing the

same
selectivity

pattern

RESSGASC -EVHOE
-RESSGASC

-EVHOE
-NS-IBTS

-RESSGASC

-EVHOE
-NS-IBTS

-RESSGASC

Number of
estimated

parameters

1208 1351 1433 1434

Table 1: Comparison of the non spatial, intermediate and spatial models main features

651



Fleet ICES Sub-
area

Description Selectivity
pattern

Options

LONGLINEGILLNET_CS 7 Celtic Sea longliners and gillnetters. Double normal

LONGLINEGILLNET_BOB 8 Bay of Biscay longliners and gillnetters. Double normal

TRAWL_FISH_CS_W 7 Non-Nephrops offshore trawlers in the Celtic Sea,
mainly spanish.

Double normal
Retention :

logistic

Retention estimated for 1978-
1997, 1998-2009 and 2009-2012

TRAWL_FISH_CS_E Mainly 7,
then 8

Mainly non-Nephrops trawlers on the Celtic Sea shelf,
fewer Nephrops trawlers on the Celtic Sea shelf, even
fewer miscellaneous métiers (no disaggregated data
available) in the Celtic Sea and the Bay of Biscay.

Logistic

TRAWL_FISH_BOB_W 8 Offshore non-Nephrops trawlers Bay of Biscay. Double normal
Retention :

logistic

Retention estimated for 1978-
1997 and 1998-2012

TRAWL_FISH_BOB_E 8 Shelf non-Nephrops trawlers Bay of Biscay. Logistic

TRAWL_NEP 8 Nephrops trawlers Bay of Biscay. Double normal
Retention :

logistic

OTHERS 3a, 4, 5, 6 Mix of métiers not in the Bay of Biscay, nor the Celtic
Sea (no disaggregated data available).

Logistic
Retention :

logistic

Selectivity and retention
estimated for 1978-2002, then

random walk between 2003-2012

Table 2: Fleets, surveys, and their selectivity and retention (for discarding fleets) patterns in the intermediate and spatial models.



Survey ICES
Sub-area

Description Selectivity
pattern

Options

EVHOE_BOB 8 EVHOE Bay of Biscay (autumn) Double normalEVHOE_CS selectivity pattern

EVHOE_CS 7 EVHOE Celtic Sea (autumn) Double normal

RESSGASCQ1 8 RESSGASC winter Double normal

RESSGASCQ2 8 RESSGASC spring Double normal RESSGASCQ1 selectivity pattern

RESSGASCQ3 8 RESSGASC summer Double normal RESSGASCQ1 selectivity pattern

RESSGASCQ4 8 RESSGASC autumn Double normal RESSGASCQ1 selectivity pattern

PORCUPINE 7 PORCUPINE (summer) Double normal

IGFS 7 IGFS (autumn) Double normal

SWC-IBTS (Intermediate 2
and spatial models only)

6 SWC-IBTS (autumn) Double normal

NS-IBTSQ1 (Intermediate 2
and spatial models only)

4 NS-IBTS winter Double normal

NS-IBTSQ3 (Intermediate 2
and spatial models only)

4 NS-IBTS summer Double normal NS-IBTSQ1 selectivity pattern

Table 2 continued : Fleets, surveys, and their selectivity and retention (for discarding fleets) patterns in the intermediate and spatial models.
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Quarter From\To Bay of Biscay Celtic Sea Northern area

1 Bay of Biscay 1-x1 x1 0

Celtic Sea 0 1-x2 x2

Northern area 0 0 1

2 Bay of Biscay 1 0 0

Celtic Sea x3 1-x3-x4 x4

Northern area 0 0 1

3 Bay of Biscay 1 0 0

Celtic Sea x5 1-x5 0

Northern area 0 x6 1-x6

4 Bay of Biscay 1 0 0

Celtic SeaNorthern area x7 1-x7 0

Northern area 0 x8 1-x8
Table 3: Proportion of fish moving from an area (rows) to another area (columns) for each

quarter. Each xi is a pair of parameter values, one for age 2, one for ages 3 and above. There
is no migration under age 2, a linear interpolation is made between ages 2 and 3.
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