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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.

Keywords : Stock Synthesis, Integrated analysis, Spatially explicit model, European northern hake,
Merluccius merluccius
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Main text

1 Introduction

European hakeMerluccius merlucciusis a demersal fish widely distributed over thetno
east Atlantic shelf from Mauritania to Norway andie Mediterranean Sea (Casey and
Pereiro, 1995). It has been one of the most impbdammercial species in the north east
Atlantic demersal fisheries since the first haltlod twentieth century (Murua, 2010).
European hake is assessed as three distinct stamitlsern, southern, both assessed by the

International Council for the Exploration of theaS¢CES), and Mediterranean. This study
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focused on the northern stock distributed fromrtbeghern Bay of Biscay to the Kattegat

(ICES Division 3a, Sub-areas, 4, 6, 7, Divisionst8al, see figure 1).

Following concerns in the late 1990s about the dtvek biomass and the possibility of
recruitment failure, a range of measures weredghiced (EC, 2001a, 2001b, 2002) in order to
improve selectivity and protect juveniles, and @kery plan was subsequently adopted (EC,
2004). These management measures, coupled withesgears of high recruitment, lead to a
stock recovery, with an increase of the spawningksbiomass (SSB) well above the
precautionary approach level since 2009 (ICES, R0A&Gh the reformed Common Fishery
Policy (EU, 2013), the European Commission is cutyedeveloping regional multi-annual
management plans to address mixed fishery issUdsqB 2015). Several framework
directives,e.g.the Maritime Spatial Planning Directive (EU, 20d the Marine Strategy
Framework Directive (EU, 2008), have provided thasib for the measures drawn up by the

European Commission.

Hake is one of the main species included in thaiamriual management plans for Southern
and Northern European Western Waters (STECF, 2@t mnmending a management at
regional scale with target ranges of fishing mastdbr individual species. As the hake stock
is distributed over several management regions,at importance to consider the spatial
distribution and dynamics of the stock and of fleets exploiting it. This may improve the
stock management, as it may allow to define managémeasures consistent with the spatial

variations of the stock and fleet dynamics.

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

v3.24f (SS3) (Methot and Wetzel, 2013) based ogtlestructured data, avoiding the use of a
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potentially biased and uncertain age-length keyRaoetual et al., 2006). The current
implementation of the SS3 assessment model for isak@wever, non spatial, ignoring the
spatial variations of several biological procesaas fishery related metrics, with spatially
invariant selectivity patterns for some fleetsyogent, and the absence of migrations. This
may affect estimates of biomass and length stra¢tDadrin and Secor, 2009; Cope and Punt,

2011; Gertseva and Cope, 2011), and hence stocagaarent.

A spatial model can account for the spatial distidn of the fishing mortality associated with
each fleet and thus reduce the potential biasionaspatial model (Pelletier and Mahevas,
2005), improving estimates of biological procegzs@ameters and biomass (Garrison et al.,
2011; McGilliard et al., 2015). Furthermore, suchd®ls can potentially reveal additional
information on stock dynamics and spatial variaionthe impact of fishing, to improve the
accuracy of management indicators and the evaluatigpatial management plans (Hampton

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

Currently, the background knowledge required foplementing spatially structured stock
dynamics for hake is limited. Little is known abdlé annual variations in recruitment in the
Bay of Biscay, the Celtic Sea and the northernemngs. Hake is unevenly distributed over its
range of distribution and its spatial patterns habiitat preferences are poorly understood.
Mature hake migrate westwards from the shelf imsunt and winter and aggregate offshore
for spawning (Poulard, 2001; Woillez et al., 206¥horthwards spawning migration, through
the reproductive season, has been proposed byasaudiors (Alvarez et al., 2004; Guichet,
1996) and a migration from the Celtic shelf to Beg of Biscay has also been proposed
(Guichet, 1996), but neither of these migrations yet been confirmed. Recently, migration
between the West of Scotland and the North Sealbadeen proposed (Baudron and

Fernandes, 2015). All these migrations are diffitmlestimate with the available models and

4



95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

data, and given the lack of appropriate tagging ertignac et al., 2012; Drouineau et al.,

2010).

Several spatial models have been proposed to acfaruhe spatial features of hake northern
stock and estimate uncertainties. Drouineau €R@alL0) proposed a spatial model fitted to a
short time series to improve knowledge of hake g@ihoand migrations. Bertignac et al.
(2012) proposed a spatial Stock Synthesis modedfib a long time series to provide
information for the development of spatial manageinoé hake, such as on the spatial
distribution of hake. These preliminary studiesvted new insights into the spatial stock
dynamics of hake, such as estimates of spatiallaision, recruitment and fishing mortality,
and migrations. They also highlighted several ltmnins of the models, such as confounding
between model estimates (Bertignac et al., 201f)jue to reproduce spatial patterns, such
as mature hake aggregation on the Celtic Sea sinefmigration from the Bay of Biscay to
the Celtic Sea (Drouineau et al., 2010). To impriher models, they suggested that further
exploration was required on the assumptions alaettvity patterns, the definition of the
migrations, the allocation of recruitment to eackaaand on alternative spatial structures.
Furthermore, Drouineau et al. (2010) excluded tbeliNSea and the West of Scotland, and
Bertignacet al. (2012) included them aggregated with the Celtic. Seg there have been
recent changes in stock dynamics in the North Baadron and Fernandes, 2015) calling for
a more precise modeling of this area. An improvedieh addressing the issues described

above, is required to improve knowledge of hakelstiynamics.

Spatially structured Stock Synthesis models haneadl been implemented for other species
and fisheries: Day et al. (2015) assessed tootkfmtks in the Macquarie Island fishery,

Kolody, 2010; Sharma, 2014 assessed an Indian CG&wardfish Fishery, Thorson and



120 Wetzel (2015) assessed canary rockfish stockiefttS West Coast, Cass-Calay et al. (2015)
121 assessed red snapper stocks in the Gulf of Mealtasing a spatially structured Stock

122 Synthesis model. Among others, they noticed thb bapsitivity of their models to poorly-

123 known processes, and that while developing a mamgtex model, one may replace

124 problematic assumptions with other problematic eggions. Hence the implementation of
125 such models requires an accurate specificationeofrtodel, and, more specifically, an

126 appropriate spatial structure and scale givenvhdable knowledge, data and management
127 needs. Finally, spatial assessment should be dr@atlk caution as misspecified assumptions
128 of spatial features and lack of data may leadgoaly performing model (Maunder and

129 Piner, 2017; Punt et al., 2015).
130

131 From the non spatial Stock Synthesis model cuyargéd to assess the northern hake stock
132 (ICES, 2016), we have implemented a spatial Stgckigsis model, describing explicitly the
133 Bay of Biscay, the Celtic Sea and a northern arelading the West of Scotland and the

134 North Sea. The population dynamics component ofrtbdel can, therefore, allow for spatial
135 variations in the demographic structure, the récrent and migration estimates. Selectivity
136 patterns and fishing mortalitiefor each commercial fleet and indices of abunddrma

137 scientific surveys are calculated for each are& 3jpatial Stock Synthesis model was fitted
138 to spatially disaggregated catch and survey daddistcal metrics of goodness of fit were
139 used to evaluate its relevance for integrated assas of the northern hake stock. Spatial and
140 global estimates of biomass are then discusseskesa whether this spatial model provides
141 new insights into the fishery. Finally we discustessons raised by the modeling process for

142 implementing spatial models using currently avddatata and scientific knowledge.

1 Here fishing mortalities are relative to the abamze, see formulae in Appendix B.
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143 2 Material and methods

144 2.1 Model description

145 2.1.1 Current non spatial Stock Synthesis assessment model

146 Stock Synthesis is a statistical framework forloaliion of population dynamics model using
147 adiversity of fishery and survey data (Methot &vietzel, 2013) providing flexibility for

148 spatially and seasonally explicit modeling. It esgyned to accommodate age structure at a
149 seasonal time scale with multiple stock sub-araag,allows for the description of a length

150 structure to fit length composition data..

151 Northern hake is currently assessed using a ndiak@ae-length structured Stock Synthesis
152 model, encompassing the whole northern stock digion area. In this model hake growth
153 was described by a von Bertalanffy relationship teddistribution of lengths for a given age
154 were assumed to be normally distributed. Recruitmes modeled by a Beverton-Holt

155 stock-recruitment relationship, and is seasona#ifriduted in proportions that vary from year
156 to year. Due to lack of knowledge on recruitmemicesses, the steepness was set to 0.999,
157 leading recruitment almost independent of spawbiogass. Maturity-at-length was

158 described using a time invariant logistic ogivethout distinction between sexes. Weight-at-
159 length were estimated from a fixed length-weigtatrenship. Natural mortality was set to
160 0.4. This high value was set after tagging resiitsved that previously hake age was

161 overestimated by a factor of two (de Pontual et28106). The model stock dynamics were
162 assumed to be spatially invariant. Seven fleets/asaentific surveys were described (see
163 Table A.1), some encompassing several areasm@meaduch as the Bay of Biscay and the
164 Celtic Sea. Some spatial variations in fishing dgita were included, as some fleets and
165 selectivities describe fishing fleets operatingiy some areas, such as the Spanish trawlers
166 operating only in the Bay of Biscay or only in {Beltic Sea, or a mix fleet operating mostly
167 in the West of Scotland and in the North Sea (gbletA.1). Further details on this non spatial

7
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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 feonon spatial model through the
implementation of several intermediate models, &itep-wise increase in complexity to
provide a better understanding of the final spatiatiel fit. Two of these intermediate
models, and the spatial model are described thrthajhdifferences in main features, which

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

The first intermediate model (intermediate 1 inl&b) modelled one area, as in the non
spatial model, but with an implicit spatial fleetfohition (table 2) so that each fleet operated
only in the northern Bay of Biscay (8a, b, d), afyain the Celtic Sea (7a-c, f-k), or only in a
northern area merging the West of Scotland, thélN®ea, Kattegat and Skagerrak (3a, 4, 6)
(see figure 1). Longliners and gillnetters wereraggted, since complex configurations
distinguishing these 2 fleets lead to convergessesds given the high number of parameters
required to describe fleets fishing intensity (appendix A). Given that these fleets both fish
bigger individuals than other fleets, this alsdifiesi a merge, which still allows a spatially-
explicit modelling. NonNephropgrawlers were split between trawlers fishing ial&w (E)

or in deep (W) waters to improve the fit given thgesimilarities between the exploitation
patterns of these fleets. Only one fleet operatdtie northern area, combining all hake
meétiersin this area. A specific selectivity function westimated for each fleet. For the fleets
discarding hake (TRAWL_FISH_CS_W, TRAWL_FISH_BOB_VRAWL_NEP,

OTHERYS), a retention function separated the lamshetidiscarded fractions of the catch.
These functions were the same as those definelCE5( 2014). Although
TRAWL_FISH _CS E and TRAWL_FISH BOB_E fleets are ¥umato discard, this was not

modeled as available information on their discasd®t reliable enough. The EVHOE survey
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was split between the Bay of Biscay and the C&8#éa, and it was assumed that both EVHOE

surveys had the same selectivity pattern.

The second intermediate model (intermediate 2bletd) was spatially explicit as 3 areas
were described: the Bay of Biscay, the Celtic &ed,the northern area (Figure 1). The stock
was split into these three areas, with the sanek stgnamics and no migration. The
recruitment was distributed over these three arepsoportions that could vary from year to
year. Each fleet defined in intermediate 1 moded wxplicitly associated to the area
corresponding to its operating fishing area, amdefore its selectivity pattern affected the
length structure of the stock in the area. Thredtadal surveys operating in the northern
area were included to capture more informationmalkindividuals in this area: NS-IBTSQ1
and NS-IBTSQS3, the IBTS surveys in the North Seaaeviand summer respectively, and the
SWC-IBTS survey in the West of Scotland in autu@cientific surveys operating with the
same vessel in different areas (e.g EVHOE_CS and@®Y¥ BOB) or in different seasons
(e.g. NS-IBTSQ1 and NS-IBTSQ3) were assumed to Baiely the same selectivity

pattern.

Given to the literature, there are several potéentigrations of the stock between the three
areas (Table 3). Several studies (Alvarez et @042Baudron and Fernandes, 2015; Casey
and Pereiro, 1995; Guichet, 1996; Korta et al. 532@idicate that some seasonal migrations
may occur between the Bay of Biscay and the C8kia, on the one hand, and between the
West of Scotland and the North Sea on the othed,Harked to both spawning and
environmental conditions. Based on those studiessamsidered migration from the Bay of
Biscay to the Celtic Sea at the end of winter anithé opposite direction in the other seasons.
Likewise, we considered migration from the CelteaSo the northern area, at the end of
winter and spring, and in the opposite directiothm other seasons. All these migrations were

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

2.1.3 Model assessment

Models with various levels of complexity were fdtésee Table A.2 and Appendix A). The
estimation procedure was assumed to have convédrtferlapproximation of the Hessian
matrix was positive definite and the gradient @& tibjective function value was below an
empirical threshold of 0.01: below this threshaldyas assumed that an optimum of the
objective function was reached. The model was asdumbe identifiable if the rank of the
estimate of the Hessian was equal to the numbgam@imeters to be estimated (Drouineau,
2008; Viallefont et al., 1998) The quality of therameter estimates was tested in various

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

- The variance-covariance matrix, estimated byutating the inverse of the Hessian matrix,
was analyzed to check for any abnormal paramedemaancyj.e. any high correlation

between two unrelated estimated parameters.

- Ajitter analysis (Cass-Calay et al., 2014, the analysis of runs with different initial

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

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

there was enough information in the data to esgrtfas parameter.

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

The quality of fit of the non spatial, intermediated spatial models were compared using two
indices representing the divergence between pestiemid observed time series of catch and

discards for each fleet and of survey indices:

10



241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

- IndR, which is based on the correlation coeffitiB@ introduced in (Taylor, 2001):

In dR_R+1
2
1 N
where ﬁ ot (0,~0)(p,—P) , whereN is the number of observations in the time series,
0,0,

o is a normalized observation serieg, is the associated normalized model prediction
series, o is the mean of the normalized observationg, is the mean of the normalized
estimates, 9 is the standard deviation of the observation sexiel ©, is the standard
deviation of the prediction series. An IndR valfid endicates 100% correlation between
andp series, a value of 0,5 indicates zero correlatovlue of O indicates 100%
anticorrelation.

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

(2001): IndRMSD=exp(—3 (6—1‘3) E') ,where E':\/%ZN;((OH—G)—(A—Z’))Z .An

INdRMSD value of 1 indicates thatandp series are perfectly alike. The closer is INndRMSD
of 0, the more the series differ. This index chazes the amplitude of variations, seen as
discrepancies to the series main values, and geatdength distribution data series, IndR and

INdRMSD are calculated for each length bin, thegraged over the bins.

Usually, Taylor diagrams are used to display sadices and compare models fit (see
(Taylor, 2001) for full explanation), however, toprove the readability, we plotted IndR and
INdRMSD indices on a small number of radar chditte right part of a radar chart shows the
ability to reproduce the variability of a seriedwindR, and the left part shows the

accumulated deviations of the mean of the serigs WwdRMSD.

Models were compared whenever possible using psal@oThe model with the smallest

11
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pseudo-AIC was considered as the most likely fgivan number of estimated parameters.
The pseudo-AIC is based on AIC (Akaike, 1974), gxtlee negative log likelihood is

replaced by the objective function (weighted ldglihood):
pseudo-AlG= 2*OF +2*n

wheren is the number of estimated parameters. This sefeptocedure was carried out for
the models for which the estimation procedure coyee@, which were identifiable, which had
no estimated parameters at the bounds of the fangéich they were defined and

reproduced the main features of the observatiotasda

2.2 Data

The data availability is shown in Figure 2. All thata were available quarterly, except for
landings by weight and landing length-frequencyriiation between 1978 and 1989 which
were available annually. For this period, landibgsveight were distributed between quarters
using the mean seasonal distribution between 1880894 for each fleet. For some time

steps, fleets and data categories, there may lseigdpe data (see figure 2):

- Landing data depends on the country and areeatkfrom sales notes, logbooks, auction
hall sales notes and sampling data.

- Discard data and discard length-frequency distitins were collected on-board by
observers, and then raised by national institutes.

- Length-frequency distributions were sampled atian halls for landings.

- Relative abundance indices and the associatgthldrequency distributions come from 11
surveys listed in table 2. Abundance indices wateutated using stratified sampling
aggregated for each area. There are 2 main diffeseim the data between the non spatial and

the spatial models: 1) as the EVHOE survey has bpkinnto EVHOE Bay of Biscay and

12



286 EVHOE Celtic Sea, the spatial models were ablestothe data from 1987-1996, when the
287 survey was carried out in the Bay of Biscay onlydata from SWC-IBTS and NS-IBTSQ1
288 and Q3 has been added,;

289

290 3 Results

291 3.1 Goodness of fit

292 For all intermediate models, the estimation proceadwnverged and estimates were

293 considered valid, as they fulfill the criteria afrvergence, identifiability and estimation

294 procedure described in section 2.1.3. Concerniagpiatial model, in terms of pseudo-AIC
295 and convergence, the model with migration patteciuding only the movement from the
296 northern area to the Celtic Sea at season 3 prvigebest performances (see Appendix A,
297 and table A.2), hence it was selected as our ipatial model. For the latter model, more
298 diagnostics were carried out. The jitter analybisvged that the estimation procedure was
299 sensitive to the initial point, and so a set ofiahipoints was used to chose the best solution
300 possible (see Appendix A for details). Also, theslihood profile (see Appendix A, figure
301 A.1) showed that the final spatial model estimapoocedure converged globally. Even

302 though the profile is smooth, the estimation pracedad to be run with several initial points
303 before reaching a global convergence for some patearmalues, indicating instabilities

304 between local and global convergences for the Spatial model. Finally the retrospective
305 analysis (figures A.2 and A.3) showed that thelfspatial model was sensitive to the

306 inclusion of recent years data at global and reajisnales, especially on spatial recruitment
307 allocation, and on fishing mortalities and spawrstack biomass at the end of the time

308 series.

309

13



310 3.2 Comparison of model performance

311 Al IndRMSD and IndR indices are displayed on raclaarts (figure 3) on one broken line per
312 model, the right parts of charts displaying IndRy ¢he left parts of charts IndRMSD; rows
313 display from top to bottom indices on landingscdisls and abundance indices, columns
314 from left to right indices on length compositiomslan weight. The radar charts show that for
315 IndR and INndRMSD, all models perform similarly oormalized length compositions of

316 catch, discards and abundance indices (figure 3&,@ and on normalized catch and

317 discards by weight and abundance indices (figureBBR F). The final spatial model

318 performs similarly or slightly better than the repatial model on landings length

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

320 some of these indices. The final spatial modeldvagdar or better performances than the non
321 spatial on most of discards in weight indices (feg8E). On abundance indices, the

322 intermediate 2 and final spatial models perforrgeneral better than other models (figure
323 3F). This indicates benefits of using a spatial elash processes linked to landings length

324 compositions, discards and abundance indices.
325

326 IndRMSD for the normalized length structure of ta¢ch (figure 3A) are higher for the final
327 spatial model than for the non spatial model fotlRIONG, TROTH and SPTRY7 fleets,

328 IndR is higher for the final spatial model than tiea spatial for GILLLONG and SPTRY.
329 This indicates a better estimation of the catclytlercomposition, which may be linked to a
330 better modeling of fishing mortalities or seledies for these fleets. This is however not the
331 case for the OTH fleet indices and TROTH IndR, wehiée final spatial model performs

332 worse than the non spatial, but better than theratiodels. These differences are seen

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

334 explicit spatial dimension without migration (imteediate model 2) brings further slight

14
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improvements. Adding a migration to the model inv@®only OTH INndRMSD. The fact that
the final spatial model brings only few improvengentay indicate that the data contains very

few information on migration processes.

INdRMSD and IndR for normalized length structurelsicards, abundance indices and
landings in weight (figure 3B, C & D) show that theedictions of all models are close. We
notice only a few discrepancies, the intermediabel@hl performing better on SPTR8 IndR
for discards length compositions. INdRMSD for RE®SEQ1;3 are higher for the non
spatial model than the final spatial model, lielevier RESSGASCQL1 IndR; whereas
INdRMSD for EVHOE and RESSGASCQ?2 are higher forfthal spatial model than the non
spatial. Apart from these few discrepancies, waothring out benefits or drawbacks of
using a spatial model linked to the modeling otdrsls and abundance indices length

compositions, and of landings in weight.

IndR for discards by weight (figure 3E) are simiiar all models, however, IndRMSD for
NEP and SPTRY fleets are better for the final apatodel than the non spatial model, which
may be linked to the modelling of these fleetsmta patterns, even though NEP IndR is
slighly lower for the final spatial model than then spatial. Some of the previous indices
may improve or worsen when adding an implicit sgddteet design (intermediate model 1),
an explicit spatial dimension (intermediate modela2 a migration (final model), making it
hard to bring out which assumption may improvertteegleling of discards in weight. These

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

INdRMSD and IndR for the normalized abundance infigure 3F) are similar or slightly

15
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higher for most of surveys for the intermediatend &nal spatial models than the non spatial.
Intermediate model 1 improves predictions mosthyi@&FS and RESSGASCQ1, but not for
RESSGASCQ2-4 surveys. The spatially-explicit intedmate model 2 improves predictions
for PORCUPINE and RESSGASCQ2-4, but not Q1. Fin#tlg final spatial model worsens
PORCUPINE indices, and does not bring further improent. It performs best than the non
spatial model for RESSGASCQ2-4 and IGFS surveygeSive assumed that abundance
indices are directly proportional to abundances thdicates a better estimation of abundance
or catchabilities by the final spatial model foesle surveys. IndR values for the abundance
indices are smaller than for the other data samnigeneral. This is explained by the high inter-

annual variability of survey indices of abundance.

We observed that the final spatial model is thetmpassimonious, since its pseudo-AIC is the
lowest among all the models with various levelsahplexity that were tested (Appendix A).

This model was therefore chosen for analysis ofitlend predicted dynamics.

3.3 Analysis of final spatial model fit

The comparison of observed and predicted lengtpgacy distributions aggregated over
time steps (Figure 4) and the mean Pearson residual time steps (Figure D.1) shows that
the final spatial model fits well the observed lgmfyequency distributions. This is
particularly true for commercial fleets and landir{ganels F to I, O to Q and V), for which
the differences between observations and the miedelts are small and the mean Pearson
residuals are close to 0. Note that the largesteimncies on the fit appear at the quarter
scale (see Supplementary Material). Furthermord]dets operating in two different areas

with the same gear, the peaks in observed lengtfuéncy distributions do not occur at the
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same lengths in the Bay of Biscay and the Celta; 8#ich is well reproduced in the model
predictions. This demonstrates the ability of thedel to accurately estimate the selectivity

pattern of each fleet.

The model also performs well in predicting lengtbgiuency distributions for the scientific
surveys (Figures 4 and D.1 panels Ato E, L tod & to U). It must be noted that the
EVHOE surveys, operating in different areas offthal spatial model, have the same
selectivity function. The ability of the model tapture the differences observed in length
frequency distributions in different areas dematss its ability to describe spatial variations
not only through selectivities, but also througé $patial structure of the stock.

Nevertheless, the model has a relatively coarsetstie and cannot account for all observed
spatial variations. In the Celtic Sea for instarthe,model did not fit the PORCUPINE survey
length-frequency distributions very well (Figurdsand D.1, panel N), even though a
selectivity pattern specific to this survey is estted. For this survey, occurring only on the
Porcupine Bank, an area where mainly large haleprasent, the observed length frequency
distributions are very different from the othenays conducted on the Celtic Sea shelf
(IGFS, EVHOE_CS, Figures 4 and D.1, panels L andadvjl slightly erratic (see
Supplementary Material). Different selectivitiesinat account for all the differences in
length-frequency distributions inside a particidega of the model, as they apply on the same
abundance length compositions. In the northern, #ineee is the same difference between the
well-fitted West of Scotland SWC-IBTS survey, ahd poorly fitted and erratic North Sea
NS-IBTS surveys (Figures 4 and D.1, panels S tard, Supplementary Material) with the
survey selectivities in the final spatial modelyatcounting partially for the northern area
spatial structure as shown by the different predi¢ength-frequency distributions for the

surveys in the area.
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The final spatial model provides a generally gogglesentation of the seasonal variation in
length-frequency distributions, except for RESSGABCGFigures 4 and D.1, panels B to E),
for which smaller length classes, correspondiniipéocarrival of recruits, are a poor fit. This
might indicate a poor estimation of the summer BBBiscay recruitment levels in the

model.

For the commercial fleets, observations are all preldicted by the model and the only
weaknesses are for the mixed fleet OTHERS andrfoentiain discard data (see Appendix D,
figures D.1 and D.2). The model provides a goodigten of the inter-annual variations of
landings and discards by weight (Figure D.2) exéepthe discards from noNephrops
trawler fleets (panels | and K) which, could catisefishing mortality at the end of the time

series to be over-estimated in the Bay of Biscalwarderestimated in the Celtic Sea.

The abundance indices (Figure 5) are also wellipied by the model, especially in the Bay
of Biscay and in the Celtic Sea, and the fittedrearare mostly within the confidence bands
for each survey. Again, it is interesting to ndtattthe model has difficulty fitting the SWC-
IBTS and NS-IBTS survey indices simultaneously @ahto K). These surveys, conducted
in the West of Scotland and North Sea respectigblgy different abundance patterns
although, in the model, these two areas are aggp@gathe same northern area with the
assumption that the two surveys harvest a popul#at is uniform over the whole of the
northern area. This is similar to the difficultyfdafing the length-frequency distributions for
the surveys, and highlights the problems arisinghfthe 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 simparception of the fishery and stock
dynamics to that of the non spatial model (Figyreven if the final spatial model estimates
are slightly more uncertain, as the wider configemtervals show. Total fishing mortality
(see Appendix B for calculations), SSB and recraitirare similar over most of the time
series, but there are some differences at the biegirand the end:

- from 1978 to 1986, fishing mortalities and retment are estimated to be higher, and SSB
in general lower in the final spatial model thartha non spatial model.

- from 1987 to around 1994, fishing mortalities &%B are higher in the final spatial model
than in the non spatial model.

- from 2006 to 2012, fishing mortalities are estietbto be higher, and SSB lower in the final
spatial model than in the non spatial model, extaplishing mortality the last year.
Recruitment is lower in the final spatial modelcegt the last three years, where it increases
much more than in the non spatial model.

For the last year, SSB and fishing mortality arthimi precautionary reference points, SSB
and fishing mortalitiy are above Maximum Sustaieafikeld reference points for both models

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

3.5 Perception of spatial stock dynamics

The spatial estimates of fishing mortalities, S&Byuitment, and migrations for the three
studied areas provide new insights into the popratynamics of hake (Figure 7).

The northern area is productive, with high levdIS8B before 1994, between around 15000
and 40000 tonnes, and a recruitment of around If2¥%edotal over the time series. The

estimate of the proportion of adults migratinghe Celtic Sea during season 3 is high,
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around 37%, giving the Celtic Sea enough biomaggetd the observed high level of catch.
The model estimated low fishing mortalities befd®92, mainly below 0.5 which then
increased to around 0.75 in 1994 with the SSB drapip around 3500 tonnes in 1998.
Fishing mortalities remained at these high valugg R002 and then dropped to values
similar to those at the beginning of the time tseeies, below 0.5. SSB remained low from
1994 to 2008, then strongly increased to almos0@@6nnes.

The Celtic Sea population is abundant, as its S3Bd highest over almost the whole time
series. This area is allocated around 15% of tta tecruitment at the beginning of the time
series, excepted in 1981, where the proportiorhesaaround 30%. This proportion increases
between 1990 and 2000 to around 30%, with intesahftuctuations. The recruitment,
coupled to immigration from the northern area, lgaxplain the high estimated SSB in this
area, between 20000 and 60000 tonnes. It incré@sesaround 20000 to around 60000
tonnes from 1978 to 1986, then drops back to ks 20000 tonnes from 1986 to 1998, and
then fluctuates around 25000 tonnes, before agiaackase from 2009 onwards to reach
around 60000 tonnes in 2012. Over the time sethedfishing mortalities were estimated
mostly between and 0.25 and 0.5, with high intereah variability.

In the Bay of Biscay, at the beginning of the tisegies, the SSB was surprisingly much lower
than in the northern area, by a factor of two. Hesveon average over the time series, the
Bay of Biscay was allocated around 67% of the taafuitment, with high inter-annual
variability. Coupled to the very high estimatesfishing mortality, almost all over 1 before
2006, this indicates the Bay of Biscay populat®heavily exploited and renewed. The
dynamics are shifting from 2006, with a dramatshing mortality drop from around 1,5 to
0,13 and SSB increase from around 4000 to 7600tetoAs for the two other areas of the
model, this may be to be linked with the strongugment 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 ireirepSSB estimated by the final spatial
model after 2005 was consistent with the increadandings at the end of the time series for
these two areas (Figure D.2, panels A to G) andhitlie estimated recruitment in 2008 and
2012 (Figure 5), already estimated by the non apatodel (ICES, 2016). The estimated
distribution of SSB or total biomass between th#i€8ea and the Bay of Biscay was
between the values already given in the literatBestignac et al., 2012; Drouineau et al.,
2010). For example, 94% of SSB was allocated t@C#léc Sea and around 6% to the Bay of
Biscay in the Drouineau et al. (2010) model for 20ey did not model the northern area),
while, for 2005, the final spatial model allocatedund 80% of SSB outside the northern area
to the Celtic Sea. On the other hand, Bertigetaal. (2012) estimated that around 55% of the
total biomass was located in the Bay of Biscay @kerwhole time series, while the final
spatial model estimated only 19% in the Bay of Bys(not shown) over the whole time
series. This makes our spatial repartition estimatermediate between these 2 previous
models estimates.

Also, the estimated spatial pattern of recruitnagdiaicates most recruitment (67%) to the Bay
of Biscay, less (21%) to the Celtic Sea and |leBE&¥) to the northern area over the time
series (Figure 7). This result is rather expectethe basis of the literature and surveys with
known nursery areas mostly located in the Bay st8y, then the Celtic Sea (Casey and
Pereiro, 1995) and lastly the northern area (Gujd896; Quéro and Vayne, 1997; Werner et

al., 2016); the spatial distribution of recruitssebved by the EVHOE survey showed higher
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recruitment in the Bay of Biscay than in the Ce8ia (ICES, 2016).

The estimates of spatial allocation of recruitimemet sensitive to the inclusion of observations
on discards and surveys, given that these obsengaiticlude information on small
individuals. Given the high uncertainties on disisaglata, more information on discards may

help to estimate more accurately the recruitment.

In constrast, the final spatial model also showmdesrather unexpected patterns. Over the
earlier period of the time series (1978-1992),ab@mates of SSB in the northern area were
almost as high as in the later period (Figure @, &ere almost twice those estimated for the
Bay of Biscay. This result is somewhat inconsisteitih the low level of catches observed in
the northern area over the same period (Figuregael H) which indicated a quasi-absence
of hake in the North Sea for the past 50 years Bauand Fernandes, 2015).

Also, in the northern area, the increasing SSBreged by the model after 2005 in all areas
(figure 7) is inconsistent with results of Baudiaord Fernandes (2015), who suggested a SSB

increase mainly in the northern area.

By selecting a model with movement occurring ombni the northern area to the Celtic Sea,
we made the strong assumption that no migrationrgsdowards the northern area, and
between the Bay of Biscay and the Celtic Sea. Tiadability of relevant tagging data could
have allowed to release this strong assumptiortestdnore complex migration design. This
simple pattern of migration contrasts with someréiture (Alvarez et al., 2004; Baudron and
Fernandes, 2015; Casey and Pereiro, 1995; Guit9@6, Korta et al., 2015), which
discussed potential movements between the BaysaolBiand the Celtic Sea, even if no data
supports this statement. This also contradictsi@geatet al. (2012) model, which estimates a

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

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

Migrations were assumed constant over the peridchandensity dependent. Alternative
migration designs including time variability and$econstrained designs (some migrations
occur during more seasons) were explored (see Ajmp&n), however the increase of
complexity was not supported by the available da&sylting in convergence issues during
the estimation procedure. This highlights the ndedsnproved knowledge on migration and
its seasonality (Alvarez et al., 2004; Baudron Bathandes, 2015; Casey and Pereiro, 1995;
Guichet, 1996; Korta et al., 2015) as assuming-imeariant migration rates may have
consequences on the estimates of the spatialodison of the stock in both abundance and
size/age structure. Again, tagging data could bstpnate migration rates for more complex

and realistic models, but it is not currently aahlé.

4.2 Lessons from the intermediate models

The final spatial model set out to elucidate sta# fleet spatial dynamics and to slightly
improve the estimation of abundance spatio-tempa@mahbility and of some fleets landings
length compositions. We started the process byngdai implicit spatial fleet design into the
current non spatial assessment model which imprédwednodel's predictions of the dynamics
of the length composition of some fleets landiAgee second significant improvement in the
model was introducing explicit spatio-temporal dynes to create the intermediate 2 model.
At this stage, the model accounted for spatialamlity through both an explicit spatial
structure and spatially explicit selectivity patte(Hurtado-Ferro et al., 2014). Most of the
gains on the estimation of abundance indices spatmporal variability were made at this

stage. Finally, a seasonal migration was introdtcexteate the final spatial model, which
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improved predictions of some fleets landings leragiimpositions, but worsened the
predictions of abundance spatio-temporal varigbilihis made the final spatial model the
most likely for the number of estimated paramefampendix A).

We also note that we assessed the models abibtigedict abundance spatio-temporal
variability basing on goodness of fit to abundaobservations. Since these observations have
a high inter-annual variability, one could expéetttindices on goodness of fit to abundance
would be lower than other indices. A perspectivewercome this could be to fit the model to

abundance indices trends, rather than to abundadices.

Despite these strengths, the final spatial modelihats, often encountered for complex
integrated modeling of spatio-temporal stock dyremirirstly, the final spatial model
highlights data conflicts (figures 4 and 5) for tierthern area and the Celtic Sea surveys,
which already existed with the less complex intetiat models. These data conflicts are
linked to misspecification of these models (Fran2&l7; Maunder and Piner, 2017) in terms
of spatial resolution: a hake population was medkih each zone, each having its abundance
length structure estimated, which conflicts witk thata for the Celtic Sea and northern area
(figure 4). Preliminary runs increasing the spatsiolution by distinguishing offshore areas
from the shelf, for both the Bay of Biscay and @gdtic Sea, resulted in an increase in
complexity that was not supported by the curreailalsle data (not shown), preventing the
estimation procedure from converging. To partlyradd the misspecification issue,
estimating separate selectivity patterns for bdIRTS surveys could be an interesting
prospect. At the moment, such a misspecificatiog affect the estimates of spatial

distribution of SSB and recruitment discussed itiea 4.1.

Other issues frequently encountered in complex thireglare the over-parametrization and
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identifiability issues. Implementing a more comptardel implies adding new processes and
parameters that require numerous observations éocdgately estimated. For instance,
without appropriate tagging data, it is hard tdidguish whether an abundance increase is
linked to movements between areas (Drouineau,e2@l0). The final spatial model and
supplementary runs revealed complex interactiohsd®n the estimates of migrations,
spatial allocation of recruitment, spatial fishimgrtalities and spawning stock biomass
(Appendix A). This directly affects the perceptioitthe fishery provided by the model, and
its ability to provide spatial assessments of tbeksand underlines the need for

supplementary data to address the model misspeoins.

At this stage, several recommendations could beert@méurther develop this spatial
assessment of the northern hake stock. Firstlydetmmisspecifications should be better
identified through, for example, an analysis offpenances of fitting and data conflicts
(Maunder and Piner, 2017) and then resolved wigr@piate modeling hypotheses, if
possible. This is of primary importance, as a ntam@plex model does not bring any
improvement if misspecified (Punt, 2017).

Secondly, a parsimonious modeling approach usiegWailable data and scientific
knowledge should be used, to avoid modeling a cexplocess with confounding estimates

for non-identifiable parameters (Appendix A).

We also recommend to work on the definition of edais of the estimation procedure, given
the difficulties of estimating a high number of gaeters in integrated complex modeling
(Mahévaset al, comm. pers.). Indeed, given the high number odupaters and the high
computational codbr exploring the parameter space, investigatimgféatures of the

estimation procedure, such as running the procedlitinea large number of initial points,
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analyzing available indicators of goodness ofdlitalyzing model parameters using likelihood
profiles (Cass-Calay et al., 2014), is requirethtmease the chances of global convergence
and correct parameter estimates. Further work ptoex parameter values variations with a

lower gradient threshold could be an interestirgspect on future models.

4.3 Towards spatial management

This spatial model is a step towards a spatialsassent of the northern hake stock and its
fisheries spatial management. Even though theadsitucture of the model is still coarse,
our model takes spatial variations in the stockfateery dynamics into account and could,
therefore, predict management indicators at varsgases. In particular, the final spatial
model estimates of SSB spatial distribution wenealde in time which is different from the
current constant Total Allowable Catch (TAC) spladiatribution (ICES, 2016), with a
discrepancy between the constant proportion of {A6%) allocated to the North Sea and
the SSB estimates for the final spatial model iasimeg towards the end of the time series in
the northern area or the recent increase in SSieitlNorth Sea reported by Baudron and
Fernandes (2015). Even if the TAC spatial allocaitomade at a different spatial scale from
the model described in this paper, the spatiatidigions of abundance, fishing mortality and
recruitment estimated by the stock assessment naoeleiseful for spatial catch predictions
and allocating quotas in different areas. This wWdélp to provide exploitation rates more in
line with the potential productivity and fishinggssure at regional levels. Even if this needs
to be treated with caution due to the misspecifoatidentified in the final spatial model, the
model is a step towards regionalisation of nortlexke fisheries management, as

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

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

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

The results introduced in this manuscript couldtgbate significantly to the conditioning of

a spatial MSE, which may allow the assessmentogksthanagement measures in mixed
demersal fisheries, especially spatially-explicgasures. The MSE could use the spatial stock
assessment model coupled to a fisheries simulatmotel, such as ISIS-Fish (Mahévas and
Pelletier, 2004; Pelletier et al., 2009), which basady been used in a MSE for other mixed

fisheries (Marchal and Vermard, 2013).
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650 Figures and tables

Figure 1: Map of the areas modelled in the finahispl model. Areas are delineated by thick
black lines, area names are in black, bold, unaedi text.

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

Figure 3 : Radar charts for the non spatial, intedmate and final spatial models, giving
IndR and INdRMSD values for normalized length stmgcofn commercial catch (A),
discards (B) and on scientific surveys (C), normedi catch in weight (D), discards by weight
(E) and indices of abundance (F) for each fleet amd/ey. IndR are plotted on the right, and
INdRMSD on the left of the radar charts. Opposii#ices on the same radar chart are for the
same fleet*data category combination. Fleet dating: GILLONG, all longliners and
gilinetters; NEP, Nephrops trawlers; SPTR7 and S®BRRanish trawlers in the Celtic Sea
and in the Bay of Biscay respectively; TROTH, ah $panish, non Nephrops trawlers in the
Bay of Biscay and in the Celtic Sea; OTH, the milet in the northern area. Fleets are
grouped by area: mixed (GILLONG & TROTH), Bay fdaly (NEP & SPTRS8), Celtic Sea
(SPTR7) and northern area (OTH); see table 2 foveys areas.

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

fleets (panels L to R) and the last row is for logthern area fleets (panels S to W).

Figure 5: Final spatial model fit to abundance iods for each survey (log scale). The widths
of the bands represent twice the standard errastiow is for the Bay of Biscay surveys
(panels A to E), second row is for the Celtic Sgaeys (panels F to H) and the last row is
for the northern area surveys (panels | to K).

Figure 6: Estimates of fishing mortality F (top )y spawning stock biomass (SSB) in

tonnes (middle panel), recruitment in numbers @atpanel) per time step for the final

spatial model (solid) and non spatial model (dagh&tie confidence intervals represent
twice the standard deviation.

Figure 7: Estimates of fishing mortality F (toptlegnel), spawning stock biomass (SSB) in
tonnes (middle left panel), spatial distributionretruitment per area and time step (bottom
left panel) and migrations per season and age dlasddle right panel) for the final spatial
model. The confidence intervals represent twicestaedard deviation. Uncertainties are
provided only for the spatial allocation of recnmiént and the migrations, as uncertainties for
spatial fishing mortalities and SSB are not implated in the current Stock Synthesis
framework.
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Model Non spatial Intermediate 1 Intermediate |2 Spatiatiel
Areas 1 1 3 3
Fleets 7 8 8 8
Surveys 7 8 11 11
Recruitment, Seasonal | Seasonal allocation Spatio-seasonal Spatio-seasonal
allocation | allocation allocation allocation
Migrations No No No Yes
Fleets/surveyRESSGASC -EVHOE -EVHOE -EVHOE
sharing the -RESSGASC -NS-IBTS -NS-IBTS
same -RESSGASC -RESSGASC
selectivity
pattern
Number of 1208 1351 1433 1434
estimated
parameters

Table 1: Comparison of the non spatial, intermeeliahd spatial models main features
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Fleet ICES Sub- Description Selectivity Options
area pattern
LONGLINEGILLNET_CS 7 Celtic Sea longliners and gilttexs. Double normal
LONGLINEGILLNET _BOB 8 Bay of Biscay longliners andligietters. Double normal
TRAWL_FISH_CS W 7 NoriNephropsoffshore trawlers in the Celtic Sea; Double normal Retention estimated for 1978+
mainly spanish. Retention : | 1997, 1998-2009 and 2009-2012
logistic
TRAWL_FISH_CS E Mainly 7, Mainly nonNephropdrawlers on the Celtic Sea shelf, Logistic
then 8 | fewerNephropdrawlers on the Celtic Sea shelf, even
fewer miscellaneousétiers(no disaggregated data
available) in the Celtic Sea and the Bay of Biscay.
TRAWL_FISH_BOB_ W 8 Offshore nohephropdrawlers Bay of Biscay. Double normalRetention estimated for 1978+
Retention : 1997 and 1998-2012
logistic
TRAWL_FISH_BOB_E Shelf noMNephropgrawlers Bay of Biscay. Logistic
TRAWL_NEP 8 Nephropsrawlers Bay of Biscay. Double normal
Retention :
logistic
OTHERS 3a,4,5,6

Mix afnétiersnot in the Bay of Biscay, nor the Celtic Logistic

Sea (no disaggregated data available).

Retention :
logistic

Selectivity and retention

random walk between 2003-20

estimated for 1978-2002, then

12

Table 2: Fleets, surveys, and their selectivity egtdntion (for discarding fleets) patterns in theermediate and spatial models.



Survey ICES Description Selectivity Options
Sub-area pattern
EVHOE_BOB 8 EVHOE Bay of Biscay (autumn) Double normaEVHOE_CS selectivity pattern
EVHOE_CS 7 EVHOE Celtic Sea (autumn) Double normal
RESSGASCQ1 8 RESSGASC winter Double normal
RESSGASCQ2 8 RESSGASC spring Double normal RESSGASERttwity pattern
RESSGASCQ3 8 RESSGASC summer Double normal RESSGASEI&dtisity pattern
RESSGASCQ4 8 RESSGASC autumn Double normal RESSGASEI@dtisity pattern
PORCUPINE 7 PORCUPINE (summer) Double normal
IGFS 7 IGFS (autumn) Double normal
SWC-IBTS (Intermediate 2 6 SWC-IBTS (autumn) Double normal
and spatial models only)
NS-IBTSQ1 (Intermediate 2 4 NS-IBTS winter Double normal
and spatial models only)
NS-IBTSQ3 (Intermediate 2 4 NS-IBTS summer Double normal  NS-IBTSQ1 selectivigytern
and spatial models only)

Table 2 continued : Fleets, surveys, and theircelgy and retention (for discarding fleets) patis in the intermediate and spatial models.



Quatrter 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
Celtic Sea x5 1-x5
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 areaw) to another area (columns) for each
guarter. Each xi is a pair of parameter values, édmeage 2, one for ages 3 and above. There
is no migration under age 2, a linear interpolatismmade between ages 2 and 3.
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Figure 6
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Figure 7
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