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[bookmark: _Toc227140129]Introduction
Mackerel is a widely distributed species found throughout the North Atlantic, forming diffuse aggregations and feeding offshore, beyond the continental shelf (Trenkel et al., 2014). Its spawning areas are located along the continental slope from the north of the Iberian Peninsula to the west of Scotland (Brunel et al., 2018). The peak spawning period occurs from March to May in the Bay of Biscay and west of Ireland, but diffuse spawning takes place from February to July along the continental slope between 36°N and 72°N (Dos Santos Schmidt et al., 2024).
Mackerel undertake annual migrations. After spawning, they migrate northward (North Sea, Norwegian Sea, Barents Sea) to feed during the high-latitude production season. In autumn, they reverse this migration, returning to lower latitudes, offshore of the British Isles and even further south (Jansen et al., 2012). There is no evidence of daily vertical migration (Jansen et al., 2019).
In 2014, the Northeast Atlantic mackerel stock reached a historically high level due to rising temperatures and a succession of strong recruitment years since 2000. This increase in biomass may have intensified intraspecific competition for food, resulting in a northward and westward expansion (respectively by about 400km and 1600km) of the stock’s distribution into new productive areas to meet the species’ bioenergetic needs (Dos Santos Schmidt et al., 2024; Olafsdottir et al., 2019).
Mackerel is one of the most heavily exploited fish stock in the North East Atlantic, ranging between 500,000-1,000,000 tonnes landed per year over the last 40 years (ICES, 2024). Stock assessments works have emphasised the complexity and uncertainty in modelling that species. Succeeding to model the significant stock displacements would therefore provide useful information for stock management.


[bookmark: _Toc227140130]Methods 
The SEAPODYM model has been adapted to the North-East Atlantic mackerel Scomber scombrus. To do so, the parameters were adapted. In addition, some more structural modification of the model was done, namely the forage matrix was modified to account for the mackerels feeding on zooplankton.

[bookmark: _Toc227140131]Description of the SEAPODYM model
The SEAPODYM model is composed of two modules, SEAPODYM Low and Mid-Trophic Level (SEAPODYM-LMTL) dedicated to meso-zooplankton and micronekton, and SEAPODYM Migratory Aged Structured Stock (SEAPODYM-MASS) dedicated to top predators. Here we adapted the SEAPODYM-MASS module to North-East Atlantic mackerel.
SEAPODYM-MASS is a pseudo-3D, aged structed population dynamic model that describes the recruitment, growth, movement, and mortality of a population over 3 pelagic layers. Movement is based on advection-diffusion, reaction equations. Recruitment and mortality are integrated in the model with habitat indices: feeding habitat (accessibility to food i.e. the density of zooplankton organisms for mackerel) and spawning habitat (based on temperature, density of predators for mackerel larvae, ie micronekton, and density of food for mackerel larvae, ie zooplankton). Four life stages are explicitly modelled: larvae, juveniles, immature and adult (mature) fish. During larvae and juvenile stages, fish are in the epipelagic layer and drift passively, while they have an active directed movement in the immature and adult stages, in addition of being transported by currents. Equations of the models are detailed in the supplementary of Senina et al., (2020). Model parameter estimation was realised based on maximum likelihood approaches (Senina et al., 2008 and Senina et al., 2020). 
SEAPODYM-LMTL is a pseudo-3D dynamical global model that simulates biomass distributions of meso- zooplankton and micronekton species according to their diel vertical migration behaviour (Conchon, 2016; Lehodey et al., 2015, 2010). Their dynamics are driven by physical (temperature and oceanic currents) and biogeochemical variables (net primary production and euphotic layer depth). Passive transport with horizontal currents and diffusion of water masses and their own random movement are modelled with advection diffusion equations. Recruitment, ageing and mortality are based on key established macro-relationship with temperature (Gillooly et al., 2002). SEAPODYM-LMTL has an age discretization for immature stages and one mature stage. For micronekton, six functional groups describe the variety of diel vertical migration behaviour between the epipelagic, upper mesopelagic and lower mesopelagic layers. The boundaries of those 3 vertical layers are dynamically defined from the euphotic depth (epipelagic from surface to 1.5 times euphotic depth, upper mesopelagic from 1.5 to 4.5 times euphotic depth and lower mesopelagic until 10.5 times euphotic depth), which is computed from Morel's equation using surface chlorophyll a (Morel, 1988). The amount of energy allocated from primary production to each group has been estimated from observations within a Maximum Likelihood Estimation framework. The model has been calibrated qualitatively against ADCP backscatter as a proxy of the density of organisms, and 38 kHz echo-sounders (more dedicated to micronekton) (Lehodey et al., 2010).

[bookmark: _Toc227140132]Forcings
The SEAPODYM model for mackerel was forced with Net Primary Productivity (NPP) computed from chlorophyll a concentration observation provided by the Copernicus Marine Service OCEANCOLOUR_GLO_BGC_L4_MY_009_104 product. When these observations are not available (ie, at latitudes >60° during boreal and austral winters), NPP comes from the Copernicus Marine Service biogeochemical reanalysis (PISCES model, Aumont et al., 2015). A relaxation technique is used to smoothly adjust the data at the frontier of the two fields. Temperature and currents forcings come from GLORYS12V1 which corresponds to the Copernicus Marine Service product GLOBAL_REANALYSIS_PHY_001_030. Oxygen originated from the climatology Levitus WOA13 (NOAA). Zooplankton and micronekton biomass were taken from the Copernicus Marine Service GLOBAL_MULTIYEAR_BGC_001_033 provided by CLS. The zooplankton and micronekton biomass in this product were computed using the above mentioned NPP, temperature and currents forcings.
The mackerel simulations were conducted at the spatial resolution of ¼° and temporal resolution of the month (for the parameter optimisation part).

[bookmark: _Toc227140133]Fisheries
Catch data were retrieved from the ICES catch and length-frequency (LF) database. In the SEAPODYM model, these data serve a dual purpose: they inform the estimation of fishing mortality and are used to calibrate the model. Catch data were aggregated according to ICES Division 27 subareas. Catch by statistical rectangle data is monthly from 2010 and quarterly before. LF data was not available for some of the fisheries, as it is specified in the table below. When LF data was available, the selectivity of the fishery was computed. Catch and length frequency data were used to create distinct fisheries, based on the length frequency and the gear. The 12 fisheries distinguished are listed and their characteristics are given in Table 1.
[bookmark: _Ref225340178]Table 1: Description of fisheries targeting mackerels in the North-East Atlantic.
	Fishery code
	Fishing gear
	Flag
	Time period
	Temporal and spatial resolution the data was aggregated in
	LF data associated (Yes/No)
	Selectivity function type
	Associated mean length (cm)

	PT1
	Pelagic trawl
	Denmark, Canary Island, Ireland, Russia, UK, North Ireland, Scotland, Faroe Islands
	1998-2018
	Month x ICES stat rect (1°x0.5°)
	Yes
	asymmetric Gaussian
	34.6

	PT2
	Pelagic trawl
	Greenland
	1998-2018
	Month x ICES stat rect (1°x0.5°)
	Yes
	asymmetric Gaussian
	34.6

	PT3
	Pelagic trawl
	Iceland
	1998-2018
	Month x ICES stat rect (1°x0.5°)
	Yes
	asymmetric Gaussian
	34.6

	PT4
	Pelagic trawl
	Germany, Netherlands
	1998-2018
	Month x ICES stat rect (1°x0.5°)
	Yes
	asymmetric Gaussian
	34.35

	PT5
	Pelagic trawl
	England
	1998-2018
	Month x ICES stat rect (1°x0.5°)
	Yes
	asymmetric Gaussian
	32.6

	PT6
	Pelagic trawl
	Estonia, Lithuania, Sweden
	1998-2018
	Month x ICES stat rect (1°x0.5°)
	No
	-
	34.6

	S7
	Bottom trawl
	Portugal
	1998-2018
	Month x ICES stat rect (1°x0.5°)
	Yes
	asymmetric Gaussian
	32.6

	S8
	Bottom trawl
	Jersey, Belgium
	1998-2018
	Month x ICES stat rect (1°x0.5°)
	No
	-
	34.6

	PS9
	Purse seine
	Norway
	1998-2018
	Month x ICES stat rect (1°x0.5°)
	Yes
	asymmetric Gaussian
	34.6

	O10
	Other
	Bonaire, Sint Eustatius and Saba
	1998-2018
	Month x ICES stat rect (1°x0.5°)
	Yes
	asymmetric Gaussian
	34.6

	O11
	Other
	Spain
	1998-2018
	Month x ICES stat rect (1°x0.5°)
	Yes
	asymmetric Gaussian
	34.75

	O12
	Other
	Man, France, Guernsey, Poland
	1998-2018
	Month x ICES stat rect (1°x0.5°)
	No
	-
	34.75




The SEAPODYM model takes effort to compute fishing mortality in each grid cell at each time step. Since the catch data did not comprise any effort, a relationship between effort, catch and CPUE (CPUE=catch/effort) was derived for each fishery from the FDI effort per country and catch per country database (European Commission Joint Research Centre, 2026). Effort data was available over 2013-2024. The significance of the linear trend between catch and effort was tested over that period (Figure 9) for each fishery and if significant, the trend was extrapolated over 1998-2022 and used to derive effort from the catch data for a given fishery. For the fisheries that showed no significant trend between CPUE and time, the mean value of CPUE over 2013-2024 was used to reconstruct effort from catch (Table 2).
[image: ]
Figure 1: CPUE across years (from UE FDI data)
[bookmark: _Ref227057035]Table 2: Coefficient of the linear regression of CPUE over time and mean and standard deviation values. For PT2, PT3, PT5 and PS9 the catchability coefficient of the most similar fishery was applied (i.e. PT1).
	fishery
	slope
	intercept
	r_squared
	p_value
	mean
	std

	PT1
	-1.390374
	2831.812354
	0.185423
	0.162291
	25.343019
	11.641820

	PT2
	—
	—
	—
	—
	25.343019
	—

	PT3
	—
	—
	—
	—
	25.343019
	—

	PT4
	0.295172
	-580.853006
	0.066105
	0.419824
	14.951484
	4.139316

	PT5
	—
	—
	—
	—
	25.343019
	—

	PT6
	0.034148
	-68.586785
	0.345601
	0.044399
	0.340390
	0.209434

	S7
	—
	—
	—
	—
	0.048290
	—

	S8
	0.002594
	-5.228108
	0.527411
	0.007482
	0.008827
	0.012881

	PS9
	—
	—
	—
	—
	25.343019
	—

	O10
	—
	—
	—
	—
	0.087964
	—

	O11
	0.003912
	-7.807774
	0.447286
	0.017406
	0.087964
	0.021088

	O12
	-0.013291
	26.924490
	0.646545
	0.001619
	0.096765
	0.059597



[bookmark: _Toc227140134]Fishery independent data
Data were extracted from DATRAS. Only the surveys using GOV were kept, to ensure same catchability. The following surveys had a large series of >15 years.
[image: ]

[bookmark: _Toc227140135]Age and life stage parameters
To model the mackerel population structure, the maximum age (31 years from ICES, 2022) and the time resolution (weekly here) are used to determine the number of cohorts. The first cohort correspond to the larval stage. Juvenile’s cohorts correspond to an age of approximately 3 months, which aligns with the recruitment age defined in ICES stock assessment reports. From the fourth cohort onward (13th cohort in weeks), individuals are considered young adults and adult. The difference between young adults and adults is that only adults are mature and reproduce. The maturity is coded as the age (in weeks here) at which the species becomes mature.
The length at age and weight at age relationships are used to inform the age and weight structure of the model. Those relationships must be discretized to inform the length and weight of the different cohorts of the 4 life stages represented by the model (larvae, juveniles, young and adults). Length function of age and weight function of length were taken from ICES stock assessment reports (ICES, 2024) and used to inform the length and weight parameters of the table below. 

[image: ]
Figure 2: Length at age (left) and weight at length (right) from ICES stock assessment reports
Table 3 : Age and life stage parameters estimated from bibliography
	Parameter name
	Description
	Unit
	Value

	nb_life_stages
	The number of the species life stages to be considered in the model
	-
	3

	life_stage
	List of names of the life stages
	-
	larvae juvenile adult


	nb_cohort_life_stage
	A vector of size nb_life_stages giving the number of age classes by life stage
	weeks
	4, 8, 359

	sp_unit_cohort
	A vector of the size of age class of length sum(nb_cohorts_life_stage)
	-
	356

	maturity_age
	The vector of maturity-at-age estimates of length nb_cohorts_life_stage. The values between 0 and 1 give the proportion of mature adults in each age class.
	
	Provided in supplementary

	length
	A vector of mean fork lengths of fish of length nb_cohorts_life_stage (356), estimated in the middle of each age class.
	
	Provided in supplementary

	weight
	A vector of mean weights of fish of length nb_cohorts_life_stage (356), estimated in the middle of each age class.
	
	Provided in supplementary




[bookmark: _Toc227140136]Demographic parameters
Recruitment (Beverton Holt function parameters) and mortality parameters were estimated from stock assessment data (ICES, 2024).
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Figure 3 : Beverton Holt function (recruitment function of stock standing biomass) (left) and abundance at age (right) from stock assessment reports.
 
Table 4 : Demographic parameters estimated from stock assessment data and previous SEAPODYM studies
	Parameter name
	Description
	Unit
	Value

	Recruitment

	nb_recruitment
	Reproduction rate in Beverton–Holt function
	month−1
	0.02

	a_adult_spawning
	Slope parameter in Beverton–Holt function
	Nb/km2
	0.001

	Natural mortality

	Mp_mean_max
	Predation mortality rate at age 0
	month−1
	0.56

	Mp_mean_exp
	Slope coefficient in predation mortality
	
	0.51

	Ms_mean_max
	Senescence mortality rate at age 0
	month−1−βs
	0.002

	Ms_mean_slope
	Slope coefficient in senescence mortality
	
	0.34

	M_mean_range
	Variability of mortality rate with habitat index 
	
	0.27



[bookmark: _Toc227140137]Habitat parameters
Preferred temperature at length related parameters were estimated from RFID data downloaded from the Norwegian Marine Data Center (http://metadata.nmdc.no/metadata-api/landingpage/f9e8b1cff4261cf6575e70e56c4c3b3e), under the guidance of Aril Slotte (IMR) and Anna Ólafsdóttir (MFRI). Preferred temperature for larvae was computed from Eggs and Larvae database (https://eggsandlarvae.ices.dk/Download.aspx). Regarding oxygen, there is no study indicating a critical threshold value. Values of the oxygen parameters are set so that it does not constrain habitat.
The hypothesis is made that mackerel only feed in epipelagic layer, which seems realistic according to Diaz, 2013 and Jansen et al., 2019.
The a_sst_habitat and the b_sst_habitat values were taken from Robert et al., (2009). The a_sst_spawning and b_sst_spawning parameters were computed from gaussian fit of the Eggs and larvae ICES database (Figure 4).
[image: ]
[bookmark: _Ref226990520]Figure 4: Gaussian fit of the optimal temperature and standard deviation from Eggs and larvae ICES database.

T_age_size_slope parameter was computed from RGBIF tag data, based on the observed linear relationship between temperature preferred at age a and length at age a divided by maximum length.
Table 5 : Habitat parameters, estimated from RFID tag data, Eggs and Larvae ICES data, bibliography as well as previous SEAPODYM studies.
	Parameter name
	Description
	Unit
	Value

	Spawning habitat index

	a_sst_larvae
	Standard deviation in temperature Gaussian function of spawning habitat
	°C
	1

	b_sst_larvae
	Optimal water temperature for larvae survival
	°C
	12.5

	alpha_hsp_prey
	Prey encounter rate in Holling type III function
	day⁻¹
	0.86


	alpha_hsp_predator
	Log-normal mean parameter in predator-dependent function
	g/m²
	1.24

	beta_hsp_predator
	Log-normal shape parameter in predator-dependent function.
	
	2.82

	Thermal accessibility and age-dependance

	a_sst_spawning
	Standard deviation in temperature Gaussian function for age 0
	°C
	1.4

	a_sst_habitat
	Standard deviation in temperature Gaussian function at age A+
	°C
	0.39

	b_sst_spawning
	Preferred temperature for age 0
	°C
	11.21

	b_sst_habitat
	Preferred temperature for the oldest adult class A+
	°C
	10.5

	T_age_size_slope
	Allometric power coefficient for thermal preferences at age
	
	3.14

	Oxygen limitation of accessibility to prey

	a_oxy_habitat
	Slope in the oxygen accessibility function
	
	0.05

	b_oxy_habitat
	Minimal threshold oxygen value, required by the predator to access the habitat for foraging
	ml/L
	1

	Food selection parameters

	eF_habitat_epi
	Contribution of epipelagic forage to the feeding habitat index
	-
	1

	eF_habitat_meso
	Contribution of mesopelagic forage to the feeding habitat index
	-
	0

	eF_habitat_mmeso
	Contribution of migrant mesopelagic forage to the feeding habitat index
	-
	0

	eF_habitat_bathy
	Contribution of lower mesopelagic forage to the feeding habitat index
	-
	0

	eF_habitat_mbathy
	Contribution of migrant lower mesopelagic forage to the feeding habitat index
	-
	0

	eF_habitat_hmbathy
	Contribution of highly migrant lower mesopelagic forage to the feeding habitat index
	-
	0




[bookmark: _Toc227140138]Movement and migration parameters
The spawning season starts and peaks were taken from WGWIDE 2022 report, figure 3.4.2.1.1 (ICES, 2022). The velocity at maximal habitat gradient was estimated from the RBIF tag data. The C_diff_fish parameter, that controls the decrease of diffusion with increasing habitat index, was taken from Dragon et al., (2018).
[image: ]
Figure 5: Velocity at maximal habitat gradient function of body length, from RBIF data.
Table 6: Movement and migration parameters, estimated from RBIF data and taken from previous SEAPODYM studies.
	Parameter name
	Description
	Unit
	Value

	spawning_season_peak
	Mid-date (day of the year) of seasonal spawning migrations of adults
	day
	130

	spawning_season_start
	Critical value of day–night ratio (or day length gradient), %, triggering seasonal migrations. It also controls the duration of spawning season at each latitude
	%
	1.25

	MSS_size_slope
	Slope coefficient in allometric function for velocity
	
	4.19e-8

	MSS_species
	Velocity at maximal habitat gradient and MSS_size_slope = 1.
	Body length/s
	9.34

	sigma_species
	Multiplier for the theoretical diffusion rate V¯²∆T⁴
	s
	See optimisation section

	c_diff_fish
	Coefficient of diffusion variability with habitat
	
	6.3e-7




[bookmark: _Toc227140139]Parameter optimisation with the SEAPODYM-TAG model
The SEAPODYM-TAG model is a simplified version of the SEAPODYM model, designed to simulate the movement of tagged fish densities over time and space. It uses the same transport equation as the one embedded in the SEAPODYM population dynamics model. Movement parameters are linked to the habitat characteristics of individuals. Since tagged fish are primarily adults, the model provides insights into the spatio-temporal dynamics of adult fish and their habitats.
Before calibration, a sensitivity analysis is performed to identify which parameters can be estimated— ie, those to which the model is sensitive. If the model's predictions are insensitive to variations in a given parameter, that parameter can be excluded from the optimization process. This sensitivity analysis is conducted over the 2015–2019 period, for computational efficiency, to determine which parameters can be estimated from the available data.
To perform this analysis, Sobol indices are used to measure the relative contribution of each parameter to the total variance in the likelihood function. Two types of experiments are conducted:
· AAT (All-At-a-Time): all parameters are randomly sampled in each model run.
· OAT (One-At-a-Time): only one parameter is randomly varied across a series of model runs, while the others are held constant.
Both approaches are based on 10,000 Monte Carlo iterations. The resulting likelihood profiles help visualize the parameter values at which global minima of the likelihood function occur. These are the values we aim to identify for model calibration. Parameters leading to the lowest likelihood values in AAT experiments are selected for further exploration in OAT experiments.
In the case of mackerel, the model is sensitive to only 10 parameters, significantly fewer than the ~40 parameters influencing the full SEAPODYM model. Moreover, these parameters are the same as those used in the full model. The RFID tag data were used to inform the tag model. This approach also eliminates the need for predefined initial conditions, as data from the first captures are used instead. Additionally, it allows for faster computations due to the reduced number of processes involved and the use of a single data source and likelihood function.
As a result, calibrating the tag model helps reduce the number of parameters to optimize when transitioning to the full SEAPODYM model. The calibration of the tag model parameters is performed using a maximum likelihood estimation approach.
[image: ]
Figure 6: Catch and release positions used in the SEAPODYM-TAG optimisation
[bookmark: _Toc227140140]Validation
SEAPODYM outputs encompass the biomass of the 4 life stages modelled as well as spawning and feeding habitats. Below are listed the different data used for validation of the different stages and habitats (Table 7).
[bookmark: _Ref226629713]Table 7: Data source used for validation
	Field to validate
	Dataset used
	Comments

	Spatial density larvae
	ICES eggs and larvae
	Already used for parameters calibration

	Spatial biomass density of juveniles
	-
	No dataset identified

	Spatial biomass density of immature adults
	-
	No dataset identified

	Spatial density of mature adults
1. Time series
2. Seasonal migration
3. Spatial shift
	
1. ICES stock assessment 
2. Bibliography
3. Bibliography
	

	Spawning habitat
	ICES eggs and larvae
	Already used for parameters calibration

	Feeding habitat
	Catch data
	Already used for parameters estimation



In addition, to better characterize the amplitude of the seasonal migration as well as the geographical shift between the periods 2000-2005 and 2010-2016, the Structure Amplitude Location (SLA) index (Wernli et al., 2008) was used. This index was initially created to compare spatial gridded fields of precipitation and had since become a reference method in spatial field comparison. The Location index in particular measure the spatial displacement between the centre of mass of the object. To characterize the amplitude of seasonal migration of adults, the SLA index was used to compared pairwise seasons average of adult biomass. To characterise the geographical shift, averaged biomass of adult at each season were compared between the 2 periods (2000-2005 and 2010-2016). To validate the amplitude of that shift, catch data were used and analysed similarly as modelled adult biomass.

[bookmark: _Toc227140141]Results and validation
[bookmark: _Toc227140142]Parameter optimization results
Amongst the 10 parameters of the SEAPODYM-TAG model, only 4 were optimized. This choice was made to speed up the process due to the large computational resources required for optimisation. The 6 other parameters of the model were estimated from data sources, as presented in the Method section.

All At Time experiments
The AAT experiments rely on Monte Carlo simulations in which all model parameters are simultaneously varied across their predefined ranges.
[image: ]
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Figure 7: Likelihood values of 10,000 independent configurations as a function of each SEAPODYM-TAG model parameter. Black dots represent arbitrary configurations. The green dot corresponds to the configuration with the lowest likelihood value among all points. Blue and orange dots represent the 50 best configurations, with the orange ones being those with a temperature below 12 degrees.

One At Time experiments
The 50 simulations with the lowest likelihood values from the AAT (All-At-a-Time) experiments were selected. Starting from a previously identified configuration, each of the 4 parameters was individually varied: for each parameter, its value was randomly changed 25 times within its defined bounds, while all other parameters were held constant.
The graphs resulting from the OAT (One-At-a-Time) analysis represent slices through the parameter space in different directions, centred around the minima identified during the AAT phase. Since OAT explores the likelihood function while keeping other parameters fixed, the absolute global minimum may not appear in all plots. However, if the conditioned likelihood reveals multiple clusters, each can serve as a potential starting point for the global optimization process. Conversely, if the likelihood surface shows broad minima, it suggests that the corresponding parameter has limited influence on the model’s output.

[image: ]
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Figure 8: Likelihood values function of the parameters of the SEAPODYM-TAG model, conditioned by the value of the other parameters
That sensitivity analysis enabled us to better understand the link between a data type (tag data here) and the variables. The OAT graph for MSS_species parameter suggest that the model is sensitive to the parameter and that the range is well fixed. The OAT graph for MSS_size_slope parameter show that the model is not very sensitive to the variation of these parameters. The OAT graphs for sigma_species and c_diff_fish parameters indicate that the range should be adapted for those parameters, since the value of the parameter leading to the minimum of the likelihood function is close to the minimum or maximum boundary of the interval explored. The c_diff_fish graph suggests that this parameter is in interaction with another parameters whose value is poorly fixed, probably the sigma_species parameters since they interact together in the definition of the active random movement. This relationship must be further investigated.
Below are provided the estimated value of the parameters from SEAPODYM-TAG model optimisation. Those parameters were used in the SEAPODYM-MASS model simulations presented in the following sections.
Table 8: Estimated values of the parameters obtained after optimisation.
	Parameter name
	Description
	Unit
	Value Optimized

	sigma_species
	Multiplier for the theoretical diffusion rate
	-
	0.97

	MSS_species
	Velocity at maximal habitat gradient and MSS_size_slope = 1
	Body length/s
	9.34

	MSS_size_slope
	Slope coefficient in allometric function for species velocity.
	-
	14.19e-8

	c_diff_fish
	Coefficient of diffusion variability with habitat index
	-
	0.009




[bookmark: _Toc227140143]Validation of the optimisation runs
For the SEAPODYM-TAG data simulations, observed catches were compared to model predictions. For all fisheries included in the optimization process (ie those with associated length-frequency data) the visual agreement between observations and predictions is very good, as illustrated in the figure below.
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[bookmark: _Ref225847585]Figure 9: Observed catch (dotted red line) and predicted (black line) for each of the fisheries with length frequency data (used in the optimisation).

[bookmark: _Toc227140144]Total biomass time series
Using the parameters described above, simulations of the mackerel model were conducted. The resulting time series of biomass for larvae, juveniles, young, and adult mackerel is shown below (Figure 8).
[image: ]
[bookmark: _Ref226637664]Figure 10 : Time series of total, adult and juveniles’ biomass (in tonnes) and larvae (in thousand individuals)
The increase in adult biomass from 2005 aligns with trends documented in stock assessment reports (ICES, 2024). However, the biomass peak in our simulation has not the same magnitude than the one in the stock assessment data (Figure 11). In our simulation, the increase is about 15%, between 2008 to 2015 level, while the increase is about 300%.


[bookmark: _Ref226637743][image: ]Figure 11: Total adult biomass modelled with SEAPODYM compared with ICES stock assessment


[bookmark: _Toc227140145]Seasonal migrations
[bookmark: _Toc227140146] Larvae biomass
The modelled seasonal migrations were visually compared to bibliography as well as characterized with Structure Amplitude Location (SLA) index (Wernli et al., 2008). The distribution of each modelled life stage (larvae, juvenile, young, adult) was averaged across the stable part of the modelling period (ie 2000-2005, before the shift in spatial distribution and large increase in total biomass) at each season. Seasons are defined by spring (March, April, May), summer (June, July, August), fall (September, October, November) and winter (December, January, February). The distribution of the larvae in spring is in the Bay of Biscay and in the Celtic Sea (Figure 12). This is in line with (Uriarte & Lucio, 2001) (Figure 13). The modelled distribution of larvae was compared to the Eggs and larvae ICES database. Due to the overabundance of eggs records in the dataset compared to larvae, modelled larvae distribution was compared to observed eggs, with the hypothesis that eggs and larvae co-occur spatially since the duration of the egg stage is between 3-8 days (over typically spawning temperature) (Lockwood et al., 1977).
Comparing the distribution of the modelled density of larvae with the raised number of eggs from Eggs and larvae ICES database, the distribution is centred in the Bay of Biscay/Celtic Sea, while observations data indicate the presence of eggs not only in this area but also further north, in western and norther Ireland.
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[bookmark: _Ref226642764]Figure 12: Distribution of larvae and juveniles of mackerel averaged across 1998-2022 from SEAPODYM model.
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[bookmark: _Ref226642882]Figure 13: Migration path of mackerels in the European Atlantic waters (excluding the North Sea mackerel), from (Uriarte & Lucio, 2001)
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Figure 14 : Distribution of larvae (thousand individuals/km²) (background) and raised number of eggs (circles) averaged across spring and summer 2004.
Adult biomass
Regarding adult distribution, in spring, the population is distributed essentially in the Bay of Biscay and Celtic Sea (Figure 15), which is in line with Bakken & Westgard, (1986) (Figure 16). In summer and fall, mackerels migrate north, toward the Norwegian sea (Figure 16). The is partly captured by the model, as some of the biomass migrate offshore Norway at fall but the majority remains around Ireland (Figure 15).
The SLA index enables to summarize those patterns. The index computed over 2000-2005 showed that on averaged over that period, adult mackerel migrate northward of 327.6 ± 70.9 km between spring and summer. They further migrate northward of 288.1 ± 47.5 km between summer and fall. Then they return southward of 224.7 ± 30.0 km between fall and winter and a supplement of 391.1 ± 82.1 km between winter and spring (Table 9 and Figure 17).
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[bookmark: _Ref226643281]Figure 15: Distribution of biomass of young (immature adults) and adult of mackerel, averaged across 1998-2022, at the 4 quarters from SEAPODYM outputs
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[bookmark: _Ref226643290]Figure 16:Seasonal distribution of adult mackerel of the North Sea (horizontal hatched) and Western stock (vertical hatched) from (Bakken & Westgard, 1986). Here the western stock has been modelled.
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[bookmark: _Ref227074578][bookmark: _Ref227074541]Figure 17: Seasonal displacement of adult mackerels between seasons, based on Structure Amplitude Location indices
[bookmark: _Ref227074569]Table 9: Northwardl displacement of adult centre of mass between pairwise seasons. Norward displacement >0 and southward displacement <0.
	Pairwise season comparison
	Displacement (km)
	Standard deviation (km)

	spring → summer
	327.6
	70.9

	summer → fall
	288.1
	47.5

	fall → winter
	-224.7
	30.0

	winter → spring
	-391.1
	81.2

	spring → fall
	615.8
	104.4




[bookmark: _Toc227140147]Spawning habitat
The spawning habitat is computed from preferred surface temperature according to age, density of prey of mackerel larvae (ie zooplankton) and density of predator of mackerel larvae (ie micronekton). Here it was validated indirectly by looking at the distribution of eggs in spring and summer from the eggs and larvae ICES database. Given that the egg stage lasts for about 3-8 days (Lockwood et al., 1977) and that the larval stage lasts for about 30 days (Villamor et al., 2004), the observed spatial distribution of the eggs is expected to be larger than the modelled spawning habitat, as eggs and larvae can be advected and diffused by currents during those stages.
Spawning habitat in spring is in the Bay of Biscay and over the slope of the continental shelf southwest Ireland. Eggs are observed over a larger area as expected, but in relatively good spatial agreement. In summer, the spawning habitat shifts north Ireland and UK, while observed eggs stays more southern Ireland in majority (Figure 18).
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[bookmark: _Ref227143429]Figure 18: Spawning habitat Hs (background) and raised number of eggs (markers)
Feeding habitat
Feeding habitat is defined function of accessibility of prey. The accessibility is computed from preferred temperature and oxygen concentration. The feeding habitat can thus be interpreted as the potential niche (ie the maximal extent the distribution) while the realized niche (ie the real extent of the distribution) correspond to the modelled biomass.
To validate the distribution of the feeding habitat, the catch data were used, since this is the spatialised dataset with the best seasonal resolution available. We acknowledge the fact that the catch data are dependent on fishing activity and thus do not represent the real distribution of the species but are a reasonable proxy. Fishery independent data are available, but heir spatial and temporal extent is much more limited and thus not used to validate the full range of the distribution of the NE Atlantic mackerel.
Feeding habitat in the model tend to have values too high offshore the continental shelf (Figure 19). The large values of feeding habitat on the continental shelf correspond to large catches. However, the largest catches offshore Norway do not correspond to the largest values of the habitat. 
[image: ]
[bookmark: _Ref227157180]Figure 19: Feeding habitat and catch averaged over 1998-2022, at each season (largest value of catch are in red)

Geographical shift
The northward and westward expansion (respectively by about 400km and 1600km) of the stock’s distribution observed in summer habitats between 2010-2016 (Dos Santos Schmidt et al., 2024; Olafsdottir et al., 2019) was poorly captured by the model.
Indeed, the modelled biomass of adult only shifted westward of about 20 to 50km while the catch data showed geographical shift of about 150 to 600km. In addition, the largest shift was observed in summer in catch data, while the largest westward shift happens at fall in modelled biomass.
Table 10: Easterward diplacement if centre of mass (SAL indice) of adult modelled biomass between period 2000-2005 and 2010-2016, averaged at each season. Westward displacement <0 and eastward displacement >0.
	Season
	Eastward displacement between 2000-2005 and 2010-2016 periods (in km)

	
	In modelled adult biomass
	In catches (all fisheries grouped together)

	Spring
	-11.7
	111.7

	Summer
	-13.3
	-615.2

	Fall
	-53.6
	-175.4

	winter
	-44.3
	-147.3




[bookmark: _Toc227140148]Discussion
The overall spatial distribution of the NE Atlantic mackerel was reproduced by the model. However, the biomass located offshore Norway is not as high as expected from the catches.
The seasonal migrations of the mackerel were satisfactorily reproduced while the geographical shift failed to be reproduced by the model. The geographical expansion was likely due to an increased availability of preferred temperature and abundance of meso-zooplankton (Olafsdottir et al., 2019). The model might fail reproducing this pattern since it has been calibrated to be quite stable, thus the reproduction (Beverton Holt function) parametrisation might not be responsive enough. 
Given the well-known challenges in modelling the spatial dynamics and biomass of North-East Atlantic mackerel, the modelling work conducted here offers valuable opportunities for comparison with other models, contributing to ensemble modelling approaches for this species.
The work conducted here is a first step toward the calibration of a robust model. Indeed, several simplifications have been chosen here, such as the modelling of the mackerel as one stock while it is most likely not the case. In particular, the North Sea and the Western stock can be distinguished (Bakken & Westgard, 1986). Here we have been modelling the Western stock only. Similarly, the length and weight at age were considered fixed in this study, while they are known to have declined continuously over 1984-2013 (Olafsdottir et al., 2016).
Since the effects of fishing can be assessed by running the final model without fishing mortality, it becomes possible to disentangle the impacts of fishing from those of climate variability. By using climate projections as forcings, the model can be applied to test various exploitation scenarios under climate change conditions, thereby informing sustainable management strategies. However, those were beyond the scope of the realisation of his project.

[bookmark: _Toc227140149]Conclusion
· This work provides spatial modelling of a species that experienced large shifts in its spatial distribution since 2007 (shift westward and northward).
· Help the ensemble modelling effort conducted for that species by the WGWIDE.
· The model has to be further validated since the validation data used here were already used for calibration.
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<length> <!--cm --> 
     <mac>0.134267 0.682705 1.58538 2.78234 4.21367 5.81941 7.53964 9.31442 11.0839 12.7924 14.389 15.8233 17.0446 18.025 18.7962 19.3992 19.875 20.2619 20.5799 20.8419 21.061 21.25 21.4166 21.5645 21.6974 21.8187 21.9317 22.0389 22.1425 22.245 22.3483 22.4523 22.5565 22.6604 22.7635 22.8657 22.9671 23.0678 23.1678 23.2674 23.3666 23.4654 23.5641 23.6626 23.7608 23.8587 23.9561 24.0531 24.1494 24.2449 24.3397 24.4335 24.5264 24.6185 24.71 24.801 24.8915 24.9816 25.0711 25.16 25.2482 25.3359 25.4232 25.5102 25.597 25.6837 25.7701 25.8561 25.9415 26.0263 26.1104 26.1939 26.2768 26.3591 26.4408 26.5222 26.6034 26.6845 26.7653 26.8458 26.9259 27.0053 27.0842 27.1624 27.24 27.3169 27.3933 27.4691 27.5447 27.62 27.6952 27.7702 27.8448 27.9189 27.9925 28.0654 28.1377 28.2093 28.2804 28.3509 28.4209 28.4905 28.5599 28.6291 28.6981 28.7668 28.8352 28.9034 28.9712 29.0388 29.1062 29.1734 29.2404 29.307 29.3732 29.4386 29.5034 29.5676 29.6314 29.695 29.7585 29.8219 29.8849 29.9473 30.009 30.0701 30.1306 30.1908 30.2506 30.3103 30.3699 30.4292 30.4884 30.5475 30.6062 30.6643 30.7218 30.7786 30.8347 30.8904 30.9461 31.0019 31.058 31.1141 31.1701 31.2259 31.2814 31.3365 31.3911 31.445 31.4983 31.551 31.6033 31.6552 31.7069 31.7585 31.8098 31.8609 31.9117 31.9623 32.0125 32.0624 32.1121 32.1615 32.2106 32.2594 32.3081 32.3565 32.4046 32.4524 32.4998 32.5468 32.5935 32.6401 32.6866 32.7334 32.7803 32.8273 32.8739 32.92 32.9653 33.0099 33.054 33.0976 33.1409 33.184 33.2271 33.2703 33.3136 33.3571 33.4005 33.4436 33.486 33.5277 33.5687 33.6092 33.6493 33.6891 33.7288 33.7684 33.808 33.8477 33.8875 33.9273 33.9669 34.0062 34.0452 34.0838 34.1221 34.16 34.1976 34.2349 34.2721 34.3093 34.3467 34.3842 34.4216 34.4589 34.4958 34.5323 34.5685 34.6044 34.6401 34.6754 34.7106 34.7455 34.7801 34.8144 34.8485 34.8823 34.9158 34.9489 34.9817 35.0143 35.0468 35.0793 35.1119 35.1445 35.1772 35.21 35.2428 35.2755 35.3082 35.3407 35.3731 35.4051 35.4366 35.4676 35.4979 35.5274 35.5565 35.5853 35.6141 35.6431 35.6722 35.7015 35.7308 35.7602 35.7896 35.8188 35.8477 35.8762 35.9044 35.9322 35.9601 35.988 36.0161 36.0442 36.0722 36.1 36.1274 36.1545 36.1812 36.2075 36.2335 36.2592 36.2848 36.3104 36.336 36.3618 36.3876 36.4132 36.4386 36.4636 36.4883 36.5126 36.5366 36.5602 36.5836 36.6069 36.6301 36.6533 36.6766 36.7 36.7233 36.7467 36.77 36.7933 36.8166 36.84 36.8635 36.8869 36.9103 36.9334 36.9563 36.9788 37.0009 37.0227 37.0442 37.0653 37.0863 37.1071 37.128 37.1489 37.1698 37.1909 37.212 37.2331 37.2543 37.2753 37.2962 37.3167 37.3369 37.3568 37.3763 37.3954 37.4143 37.4329 37.4515 37.47 37.4886 37.5073 37.526 37.5447 37.5633 37.5819 37.6006 37.6193 37.6381 37.6569 37.6757 37.6943 37.7126 37.7304 37.7479 37.7652 37.7825 37.7999 37.8174 37.8349 37.8525 37.87 37.8876 37.9051 37.9225 39.751

<weight> <!--kg --> 
    <mac>1.31577e-05 2.63154e-05 3.9473e-05 5.26307e-05 0.000751204 0.00172394 0.00269668 0.00366942 0.00634735 0.0112989 0.0162504 0.0212019 0.0261539 0.0311084 0.036063 0.0410175 0.0459721 0.0489229 0.0515398 0.0541566 0.0567735 0.0587836 0.0603386 0.0618937 0.0634487 0.0649009 0.0660962 0.0672914 0.0684866 0.0696818 0.0709022 0.0721225 0.0733429 0.0745633 0.0758091 0.0770651 0.078321 0.079577 0.0808472 0.0821363 0.0834255 0.0847147 0.0860105 0.0873467 0.0886828 0.0900189 0.0913551 0.0927165 0.0940821 0.0954478 0.0968134 0.0981842 0.0995588 0.100933 0.102308 0.103689 0.105086 0.106483 0.10788 0.109277 0.110693 0.11211 0.113526 0.114942 0.116385 0.117837 0.11929 0.120743 0.122201 0.123669 0.125136 0.126603 0.128072 0.12955 0.131029 0.132508 0.133986 0.135491 0.137 0.138508 0.140017 0.14153 0.143045 0.14456 0.146074 0.14759 0.149108 0.150626 0.152143 0.153661 0.155202 0.156744 0.158285 0.159826 0.161366 0.162904 0.164443 0.165981 0.167517 0.169049 0.170582 0.172114 0.173648 0.175197 0.176746 0.178295 0.179844 0.181406 0.18297 0.184534 0.186099 0.187671 0.189249 0.190827 0.192405 0.193978 0.19554 0.197101 0.198663 0.200224 0.201795 0.203366 0.204937 0.206508 0.208064 0.209612 0.211161 0.21271 0.214261 0.215814 0.217368 0.218922 0.220476 0.222033 0.22359 0.225147 0.226704 0.228235 0.229762 0.231289 0.232816 0.234361 0.235919 0.237478 0.239036 0.240594 0.242151 0.243709 0.245266 0.246823 0.248343 0.249863 0.251383 0.252904 0.25442 0.255934 0.257448 0.258962 0.260474 0.261981 0.263488 0.264995 0.2665 0.267998 0.269496 0.270994 0.272492 0.273981 0.275469 0.276956 0.278443 0.279924 0.281399 0.282875 0.28435 0.285832 0.287332 0.288831 0.290331 0.29183 0.293277 0.294724 0.296171 0.297619 0.299054 0.300484 0.301914 0.303345 0.304784 0.306236 0.307687 0.309139 0.310582 0.311975 0.313368 0.314761 0.316154 0.317528 0.3189 0.320271 0.321643 0.323025 0.324415 0.325805 0.327195 0.328579 0.329945 0.331312 0.332679 0.334046 0.335388 0.336731 0.338073 0.339415 0.34077 0.342129 0.343488 0.344847 0.346194 0.347527 0.348859 0.350192 0.351521 0.352825 0.35413 0.355435 0.35674 0.35802 0.359295 0.360571 0.361846 0.363104 0.364349 0.365594 0.366839 0.368088 0.369346 0.370605 0.371863 0.373121 0.374393 0.375664 0.376936 0.378207 0.379456 0.380695 0.381933 0.383172 0.384377 0.385535 0.386693 0.387852 0.389012 0.390181 0.39135 0.392519 0.393688 0.394867 0.396047 0.397227 0.398407 0.399566 0.400709 0.401853 0.402996 0.404142 0.405295 0.406449 0.407602 0.408755 0.40987 0.410985 0.4121 0.413215 0.414301 0.415377 0.416452 0.417527 0.418606 0.41969 0.420774 0.421858 0.422936 0.423979 0.425022 0.426064 0.427107 0.428114 0.429114 0.430115 0.431115 0.43212 0.433128 0.434136 0.435144 0.436154 0.437169 0.438184 0.439199 0.440214 0.441237 0.442259 0.443282 0.444304 0.445295 0.446273 0.447251 0.448229 0.449188 0.450121 0.451054 0.451987 0.45292 0.453859 0.454798 0.455737 0.456676 0.45762 0.458565 0.45951 0.460455 0.461373 0.462271 0.463169 0.464067 0.464951 0.465801 0.466652 0.467502 0.468352 0.469207 0.470062 0.470917 0.471772 0.47263 0.47349 0.47435 0.47521 0.476072 0.476936 0.477801 0.478666 0.479523 0.480338 0.481154 0.481969 0.482784 0.483602 0.484422 0.485241 0.486061 0.486882 0.487706 0.48853 0.489354 0.58123 
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