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Abstract

Fish quantity has long been the most needed information for stock management as the main source of uncertainty for the fishing sector. However, as the rate of global environmental change accelerates, degradation of fish quality has become a new source of concern. Indeed, evidence is accumulating on a general decrease in fish size and fat content and on the increase of the occurrence of various contaminants. Small pelagic fishes (SPFs) are valuable food rich in fatty acids but, for this reason, are also prone to the accumulation of organic pollutants. While environmental impacts on fish quality are increasingly documented, knowledge on how these propagate to the fishing industry is still very limited. In our study we explored how the various components of the SPF French social-ecological system, from plankton to fish to fishers to the canning industry and the market, interact in their response to global change. First, by analysing the national catches of sardine and anchovy from 2000 to 2024 across the three French maritime regions, we highlighted the strong seasonal dynamics of both fisheries and the strong interannual trends over the period. Second, focusing on Bay of Biscay sardines, we revealed that on both seasonal and interannual scales, the fishing sector was caught between a bottom-up environmental control through its effects on fish quality, namely fat content and size, and a top-down control resulting from canning industry strategies in provisioning and marketing, ultimately mediated by the preferences of consumers. The fishing fleets appeared as the most vulnerable component in the system, while the processing industry appeared more flexible. Our results indicate that a decrease in fish quality can threaten an entire fishing industry. We recommend collaborative efforts between scientists and stakeholders to co-construct adaptation strategies aiming at strengthening the resilience of fisheries social-ecological systems in the face of global change.
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1 Introduction
Evidence is growing on the impact of global change on the productivity of food systems, their economic sectors, and, consequently, food security (Myers et al., 2017; Wheeler and von Braun, 2013; IPCC, 2023). So far, evaluation of these impacts has focused primarily on food quantity, i.e., the yield of food systems, rather than on food quality and safety, although the evidence has long been available that agriculture and fisheries may suffer from a reduction in protein or lipid content and an increase in contaminants (Shalders et al., 2022; Vermeulen et al., 2012).
Natural food resources, mostly represented nowadays by seafood, are particularly sensitive to climate change through the modification in the structure and functioning of marine ecosystems. One noticeable trend is towards a reduced productivity (Atkinson et al., 2024) and shrinking size of many organisms (Gardner et al., 2011; Sheridan and Bickford, 2011), among them fish (Cheung et al., 2013; Daufresne et al., 2009; Lindmark et al., 2022). Projections also alert to a reduction in omega-3 fatty acids in marine food webs and, thus, for human populations through fish consumption (Colombo et al., 2020). In addition, there are more and more concerns about the safety of seafood from various threats, among them harmful algae, heavy metals (Shalders et al., 2022), or organic pollutants (Suominen et al., 2011). While seafood constitutes an important source of fatty acids and micronutrients for the human population, there is an urgent need to better understand how the effects of global changes propagate through, or disrupt, the fisheries’ social-ecological systems (Perry et al., 2010; Salgueiro-Otero and Ojea, 2020) so that we can build solutions for its resilience and sustainability (Mason et al., 2022; Subramaniam et al., 2023) and guarantee food security. In this paper, our definition of the fisheries social-ecological systems encompasses the fish, its environment, the fishing industry, and the final consumers. The fishing industry encompasses the fishing sector (the activity of fishing itself) but also the fish processing sector as a major intermediate actor between fishers and final consumers.
Small pelagic fish (hereafter SPF) make up ∼25% of total fish landings globally (FAO, 2022) and, being fatty fish, are considered a key source of essential fatty acids for both direct consumption and fish oil/meal production (Robinson et al., 2022). As short-lived and planktivorous species, they are highly sensitive to environmental variability, both on the seasonal and interannual scales. This has driven a long-standing research effort to understand the impact of climate variability on their dynamics (Peck et al., 2021) and, more recently, on their fisheries and related industries through social-ecological integrated approaches (Quezada-Escalona et al., 2025). However, as in other food systems, much less effort has been devoted to analysing the impact of SPF quality on fishing industries when compared with studies on SPF quantity. In their recent review of the socio-economic impacts of changes in SPF abundance, distribution, and quality across 13 case studies, Quezada-Escalona et al. (2025) described only three cases relating to quality and more specifically to anchovy size in the Tyrrhenian Sea (Italy), the Bay of Biscay, and offshore Peru.
Yet, evidence of decreasing SPF quality is spreading worldwide with social and economic consequences. Body condition and/or size at age has decreased in many Mediterranean stocks of sardine and anchovy (Brosset et al., 2017), in anchoveta of the Humboldt system (Canales et al., 2018), in sardine of the Benguela system (Jarre et al., 2015), in herring of the northern Baltic Sea (Rajasilta et al., 2019), and in anchovy and sardine in the Bay of Biscay (Doray et al., 2018a; Taboada et al., 2024; Véron et al., 2020). This had impacts on the fishery industries, from the fisheries sectors to the processing companies. In the Gulf of Lion, the pelagic trawlers have shifted to more profitable demersal species (Saraux et al., 2019), and the supply to the canning industry consequently stopped. In the Tyrrhenian Sea, purse-seiners now have to remain close to harbour to limit fuel consumption while being in competition with imports from the Adriatic (Quezada-Escalona et al., 2025). In the Humboldt system, increased mixing of anchoveta with juveniles complicated the management of the fishery and destabilised the processing industry (Quezada-Escalona et al., 2025). In the Bay of Biscay, despite a recovery of the anchovy biomass in the early 2010s, low fish size combined with the restructuring of the Spanish market during the anchovy fishery closure did not allow the French fishing sector to recover (Beckensteiner et al., 2024).
There is a long history of SPF fishery in France, both along the Mediterranean (Beveren et al., 2016) and the Atlantic (Le Floc’h et al., 2023) coasts (Fig. 1), with some market interactions reported between these regions (Le Floc’h et al., 2020). SPF are targeted by pelagic trawlers in the Mediterranean Sea (Beveren et al., 2016) and in the English Channel (including the extreme south of the North Sea in our study), and by both trawlers and purse seiners in the Bay of Biscay (Lahellec et al., 2024), mostly for provisioning the canning industry (Le Floc’h et al., 2020) and, to a lesser extent, for the fresh market, with a strong heritage value in several regions. Sardines are the first fish species landed in quantity in France in 2024, complemented by important imports that feed a large proportion of consumers, with 48% of the French population buying them canned and 8% fresh (FranceAgriMer, 2025). Anchovy is mostly exported to Spain (Beckensteiner et al., 2024).
In our study, we aimed to explore the temporal dynamics of the social-ecological system (SES) of the French SPF fishing industry, the role of fish quality in its structuring, and the evolution of its vulnerability over the last 25 years (2000–2024), which were some of the objectives of a national project DEFIPEL. This required gathering data and knowledge across various components of the system at multiple temporal and spatial scales. To reach that goal, our project involved scientists from different disciplines spanning from oceanography to fisheries science and economy, as well as stakeholders representing the fishing sector and canning industries. To identify the most important events that structured the fisheries over the period and across the three French maritime regions, we first explored the space-time variability of sardine and anchovy catches by French fisheries at the national scale to extract the main patterns of variability characterising their dynamics. We then focused our analysis on sardines of the Bay of Biscay, for which a more comprehensive and interdisciplinary dataset was available through all components of the SES, the fishing industry being more developed in France than for anchovy. More specifically, we explored the variability of time series of indicators of the whole sardine SES on both the seasonal and interannual scales and the links between them, with a special interest in the constraint imposed by fish quality on the industry. In the discussion, the temporal dynamics and controlling drivers within the SES and their potential impacts on its resilience were compared in terms of similarities and specific features with the described past dynamics of Bay of Biscay anchovy (Bueno-Pardo et al., 2020; Taboada and Anadón, 2016) and its consequences on markets (Beckensteiner et al., 2024), as well as with what was highlighted on the dynamics of both species in the Gulf of Lion (Saraux et al., 2019).
	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 Map of the studied area with the 3 maritime regions where the French small pelagic fishery operates. Statistical rectangles 25E4 and 25E5 drawn at the tip of Brittany are included in the Bay of Biscay when considering sardine catches (see text). The PNMI Marine Protected Area is also located at the tip of Brittany and operates a seasonal egg sampling in the Bay of Douarnenez (red dot).



2 Materials and methods
2.1 Data description
We built a set of indices to characterise the evolution of all the components of the SPF SES in France, which we introduced in specific sub-sections below and in Table 1. Most indices are annual to describe the evolution of the SES over the years; others were computed with a monthly resolution to describe its seasonal dynamics.
Table 1 
List of the indices used in the analyses of the small pelagic social-ecological system, together with their period of availability, source and reference, region of interest and type of analysis conducted. The latter refers to the statistical subsection of the ‘Materials and methods’ section. The slopes of the annual linear trends are provided only when significant (p < 0.05*, p < 0.01**, p < 0.001***), otherwise only unit is indicated.

2.1.1 Environment
Environmental seasonality was characterised by analysing temperature and zooplankton, which constitute the primary prey of small pelagic fish. We used ecosystem model outputs as the only data available at the scale of the Bay of Biscay and covering the vertical dimension. The Seapodym reanalysis product (https://doi.org/10.48670/moi-00020) from the E.U. Copernicus Marine Service was the only such modelling product providing zooplankton over the time series 2000–2024. We built monthly climatologies of both temperature and zooplankton from this daily product, using values averaged over the depth of the euphotic zone.
For the interannual analysis, we have chosen size-resolved zooplankton collected during the PELGAS integrated survey occurring each year in May in the Bay of Biscay (Doray et al., 2018b). Mesozooplankton were sampled each year between 2006 and 2024 at approximately 60 stations with a WP2 net (180 μm mesh size) hauled vertically from 100 m (or bottom) to the surface. Size fractionation was performed onboard by successive wet sieving, then filtered samples were frozen before dry weight was measured in the lab on the following fractions: 200–500 μm, 500–1000 μm, 1000–2000 μm, and above 2000 μm. In order to perform simple statistics based on a comparable amount of data between years, we processed on-station zooplankton data with the block averaging method, a simple spatial smoothing procedure, using a 0.25° grid resolution (Doray et al., 2018b).
2.1.2 Fish
Following Kenyon et al. (2022), we collected datasets on sardine fat content from three major canning factories along the French Atlantic coast. These factories measure the water content of each batch of sardine they receive. We only kept in the analysis the batches provisioned from fishing in the Bay of Biscay, excluding those imported. At reception, the fillets of 20 fish taken randomly are grinded, from which 5 g are set in an infrared dryer at 130°C until stabilisation of the sample weight. Then the water content is converted into fat content using the following linear relationship: Fat% = a − b × Water% (R2 > 0.95). This relationship is consolidated with new data every year by a certified laboratory (Labexia, Quimper, France) using the official methodology to measure fat content, i.e., hydrolysis and extraction by a solvent. The linear relationship between water content and energy density is well known for many species across taxa (Weil et al., 2019), including SPF (Gatti et al., 2018). Since lipids make most of the reserves of SPF, they explain most of its energy density variations. Thus, water content is also a very good predictor of the lipid content (Favreau et al., 2025a). Being based on species proximal composition, the relationship is stable through time when established with sufficient data, and only the relative content of water and fat may vary over seasons or years (Favreau et al., 2025b). The most recently calculated coefficients provided by the canning industry (a = 84.987, b = 1.08526; 2023 estimates) were applied to the whole time series of sardine water content measurements to ensure comparability over time. Factories provided datasets covering various periods, 2007–2024 for the longest and 2014–2024 for the shortest. The whole dataset was exploited to explore the seasonal variability of fat content. Only data from the months July to October were averaged to build an annual indicator, as they were in sufficient numbers for a robust comparison between years and revealed the most interesting inter-annual variability.
The sardine mean length-at-age, weight-at-age, mean population weight and length, and age distribution (expressed as the percentage of individuals at each age relative to total population abundance) for the Bay of Biscay stock were estimated as described in Doray et al. (2021) from the PELGAS survey between 2000 and 2024. Spawning stock biomass and fishing mortality and their associated uncertainties were taken from the stock assessment (ICES, 2025).
The spawning activity of sardines was monitored in a representative area of the Bay of Biscay, the Parc Naturel Marin d’Iroise (PNMI), a marine protected area located at the tip of Brittany where a large part of the activity of purse-seiners exploiting the Bay of Biscay stock takes place. Every month the PNMI sampled meso-zooplankton through vertical hauls with a WP2 net in the Bay of Douarnenez. Samples were processed with the ZooScan; fish eggs were then sorted and counted, and concentration was calculated after correcting for the sampled volume.
2.1.3 Fishing
We used the SACROIS dataset (Demaneche et al., 2022) to describe the georeferenced catches of sardine and anchovy by the French fishery between 2000 and 2024. The SACROIS application combines fishers’ declarative data with geolocation data of vessels longer than 12 m (vessel monitoring system) and with sales note data from the auction market to build a reference fishing activity dataset. More specifically, it compiles all the fishing trips of the French vessels (registered in the EU Fishing Fleet Register and >12 m), informing spatial catches by species and fishing effort data series that are validated, consolidated, and qualified. As such, the SACROIS values refer to landings, i.e., the catches without the potential discards, that are estimated as negligible from directed fisheries (ICES, 2025). However, to avoid any confusion, and because we emphasise in our study the spatial location where fishing occurs and not where fish are landed, we prefer referring to catches hereafter. The spatial resolution is provided at the scale of the ICES (International Council for the Exploration of the Sea) statistical rectangles (1° in longitude × 0.5° in latitude) in the Atlantic and on the irregular GFCM (General Fisheries Commission for the Mediterranean) geographical sub-areas (GSA) grid in the Mediterranean Sea. GSAs are not very accurate to describe fishing activity in space, especially in the coastal areas, where the SACROIS product breaks down space within the Gulf of Lion depending on distance to the coast (<6 and <12 nautical miles) and on the French administrative spatial entities called Prud’homies. The sardine catches from the statistical rectangles 25E4 and 25E5, which are part of 27.7 administratively, were included in the Bay of Biscay catches, as they are assessed together with the Bay of Biscay stock and are targeted by its fishery (ICES, 2025).
We further used the SACROIS dataset to extract the vessels with significant sardine catches in the Bay of Biscay, i.e., at least 10 tons a year, and separated two fleets with different gear, behaviour and strategies, namely, the purse seiners operating mostly in Brittany on one hand, and the trawlers made of pelagic and polyvalent trawlers on the other hand that operate on a larger scale from Vendée to Brittany. We then calculated 3 indicators on a yearly basis and for each fleet: (i) the number of vessels targeting sardine, (ii) the dependency on sardine as the percentage of annual revenue made from sardine, and (iii) the share of sardine annual income on sardine realised during the traditionally low fishing season (December to May).
2.1.4 The canning industry, market, and consumption
To analyse the seasonal strategy of the canning industry, we used the same dataset as for fish fat content, compiled from data provided by three major canning industries. As fish can be received frozen, reception dates in the factory could differ from fishing dates by days to months, but both fishing and reception dates were provided. To characterise seasonal provisioning strategies with regard to fish quality that largely depend on the season, we have added by month the number of batches received based on their fishing dates. Unfortunately, the volume of each batch was not made available. We only know it can range from a few hundred kilograms to several tons of fish, and usually the volume is higher during the peak season of fishing (see result section). Fish can originate from various regions, but we only kept sardines from the Bay of Biscay in our analysis.
We built several indicators and followed their trends throughout the period. First, the sardine prices both at first sale in the auction market and at import were compiled from monthly values available from the auction market and from the Eurostat-Comext database (https://ec.europa.eu/eurostat/comext/newxtweb/), respectively. Second, the volume of imported sardines, either fresh or canned for final consumption or frozen for the canning industry, was extracted from the Eurostat-Comext database. Third, the domestic consumption by species and type of products (fresh or canned) was made available by FranceAgriMer based on Kantar Worldpanel, while we did not have access to catering consumption, which can also be important. These market data were available over the 2000–2021 time series.
2.2 Statistical analysis
2.2.1 Space-time analysis of the catches on the national scale
In order to define objectively when and where major events occurred within the SPF fisheries, we explored the space-time patterns of variability of the fishing activity targeting anchovy and sardine in the three French maritime regions by applying empirical orthogonal functions (EOF; Preisendorfer, 1988) analysis to the dataset of georeferenced catches. EOF is a space-time principal component analysis (PCA) decomposing anomalies relative to a mean map into hierarchical spatial modes and their associated temporal amplitude series. Spatial modes, or EOF maps, characterise the hierarchised patterns of spatial variability in the anomalies. EOF amplitude time series describe the variations of spatial modes over time. Furthermore, the local explained variance is the proportion of variance across time explained by a given EOF for each grid cell. That is, when the values are high, or low, in some locations of an EOF map, and the local explained variance is high, then the space-time variability is dynamically relevant to interpret in these locations.
2.2.2 Seasonality in the Bay of Biscay sardine SES
To investigate the seasonal dynamics of the sardine SES in the Bay of Biscay, we built monthly climatologies (i.e., monthly averages computed over years) of selected indices (see Tab. 1). We then used matrices of Pearson correlation coefficients computed on the monthly values of the various indicators to highlight the potential drivers and the interactions between the components of the SES.
2.2.3 Trends in the Bay of Biscay sardine SES
Time series of annual indices were presented over the period 2000–2024 or a shorter period when years were missing (see Tab. 1). Trends were computed based on linear models and were presented only when significant at P < 0.05.
2.3 Consensus elicitation on the SES dynamic and its drivers
Because correlation does not imply causation, most of our exploration and conclusions, especially on the interannual scale, were drawn from visual interpretation of the evolution of indicators based on the expertise of scientists from various disciplines (3 biological oceanographers, 4 fisheries scientists, and 2 fisheries economists). Stakeholders also provided an important contribution to understanding the complex interactions within the industry by sharing their empirical knowledge during the bi-annual meetings of the 4-year-long project DEFIPEL. Furthermore, dedicated inquiries were conducted, during which individual fishers or their representatives were formally questioned on their fishing strategies and canning factories on their provisioning and marketing strategies. These regular exchanges progressively built trust between the project partners so that we reached a consensus on the identification of the factors underlying the observed trends within the SES.
3 Results
3.1 Spatio-temporal patterns of variation in the French catches over 2000–2024
At the national scale, catches were first analysed by main fishing region over the time series (Fig. 2). During the period under analysis, sardines were fished in the 3 areas considered in this study, while anchovies were fished only in the Bay of Biscay and the Gulf of Lion. For sardines, catches from the Gulf of Lion regularly reached more than 10000 tons between 2000 and 2007 before strongly decreasing to values below 1500 tons in the 2010s and becoming negligible after 2020. In the Bay of Biscay, they have been relatively constant in the range of 15000–20000 tons from 2000 to 2006 and in the range of 20000–30000 tons from 2007 to 2023, although there seems to be a decreasing trend over the last few years, with a minimum around 15000 tons in 2024 after a maximum at 29000 tons in 2020. Catches fluctuated between 5000 and 13000 tons in the English Channel from 2000 to 2009, when they suddenly dropped down to an average of 1000 tons in the 2010s and finally increased again over the last 5 years to reach 3000 tons in 2024. The latter increase also occurred in the North Sea, with catches of up to 1500 tons in 2022, while it was negligible before 2020. For anchovies in the Gulf of Lion, catches have regularly decreased from more than 5000 tons in the early 2000s to less than 1500 tons after 2015. In the Bay of Biscay, catches also reached a maximum value of 25000 tons at the beginning of the time series, became negligible between 2005 and 2010 during the closure of the fishery, and never reached the high levels of the early 2000s after the reopening of the fishery in 2010. They even reached a minimum below 100 tons in the early 2020s.
In complement to the simple temporal description of the catches, EOF analysis was performed on the spatially explicit monthly catches to identify areas with the highest space-time variability. For sardines, the first two EOFs explained 28% and 25% of the total space-time variability (Fig. 3 and Fig. A1). The first EOF characterised the interannual variability and revealed a strong, synchronous decrease of catches between 2008 and 2010 in the Gulf of Lion (Mediterranean Sea) and in the Bay of Seine (English Channel). In these areas, the EOF values were positive in the spatial pattern, meaning that the local variation in time correlated positively with the time amplitude (Fig. 3, upper panels). Furthermore, in these 2 areas, the local explained variance was high, meaning that most of the temporal variation could be explained by the amplitude of this first EOF. The second sardine EOF described the strong seasonal variation of the catches along the northern coast of the Bay of Biscay, with high local explained variances (Fig. 3, bottom panels). Catches were low during the first semester and high during the second one.
For anchovy, the space-time patterns of variability of the catches were not as clear as for sardine, with a mix of interannual and seasonal variability in the first two EOFs. Nonetheless, the first EOF explained a large part of the variability (34%) and was driven by the Bay of Biscay alone (Fig. 4 and Fig. A1). It showed high catches before 2005 with strong seasonal variability, followed by negligible catches between 2005 and 2010 during the fishery closure and decreasing catches from 2010 to 2024 by successive periods of 5 years, again with seasonal variability. The second EOF explained 18% of the variability and was mostly driven by an increase of the catches south of the tip of Brittany from before 2005 to after 2010 and a decrease in the Gulf of Lion after 2009, although not highly consistent over time (local variance below 50%).
	[image: Thumbnail: Fig. 2 Refer to the following caption and surrounding text.]	Fig. 2 Annual catches of sardine (left) and anchovy (right) by the French fishery based on the SACROIS product. The Bay of Biscay includes the sardine catches from the statistical rectangles 25E4 and 25E5 located in 27.7 but considered part of the Bay of Biscay stock. The English Channel and North Sea catches are considered together when discussed in the text, given the spatial continuity of the French fishing activity in the eastern Channel–southern North Sea area (see Fig. 3).



	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 Sardine mean annual catches over 2000–2024 (left panel) with their first 2 EOFs calculated on the catches by month. Spatial patterns of the EOFs are represented (middle panels) together with their temporal amplitudes (right panels). The local explained variance is plotted on the modes of the EOFs, with crosshatches if above 50%, where results are considered reliable for interpretation.



	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 Anchovy mean annual catches (left panel) with their first 2 EOFs calculated on the monthly catches by month. Spatial patterns of the EOFs are represented (middle panels) together with their temporal amplitudes (right panels). The local explained variance is plotted on the modes of the EOFs, with crosshatches if above 50%, where results are considered reliable for interpretation.



3.2 Seasonal variability in the social-ecological system of sardine in the Bay of Biscay
The variability of the Bay of Biscay sardine SES showed a clear seasonal pattern in all its dimensions (Fig. 5), with the highest values during the second semester and peaks between July and October for most of the represented variables, except for zooplankton and spawning activity. The zooplankton bloom occurred in spring, like sardine spawning, which also showed a secondary, weaker peak in October. Conversely, the minimum values of temperature, fat content, and catches occurred in March. The provisioning of the industry was negligible for the first three months of the year and became significant from June to November. The seasonal correlogram (Fig. A2) between all the variables confirmed the high and significant correlations (R2 > 0.8) between temperature, fat content, catches, and cannery provisioning. Zooplankton was only significantly correlated with the number of eggs spawned (R2 = 0.65).
	[image: Thumbnail: Fig. 5 Refer to the following caption and surrounding text.]	Fig. 5 Seasonality in the different dimensions of the sardine social-ecological system of the Bay of Biscay from habitat to fish to the fishery and to the canning industry. (a) Monthly climatology of the number of batches of sardine processed by 3 major canning industries in Brittany. The batches are affected by their fishing month and not their reception month (see text). (b) Monthly climatology of the total catches in the Bay of Biscay. Error bars represent ±1 standard deviation computed on the interannual variability. (c) Monthly climatology of the sardine fat content, with variability calculated from the monthly average values obtained from the different years and 3 canning industries. The red horizontal line draws the limit above which fish can be sold with a quality label in France (‘Label rouge’). The yellow curve represents seasonality in the number of sardine eggs from PNMI sampling. (d) Monthly climatology of the Bay of Biscay temperature (red) and zooplankton (green) concentration (2000–2024). Error bars represent ±1 standard deviation computed from the monthly averaged values obtained from the different years.



3.3 Interannual trend in the social-ecological system of sardine in the Bay of Biscay
The average concentrations of mesozooplankton per size class in the Bay of Biscay had opposite trends from 2006 to 2024. The biomass of small (0.2–0.5 mm) organisms increased (Fig. 6a and Tab. 1), and large ones (1–2 mm) decreased but not significantly (Fig. 6b), while the biomass of the intermediate size class (not shown) and of the whole mesozooplankton were stable (Fig. 6c), although with large interannual variability. The relative changes in mesozooplankton concentration occurred at a rate equal to 3% per year for small and large size classes.
The length at age has strongly decreased at all ages (Fig. 6d). The mean length of a sardine within the population lost 5 cm (more than 20 cm to less than 15 cm), while its mean weight was divided almost by 3 (70 to 25 g) between 2000 and 2024 (Fig. 6e). This was due to a combination of a decrease in size or weight at all ages (Figs. 6d and 6e) and an increase in the proportion of young sardines, while the oldest sardines tend to disappear (Fig. 6f). The fat content, averaged over the months from July to October when it is highest, has strongly declined (Fig. 6g) from more than 15% of muscle wet weight in the late 2000s to just above 10% after 2020.
The spawning stock biomass has decreased over the time period (Fig. 6h), especially between 2010 and 2012, when the fishing mortality has strongly increased from below 0.3 to above 0.5 (Fig. 6i), and then again after 2018, after which the stock has been considered overfished and overexploited for most of the years.
The number of vessels involved in the sardine catches has strongly declined for the trawlers from 55 in the early 2000s to less than 25 in 2024 (Fig. 6j). The decrease was strongest during the anchovy fishery closure between 2006 and 2010 and then after 2017. The number of purse seiners was relatively stable between 25 and 30 but with a constant decrease after 2018, reaching its lowest value in 2024. The dependency on sardines in terms of annual revenue has increased over the time series for the two fleets, from 50 to more than 75% for the purse seiners and from 25 to more than 50% for the trawlers (Fig. 6k). In the meantime, the share of the annual revenue relying on the ‘low sardine season’ (December to May), i.e., when catches are lowest (see previous section), has increased for the purse seiners (Fig. 6l), highlighting an increased dependency throughout the year. For the trawlers, the share of the annual revenue during the ‘low season’ has decreased (Fig. 6l), so the increase in their annual dependency (Fig. 6k) is mostly due to an increased dependency in the second semester.
The price of frozen imported sardines for the canning industry has strongly fluctuated around 1 €/kg (Fig. 6m). The price of sardines at their first sale in France has generally increased, with strong variations throughout the time series, from an average value close to 0.8 €/kg in 2001 to low values from 2005 to 2010 (<0.6 €/kg) and values higher than 0.8 €/kg between 2015 and 2019, when they reached similar prices to imported sardines. The imported volumes have fluctuated between 2000 and 2021 (Fig. 6n), either as fresh (below 6000T), frozen (between 5000T and 10000T), or canned for consumption (between 12000T and 18000T), the latter being the only one with a slight increasing trend. Finally, consumption patterns showed clear significant trends with a decrease in fresh consumption from 6000T to 3000T, largely compensated by an increase in canned consumption from 12500T to 17500T (Fig. 6o).
	[image: Thumbnail: Fig. 6 Refer to the following caption and surrounding text.]	Fig. 6 Time series of indices of the sardine social-ecological system in the Bay of Biscay between 2000 and 2024. Mesozooplankton dry weight in May in the range of (a) 0.2–0.5 mm, (b) 1–2 mm, and (c) 0.2–2 mm. Boxplots are produced based on block data after spatial smoothing of the raw data from survey stations. (d) Sardine mean length at age and mean individual length (black); (e) sardine mean weight at age and mean individual weight (black); and (f) sardine proportion at age based on the abundance in May during the PELGAS survey, a linear trend is plotted for age 1 only. (g) Sardine fat content as measured by the canning industry averaged over the months July to October. (h) Spawning stock biomass and (i) fishing mortality from stock assessment. (j) Number of vessels targeting sardine by fleet, (k) income dependency to sardine with respect to the total annual income, and (l) share of sardine income generated in the ‘low’ season (December to May). (m) Price of sardines (in constant 2015 euros) at first sale in auction market or when imported frozen, (n) national import of sardines canned, frozen, or fresh; and (o) French consumption of fresh or canned sardines. Linear trends are plotted when significant at the threshold p-value = 0.05, with slope provided in Table 1. Note that in 2020 PELGAS could not occur because of COVID.



4 Discussion
In our paper, we have first identified the major patterns of space-time variability in the fishing activity of sardine and anchovy over the three French maritime regions. Considering potential interactions at the national scale, we showed that the activity has concentrated in the Bay of Biscay since 2010 and that variability of the catches at seasonal and interannual scales was of similar magnitude, especially for sardines in the Bay of Biscay. In that region, by thoroughly exploring the different dimensions of the SPF SES based on relevant time series, their covariations in time, and by confronting them with the expert knowledge from scientists and stakeholders, we were able to provide a preliminary, integrated, and credible cause and effect understanding of the evolution of the SES seasonally and over the period 2000–2024.
4.1 Major events over 25 years at the national scale
The decrease of sardine catches occurred almost simultaneously in the Gulf of Lion and in the English Channel between 2008 and 2010, reducing the national catches by approximately 30% between the 2000s and the 2010s. The drivers of these changes in the Gulf of Lion were detailed in Saraux et al. (2019). They were largely caused by the strong and rapid decrease of sardine size that led to a loss of market value, particularly to the canning industry. In the English Channel, the sardine fishery was suddenly closed in 2010 after measurements of high concentrations of polychlorinated biphenils (PCBs) in the Bay of Seine (A. n°10-20, 2020), from where most of the catches of this maritime region occurred. Other regions like the Baltic Sea also contained high concentrations of various persistent organic pollutants (POPs), requiring regulations of fish, especially fatty small pelagics, consumption in the surrounding countries (Airaksinen et al., 2014; Suominen et al., 2011). The progressive restrictions on the use of these compounds in the EU have paid off (Airaksinen et al., 2014), which also seems to be the case in France, since the Bay of Seine fishery has reopened since 2022 (A. n°050-2022, 2022). However, catches are only allowed in spring when fat and thus PCBs remain low, which has limited so far the amount of annual catches.
The decrease in the anchovy catches in the Mediterranean Sea was not as rapid and strong as for sardines but has been continuous between 2007 and 2015. It was also caused by decreasing fish size that reduced market opportunities (Saraux et al., 2019). When analysed over all French maritime regions, dynamics of anchovy catches were mostly driven by the major changes that occurred within the Bay of Biscay. High catches of this species were observed when regulatory constraints were low from 2000 to 2005, which led to the collapse and then fishery closure from 2005 to 2010. The reason for the collapse was described as a combination of both overfishing and bad recruitment under low food availability before 2005 (Bueno-Pardo et al., 2020; Taboada and Anadón, 2016). Despite the biological recovery of the anchovy stock after 2010 (ICES, 2025), the restructuring of the market during the closure (Beckensteiner et al., 2024), especially for provisioning in Spain, exacerbated by the decrease of anchovy size from the late 2010s (Doray et al., 2018a; Taboada et al., 2024), has strongly reduced anchovy marketing options and then catches of the French fishing fleets, especially after 2015.
At the national scale, the decline in catches for both species in the Gulf of Lion and for sardine in the English Channel has gradually left the Bay of Biscay as the only provider of sardine in France. Le Floc’h et al. (2020) analysed the concentration of the landings between 1900 and 2017 in the fishing harbours along the Atlantic and English Channel French coasts and found they were much more concentrated after 1980, relying mostly on catches from southwest Brittany and Vendée. This landing’s concentration was accompanied by a concentration and specialisation of the canning industry. Indeed, the number of canning factories has dropped from 204 in 1930, spread along the coast even if a majority of them were already located along the Bay of Biscay, to 6 in 2010, located only in Brittany and Vendée (Le Floc’h et al., 2020). Thus, the concentration of the fishing in the Bay of Biscay, as illustrated in our study under the constraint of the decrease in fish quality, both in terms of size and contamination, appears to be a continuation of this long history of geographic concentration of the fishing and fish processing sectors.
4.2 The bottom-up control of the small pelagic fishing sector through fish quality at both the seasonal and interannual scales
The seasonal dynamics of the sardine fishery in the Bay of Biscay highlights the strong influence of the fat content on the timing and intensity of fishing effort, as observed with the catches. Fishers never reported other factors related to the resource that may explain the seasonality in the catches such as availability or catchability (Lahellec et al., 2025). The seasonal evolution of the sardine fat content is itself under the bottom-up control of the fish environment. The lack of correlation between zooplankton concentration and fat content only reflects the fact that reserve building is cumulative over the productive season from April to August, which explains the lag between zooplankton and fat seasonality. Reserves are then depleted during winter when food concentration is at its lowest; thus, fat content reaches its lowest value in March. One could expect a larger increase of the fat content in spring during the peak of zooplankton concentration, but the reproductive season then likely limits reserve building. Seasonal correlation of temperature with fat content is high but cannot in itself contribute to increasing the fat content, except by accelerating the fish metabolism during the planktonic productive season. A similar seasonal variability of fish condition was already described in the Bay of Biscay, looking at other indices than fat content in the muscle, namely energy density or lipid content in the whole body (Favreau et al., 2025b; Gatti et al., 2018). In the northwestern Mediterranean Sea, Albo-Puigserver et al. (2017, 2020) also explained the seasonal dynamics of body condition and lipid content of sardine and anchovy by food availability in interaction with their reproduction cycle. A similar mechanism was proposed for herring in the North Sea (Kenyon et al., 2022).
The bottom-up driving forces of the seasonal dynamics of the SES may also partly explain the interannual dynamics observed between 2000 and 2024 in the Gulf of Lion and in the Bay of Biscay. Indeed, the most likely explanation for the decrease in anchovy and sardine size and condition in these regions over the years is changes that occurred in the plankton compartment. While at the seasonal scale variations of zooplankton quantity alone can explain the variability in fish quality, mesozooplankton biomass has not changed significantly over the years, as confirmed by a more detailed study based on image analysis (Grandremy et al., 2023). A decrease of mesozooplankton mean size in spring is more likely the main driver of SPF size. This hypothesis is supported by experimental studies showing that food of smaller size was less profitable for SPF (Queiros et al., 2019), as well as by bioenergetics modelling (Menu et al., 2023). In the North Sea, the trends within the mesozooplankton community have followed different trajectories in response to the reduction of the primary production (Capuzzo et al., 2018). This study showed that small copepod abundance has declined over 25 years (1988–2013), while large copepods have fluctuated without a significant trend, with potentially adverse consequences on higher trophic levels.
The decrease of zooplankton and fish quality may propagate to eventually impact the fishing sector and the market, as illustrated in the Gulf of Lion, where the decrease of fish size was the main cause of the decline of the whole fishing industry (Saraux et al., 2019). In the English Channel, the contamination of sardine led to the fishery closure in the Bay of Seine. This was another example of a fish quality constraint on the fishing industry, imposed by the top-down governmental decision to close an area to fishing. Regarding anchovies in the Bay of Biscay, the decrease in fish size and the loss of market after closure were the main cause of the decline of the French fishery (Beckensteiner et al., 2024). Beyond SPF fishing fleets, those targeting higher trophic levels may also be impacted, as the decrease of organisms’ quality may propagate throughout marine ecosystems while altering their biomass and productivity (Atkinson et al., 2024; Lefort et al., 2015).
4.3 A top-down control of the fishing activity by the canning sector
The downstream sector of the SPF fishing industry is characterised by an important fish processing sector, mostly represented by the canning companies. Sardine factories in France have their own spatial and temporal provisioning strategies; however, their interests converge on the required level of fat, aligning with the consumers and general interest of maximising the supply of essential nutrients such as essential fatty acids (Robinson et al., 2022). For example, a French food label (‘label rouge’) requires a threshold of 8% of fat, which justifies that the factories systematically control this quantity. The canning sector also reported fish size as a constraint, as a smaller size means manual handling of a larger number of fish to fill cans. As the age-1 proportion has increased and now represents the majority of the population, and because these fish are still small during the first semester, especially in a context of body size shrinking, they only become valuable after they have grown during summer. For age-1 fish, even if sufficient fat content is reached at the beginning of summer, size may remain as an additional limiting factor until late summer or autumn. This was the case in 2021 as reported by the fishers and canning companies. We illustrated in the previous section how the sardine SES could be bottom-up controlled by the environment’s seasonality through fish quality. This actually combines with the processing industry’s quality and technical obligations that exert a top-down constraint by imposing their seasonal provisioning strategy. The fishers’ representatives confirmed that market opportunities in the canning sector were lower during the first semester, encouraging them to regulate the catches by communicating daily with the members of their organisation on market opportunities, despite the accessibility of fish all year round. Note that the seasonal variability also observed in anchovy catches, especially in the Bay of Biscay, was not due to fish fat content but rather to the successive bilateral agreements between Spain and France (Beckensteiner et al., 2024) that have forbided trawlers, such as the main French anchovy fleet (Lahellec et al., 2024), to catch anchovy for part of the first semester. Anchovy has a similar fat seasonal pattern to sardine (Favreau et al., 2025b; Gatti et al., 2018), but various processing techniques (canned, semi-preserved, fresh) make it more valuable throughout the year.
We can also measure the top-down control of the canning sector on the fishery over the period 2000–2024. In the Gulf of Lion, the canning industry halted its provisioning when quality thresholds in terms of size and fat content were not met anymore (Saraux et al., 2019). The sector is also increasingly accounting for contamination risks, avoiding provisioning from regions where pollutant levels may jeopardize product safety or marketability, which was the case for the whole English Channel in the 2010s even if only the Bay of Seine was close to fishing. As consumers’ choices have shifted progressively towards canned sardines at the expense of fresh sardines, the sale opportunities for fishers have decreased, strengthening further the control by the canning sector. The situation is even more bitter for the fishers who have seen their other fishing opportunities dwindle with time in the Bay of Biscay, mostly due to the poor state of the stocks of alternative target species (sea bass, mackerel, and horse mackerel) and associated regulatory constraints (Lahellec et al., 2024). Therefore, dependency on sardines, which are not under quota regulation, and consequently on the canning sector, has increased for all fleets. The market, more generally, can be considered the main control of the SPF fishing activity, as illustrated by the anchovy French fishery that has been strongly regulated by the Spanish market (Beckensteiner et al., 2024).
The sardine canning sector has some flexibility advantages relative to the fishing sector. First, seasonally, their activity is maintained during the first semester by provisioning from the wholesalers that deep-froze fish during the second semester, ensuring a rather continuous quality of their products. Second, some of the canning factories also provision abroad. On average between 2000 and 2024, 8000 tons of frozen sardines have been imported for processing in the largest French factories. Since the first sale price in France has strongly increased after 2008, even reaching temporarily the price of sardines imported frozen in 2017, the latter provisioning has become more competitive at the expense of local fishers. Third, the volume of imported canned sardines is also important and has increased, a trade in which the canning sector itself has a role and interest, as some of the canning factories are located abroad. This provisioning flexibility creates an asymmetric relationship between processors and fishing fleets, as the former are able to mitigate local fluctuations in availability and quality, while the latter remain highly dependent on environmental variability and market constraints.
4.4 Concentration and specialisation do not promote resilience
The long history of concentration of the landings and canning companies in a few fishing harbours (Le Floc’h et al., 2020) has been accentuated by the impact of fish quality in the recent history of the fishery. Indeed, the canning sector in Brittany reported some provisioning from the English Channel during the 2000s that suddenly stopped in 2010. Their national provisioning now only relies on the Bay of Biscay sardine stock, which is a source of vulnerability for the whole SES. Although the stock has been assessed as repeatedly over-exploited since the mid-2010s, there is no existing precautionary management plan (ICES, 2025).
Despite the observed decline in sardine quality, fat content has remained above 10% during the second semester. Furthermore, the decreasing trend in both fat content and size of the youngest has slowed down after the mid-2010s as compared with the 2005–2015 period. Consequently, and unlike the Gulf of Lion, where current fish size prevents any profitable sale, the sardine fishing industry has so far resisted in the Bay of Biscay. However, the fishing and canning sectors report being impacted by the increasing difficulty to find big enough fish or purchase them for the latter as well as by the unpredictability of fish fat content. Although the decrease of the number of trawlers in the late 2010s was mostly due to the anchovy crisis (Beckensteiner et al., 2024; Lahellec et al., 2024), the recent decreasing trend after 2018 for both fleets is most likely related to the lack of long-term visibility on whether or not the decreasing trend of sardine quality continues. The crisis is further accentuated by the recent poor state of the stocks of alternative target species, which explains the increased dependency of the fleets on sardines in terms of annual income for both trawlers and seiners and throughout the year for seiners.
The entire SES is the relevant scale to explore adaptation options to increase the resilience of the sector (Salgueiro-Otero and Ojea, 2020). Global change, namely accelerating global warming, is ongoing, and its consequences, such as fish shrinking body size (Cheung et al., 2013; Daufresne et al., 2009; Lindmark et al., 2022), will continue to unfold over coming decades, implying that incremental adjustments within single actors may not be sufficient. Bay of Biscay fishers could fish further north in the English Channel, but, for historical reasons, the actual French regulation does not allow it for purse seiners. They could diversify their harvest portfolio, which is recognised as a factor of resilience (Quezada et al., 2024; Quezada-Escalona et al., 2025). However, the alternative species are actually dwindling (Lahellec et al., 2024). The canning sector could process smaller fish, but this would increase the processing costs per unit can volume and would reduce the nutrient supply (e.g., essential fatty acids; Shalders et al., 2022) to the consumer. The processing companies could also purchase sardines from the eastern English Channel and southern North Sea, where landings have recently increased and where fish are larger, and/or develop new processing facilities closer to these new fishing grounds. The processing sector and the retailers could increase their provisioning from other stocks abroad, although this will neither help the canning factories that only rely on the local stock nor the local fishing sector and will eventually lower the national food sovereignty.
5 Concluding remarks
Fish quantity has long been the main source of uncertainty for the fishing industry, as well as the basic information used in stock management. However, as the rate of global environmental change accelerates, small pelagic fish quality is being degraded by a general decrease in size and condition, as well as by local pollution. Fish quality loss itself can threaten an entire fishing industry, which has justified our end-to-end approach to better understand the structuring and evolution of the SES from plankton to industry (Perry et al., 2010).
Our study revealed that the French small pelagic fishing sector is caught between a bottom-up control through quality and a top-down control through canning industry provisioning and market strategies, mediated by consumers’ preferences. Within the sardine SES, the fishing sector appears as the most vulnerable human component relative to the processing industry, which seems to have more flexibility. Concentration and specialisation do not promote resilience, but we must acknowledge that the concentration of the fishing activity in the Bay of Biscay and the specialisation on sardines were endured by the fishing sector rather than the consequence of a particular strategy.
Business secrecy may have limited our ability to obtain a full and quantitative understanding of the industry strategies. However, the unprecedented juxtaposition of time series covering the whole SES combined with experts’ knowledge allowed overcoming issues related to data access and observation gaps and reconstructing the full chain of drivers and responses in the SES. In particular, the long-term involvement in our project of the fishers and their representatives, as well as of the canning industry, was decisive by enabling fruitful interactions and knowledge sharing once mutual trust was established. We highly recommend involving all stakeholders when analysing the functioning of an SES, as it will be essential to co-construct solutions for adaptation and resilience strengthening in the face of global change (Perry et al., 2010; Salgueiro-Otero and Ojea, 2020).
Finally, our analysis of the SES was conducted at the national scale, but a fuller understanding of risk propagation and adaptive opportunities would require also accounting for the international scale, given that market flows, industrial sourcing strategies, and environmental changes operate beyond national boundaries.
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	[image: Thumbnail: Fig. 5 Refer to the following caption and surrounding text.]	Fig. 5 Seasonality in the different dimensions of the sardine social-ecological system of the Bay of Biscay from habitat to fish to the fishery and to the canning industry. (a) Monthly climatology of the number of batches of sardine processed by 3 major canning industries in Brittany. The batches are affected by their fishing month and not their reception month (see text). (b) Monthly climatology of the total catches in the Bay of Biscay. Error bars represent ±1 standard deviation computed on the interannual variability. (c) Monthly climatology of the sardine fat content, with variability calculated from the monthly average values obtained from the different years and 3 canning industries. The red horizontal line draws the limit above which fish can be sold with a quality label in France (‘Label rouge’). The yellow curve represents seasonality in the number of sardine eggs from PNMI sampling. (d) Monthly climatology of the Bay of Biscay temperature (red) and zooplankton (green) concentration (2000–2024). Error bars represent ±1 standard deviation computed from the monthly averaged values obtained from the different years.
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	[image: Thumbnail: Fig. 6 Refer to the following caption and surrounding text.]	Fig. 6 Time series of indices of the sardine social-ecological system in the Bay of Biscay between 2000 and 2024. Mesozooplankton dry weight in May in the range of (a) 0.2–0.5 mm, (b) 1–2 mm, and (c) 0.2–2 mm. Boxplots are produced based on block data after spatial smoothing of the raw data from survey stations. (d) Sardine mean length at age and mean individual length (black); (e) sardine mean weight at age and mean individual weight (black); and (f) sardine proportion at age based on the abundance in May during the PELGAS survey, a linear trend is plotted for age 1 only. (g) Sardine fat content as measured by the canning industry averaged over the months July to October. (h) Spawning stock biomass and (i) fishing mortality from stock assessment. (j) Number of vessels targeting sardine by fleet, (k) income dependency to sardine with respect to the total annual income, and (l) share of sardine income generated in the ‘low’ season (December to May). (m) Price of sardines (in constant 2015 euros) at first sale in auction market or when imported frozen, (n) national import of sardines canned, frozen, or fresh; and (o) French consumption of fresh or canned sardines. Linear trends are plotted when significant at the threshold p-value = 0.05, with slope provided in Table 1. Note that in 2020 PELGAS could not occur because of COVID.
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        Map of the studied area with the 3 maritime regions where the French small pelagic fishery operates. Statistical rectangles 25E4 and 25E5 drawn at the tip of Brittany are included in the Bay of Biscay when considering sardine catches (see text). The PNMI Marine Protected Area is also located at the tip of Brittany and operates a seasonal egg sampling in the Bay of Douarnenez (red dot).

      

    

  
    
      Table 1 

      List of the indices used in the analyses of the small pelagic social-ecological system, together with their period of availability, source and reference, region of interest and type of analysis conducted. The latter refers to the statistical subsection of the ‘Materials and methods’ section. The slopes of the annual linear trends are provided only when significant (p < 0.05*, p < 0.01**, p < 0.001***), otherwise only unit is indicated.

      
        


	Index
	Period
	Source
	Region
	Type of analysis
	Trend statistics (or unit)





	Catches (anchovy and sardine)
	2000–2024
	SACROIS (Demaneche et al., 2022)
	3 French maritime regions
	Space time + seasonality + interannual
	(Tons)



	Temperature
	2000–2024
	Seapodym model (https://doi.org/10.48670/moi-00020)
	Bay of Biscay
	Seasonality
	(°C)



	Zooplankton concentration
	2000–2024
	
	
	
	(gC m−2)



	Sardine egg concentration
	2010–2022
	Parc Naturel Marin d’Iroise (Marine Protected Area)
	
	
	(Nb m−3)



	Number of sardine batches received in factories
	2007–2024
	Canning factories
	
	
	(Number)



	Sardine fat content
	2007–2024
	
	
	Seasonality + interannual
	−0.36% yr−1 ***



	Zooplankton fractionated dry weight
	2006–2024
	PELGAS survey (Doray et al., 2018b)
	
	Interannual
	Small fraction:0.14 g m2 yr−1 *



	Sardine length
	2000–2024
	
	
	
	−0.26 cm yr−1 ***



	Sardine weight
	2000–2024
	
	
	
	−2.0 g yr−1 ***



	Sardine age distribution (% by age)
	2000–2024
	
	
	
	Age 1:2.12% yr−1 ***



	Sardine spawning stock biomass
	2000–2024
	Stock Assessment (ICES, 2025)
	
	
	−5532 Tons yr−1 ***



	Sardine fishing mortality
	2000–2024
	
	
	
	0.027 yr−1 ***



	Number of vessels targeting sardine
	2000–2024
	SACROIS (Demaneche et al., 2022)
	
	
	Trawlers:−1.47 yr−1 ***



	Fleet dependency to sardine
	2000–2024
	
	
	
	Seiners:1.57% yr−1***
Trawlers:1.41% yr−1***



	Share of annual revenue
	2000–2024
	
	
	
	Seiners:0.49% yr−1**
Trawlers:−1.03% yr−1***



	Sardine price
	2000–2021
	Auction market and Eurostat-Comext (https://ec.europa.eu/eurostat/comext/newxtweb/)
	National
	
	First sale:0.01 € yr−1 **



	Import by type of product (fresh, frozen or canned)
	2000–2021
	Eurostat-Comext (https://ec.europa.eu/eurostat/comext/newxtweb/)
	
	
	Canned:138 tons yr−1 *



	Consumption by type of product (fresh or canned)
	2000–2021
	FranceAgriMer (Kantar Worldpanel), FranceAgriMer (2025)
	
	
	Fresh:−139 tons yr−1 ***Canned:243 tons yr−1 *** 





      

    

  
    
      Fig. 2 
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        Annual catches of sardine (left) and anchovy (right) by the French fishery based on the SACROIS product. The Bay of Biscay includes the sardine catches from the statistical rectangles 25E4 and 25E5 located in 27.7 but considered part of the Bay of Biscay stock. The English Channel and North Sea catches are considered together when discussed in the text, given the spatial continuity of the French fishing activity in the eastern Channel–southern North Sea area (see Fig. 3).

      

    

  
    
      Fig. 3 
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        Sardine mean annual catches over 2000–2024 (left panel) with their first 2 EOFs calculated on the catches by month. Spatial patterns of the EOFs are represented (middle panels) together with their temporal amplitudes (right panels). The local explained variance is plotted on the modes of the EOFs, with crosshatches if above 50%, where results are considered reliable for interpretation.

      

    

  
    
      Fig. 4 
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        Anchovy mean annual catches (left panel) with their first 2 EOFs calculated on the monthly catches by month. Spatial patterns of the EOFs are represented (middle panels) together with their temporal amplitudes (right panels). The local explained variance is plotted on the modes of the EOFs, with crosshatches if above 50%, where results are considered reliable for interpretation.

      

    

  
    
      Fig. 5 
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        Seasonality in the different dimensions of the sardine social-ecological system of the Bay of Biscay from habitat to fish to the fishery and to the canning industry. (a) Monthly climatology of the number of batches of sardine processed by 3 major canning industries in Brittany. The batches are affected by their fishing month and not their reception month (see text). (b) Monthly climatology of the total catches in the Bay of Biscay. Error bars represent ±1 standard deviation computed on the interannual variability. (c) Monthly climatology of the sardine fat content, with variability calculated from the monthly average values obtained from the different years and 3 canning industries. The red horizontal line draws the limit above which fish can be sold with a quality label in France (‘Label rouge’). The yellow curve represents seasonality in the number of sardine eggs from PNMI sampling. (d) Monthly climatology of the Bay of Biscay temperature (red) and zooplankton (green) concentration (2000–2024). Error bars represent ±1 standard deviation computed from the monthly averaged values obtained from the different years.

      

    

  
    
      Fig. 6 
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        Time series of indices of the sardine social-ecological system in the Bay of Biscay between 2000 and 2024. Mesozooplankton dry weight in May in the range of (a) 0.2–0.5 mm, (b) 1–2 mm, and (c) 0.2–2 mm. Boxplots are produced based on block data after spatial smoothing of the raw data from survey stations. (d) Sardine mean length at age and mean individual length (black); (e) sardine mean weight at age and mean individual weight (black); and (f) sardine proportion at age based on the abundance in May during the PELGAS survey, a linear trend is plotted for age 1 only. (g) Sardine fat content as measured by the canning industry averaged over the months July to October. (h) Spawning stock biomass and (i) fishing mortality from stock assessment. (j) Number of vessels targeting sardine by fleet, (k) income dependency to sardine with respect to the total annual income, and (l) share of sardine income generated in the ‘low’ season (December to May). (m) Price of sardines (in constant 2015 euros) at first sale in auction market or when imported frozen, (n) national import of sardines canned, frozen, or fresh; and (o) French consumption of fresh or canned sardines. Linear trends are plotted when significant at the threshold p-value = 0.05, with slope provided in Table 1. Note that in 2020 PELGAS could not occur because of COVID.

      

    

  
    
      Fig. A1 

      
        [image: Fig. A1 Refer to the following caption and surrounding text.]
      

      
        Percentage of explained variance for the EOFs applied on sardine (a) and anchovy (b) spatialised catches from 2000 to 2024.

      

    

  
    
      Fig. A2 
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        Seasonal correlogram of the variables of Figure 5 calculated on their monthly climatologies. Values of the Pearson correlation coefficient are drawn, and non-significant correlations (P-value > 0.05) are encircled.
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