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Recruitment in marine fish is a complex process influenced by multiple ecological factors that often interact in unpredictable ways, making reliable forecasting challenging. Environmental variability further amplifies this uncertainty. This study analyzed the abundance of 0-year class blue whiting (Micromesistius poutassou) from the Spanish bottom trawl survey on the Porcupine Bank (Irish shelf) between 2001 and 2020, focusing on the exceptional recruitment event in 2020. We examined the effects of wind, chlorophyll-a concentration, salinity, temperature, and ocean currents during the spawning season, along with the spawning stock biomass (SSB). Results indicate that recruitment was primarily influenced by the wind-mixing index, chlorophyll-a concentration, and retention index, with no significant correlation to SSB. Although interannual variability in both environmental conditions and recruitment was high, the relationship between environmental factors and recruitment was not always predictable. For instance, while warm and saline years are generally associated with higher recruitment, the period 2002-2012 (characterized by warm and saline waters) only showed strong recruitment in 2003, 2004, 2007, 2009, and 2010. Conversely, although cold and low-salinity conditions are typically linked to lower recruitment, 2020 saw very strong recruitment despite the below-average SSB. Our findings suggest that the exceptional recruitment in 2020 resulted from a unique combination of favorable conditions. Unusually low wind conditions triggered the formation of a stable Taylor column circulation over the Porcupine Bank, promoting phytoplankton accumulation, as evidenced by the elevated chlorophyll-a concentrations. This likely increased food availability for larvae, while the Taylor column also acted as a retention mechanism for larvae and prey. Lagrangian simulations supported this retention hypothesis. Additionally, temperature and salinity conditions during the 2020 spawning season likely optimized the ascent of early life stages from spawning depths to the food-rich surface waters, improving larval feeding success and contributing to the historical recruitment event.
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1 Introduction


Fish recruitment, defined as the process by which new individuals enter a population through successful spawning, survival during early life stages, and eventual settlement in a habitat or fishing grounds, is a central concept in fisheries science (Beverton and Holt, 1957). The “Critical Period” hypothesis, introduced by Hjort (1914), remains foundational in understanding the dynamics of fish stock recruitment, particularly emphasizing how early life-stage survival is influenced by environmental conditions. Research on larval ecology (Cushing, 1969; Miller et al., 1988; Cushing, 1990; Peck et al., 2012) has become increasingly important, as small changes in the already high mortality rates during the early developmental stages of fish can lead to significant fluctuations in recruitment (Gulland, 1965). Fish recruitment can be understood as a stepwise process, where the abundance of one stage influences the abundance of the next (e.g., Ulltang, 1996) and is shaped by multiple direct and indirect biological and environmental factors (see Subbey et al., 2014). The effects can be direct, such as when the temporal and spatial match or mismatch of larvae with their food impacts survival (Cushing, 1990), or indirect, when environmental conditions support the prey availability for fish larvae (Beaugrand et al., 2003) or when turbulence caused by intense storms induces malnutrition in larvae (Hillgruber and Kloppmann, 1999; 2000). A further complication arises from the fact that some of these mechanisms are not fully understood, and their impact on recruitment may vary, sometimes being strong, weak, or only transient (Myers, 1998; Stige et al., 2013).


Blue whiting (Micromesistius poutassou, Risso, 1827) is a small, mesopelagic, planktivorous fish that plays an important role in commercial fisheries and that is widely distributed throughout the Northeast and Northwest Atlantic (Pointin and Payne, 2014; Miesner and Payne, 2018; Post, 2021). In the Northeast Atlantic, its range extends from the African coast (Cape Bojador) along the European shelf to the Norwegian Sea, Barents Sea, Iceland and southern Greenland, and the Mediterranean Sea (Pointin and Payne, 2014; Trenkel et al., 2014; Post, 2021). The species primarily inhabit shorelines and the continental shelf and slope areas at depths of 200–600 m but can also be found in surface waters or at depths greater than 1000 m during certain times of the year (Post, 2021). Blue whiting exhibit vertical diel migrations, remaining deeper during the day and moving closer to the surface at night, although this behavior can vary with region, season, and life stage (Bailey, 1982; Johnsen and Godø, 2007). Although the Northeast Atlantic blue whiting is managed as a single stock, substantial evidence indicates the existence of two major population components. Genetic, otolith shape, and larval distribution studies consistently reveal a northern and a southern stock, with a central overlap zone west of Scotland (e.g., Brophy and King, 2007; Was et al., 2008; Pointin and Payne, 2014; Mahe et al., 2016). The main spawning region is located to the west of Great Britain and Ireland, with the Porcupine Bank (
Figure 1a
) being a major spawning area. The level of mixing among the two components within the main spawning area is uncertain. Skogen et al. (1999) suggested, using an ocean circulation model, that fish from the northern component usually spawns north of the Porcupine Bank, where the ocean currents transport northwards their egg and larvae. Conversely, fish from the southern component spawns south of the bank and their eggs and larvae are transported southward, therefore maintaining a certain degree of separation among the stocks. Nonetheless, the ocean currents interannual variability over the Porcupine Bank could occasionally favor mixing between the stocks.


[image: Map of the northwest European coast. Panel (a) displays ocean surface currents with red (Slope Edge Current) and blue arrows near Great Britain and Ireland, labeled with regions such as Rockall Plateau (RP) and Porcupine Bank (PB). Panel (b) shows a distribution map with black dots of varying sizes indicating the concentration of 0-year class blue whiting individuals per half-hour haul on the Porcupine Bank.]
Figure 1 | 

(a) Region of study, showing a schematic of the surface currents pathways (blue: the North Atlantic Current, red: Slope Edge Current). The following isobaths are shown: 300 m (thick black line), 450 m (thick dark grey line), 800 m (thick pale grey line), and 2000 m (thin pale grey line). RP, Rockall Plateau; RT, Rockall Trough; PB, Porcupine Bank; SR, Slyne Ridge; PAB, Porcupine Abyssal Plain; PSB, Porcupine Seabight. The black rectangle shows the sampling region. Adapted from Koman et al. (2022) and Øvrebø et al. (2006). (b) Catch of 0-year class blue whiting (total length < 20 cm) in each haul of the Porcupine survey time series, in number of individuals per 0.5-hour trawl. The boundaries of the Porcupine survey area are highlighted: depth strata are delineated by the isobaths of 300 m (inside the bank), 450 m, and 800 m (outside the bank). The blank area in the center of the Porcupine Bank corresponds to a non-trawlable area.




Spawning mainly occurs from March to May at depths of ~250–600 m (Miesner and Payne, 2018). Blue whiting is known to select optimal oceanographic conditions to maximize the survival of their offspring in the early stages of life, particularly preferring salinities between 35.30 and 35.50. However, spawning locations can vary annually due to fluctuations in the marine environment, which can impact recruitment (Hátún et al., 2009). When the North Atlantic Subpolar Gyre (SPG) is weak, warm (temperature > 9.87°C) and saline (salinity > 35.40) waters from the Eastern North Atlantic Subtropical Gyre enter the spawning area, extending northwards along the European shelf and westwards over the Rockall Plateau (Hátún et al., 2009; Miesner and Payne, 2018). Consequently, spawning occurs at depths with salinities ≥ 35.35 and temperatures ≥ 10°C. These conditions can enhance larval growth and reduce predation, thereby improving survival and recruitment (Hátún et al., 2009; Payne et al., 2012). Conversely, when the SPG is strong, cold (temperature < 9.64°C) and fresh (salinity < 35.38) waters from the North Atlantic restrict high salinities to the Rockall Trough and Porcupine Bank, thereby limiting spawning to these areas (Hátún et al., 2009; Miesner and Payne, 2018). Although variations in blue whiting recruitment may be related to changes in spawning distribution (Miesner and Payne, 2018), they are ultimately driven by the quality of habitat available for early life stages.


Blue whiting eggs are primarily found at depths of 460–580 meters. During the embryonic development, they adjust their neutral buoyancy by adapting to a salinity range from 34 to nearly 40 (Ådlandsvik et al., 2001). Most hatching occurs on the fifth day of incubation (Seaton and Bailey, 1971; Coombs and Hiby, 1979). After hatching, larvae attain neutral buoyancy at a salinity of approximately 36.6, causing them to congregate in the upper 50 m of the water column (Ådlandsvik et al., 2001). The exact duration of the pelagic larval phase is unknown but is estimated to last up to two months (Bailey and Heath, 2001), a crucial period for recruitment dynamics.


One of the main objectives of scientific surveys is to assess recruitment of commercial fish stocks, which is essential for predicting future population sizes and guiding fisheries management. In this study, we present the 2001–2020 record of the Spanish bottom trawl survey, conducted annually in September on the Porcupine Bank. We explore the environmental drivers of blue whiting recruitment, focusing on temperature, salinity, chlorophyll-a (as a proxy for primary productivity), wind mixing index, and relative vorticity during the spawning season (March–May). Besides, we address the effect of the spawning stock biomass from the same year (SSB) and the previous year (SSByear-1) on recruitment. Additionally, we test the hypothesis that the exceptional 0-year-class strength of blue whiting in 2020 resulted from an unusual combination of favorable environmental conditions. By identifying these key environmental factors, we aim to improve our ability to predict future year-class strength and develop more effective fisheries management strategies for blue whiting.






2 Materials and methods





2.1 Study area


The Porcupine Bank (ICES Divisions 7c and 7k) is a large shelf-break bank located approximately 150 to 250 km off the western Irish coast (
Figure 1a
), covering an area of over 40,700 km2. It is a south-north elliptical plateau that forms the north-western margin of the Porcupine Seabight Basin and is characterized by water depths between 300 and 400 m and a width of approximately 100 km (Mohn and White, 2007; Thébaudeau et al., 2016). The slope of the Porcupine Bank on the north and west flanks is steep and narrow towards the Rockall Trough whereas on the south and south-east the bank opens with a gentle slope into the deep embayment of the Porcupine Seabight. At its shallowest point (about 200 km west of Ireland), the Porcupine Bank is typically less than 200 m deep.


In this region, a hydrographic structure known as a Taylor column can develop under low or moderate wind conditions due to the interaction of the local flow with the Porcupine Bank (Kloppmann et al., 2001). In this way, when a steady, homogeneous current encounters the Porcupine bank, it is deflected by the topography and forms a closed anticyclonic circulation around the seamount due to the Earth’s rotation that is known as a Taylor column (White et al., 2007). Under low or no stratification, the Taylor column can reach the ocean surface, but as the stratification increases, it does not extend to the surface and becomes a Taylor cone. This structure is characterized by the doming of isopycnals above the seamount, thus enclosing cold, low-salinity water with an anticyclonic velocity field (Dooley, 1984). The isopycnal doming transports deeper, nutrient-rich water towards the upper layers that might reach the euphotic zone (Genin and Boehlert, 1985). The Taylor column/cone can act as a retention mechanism (Goldner and Chapman, 1997; Mohn et al., 2002) and can induce stratification over the seamount, enhancing productivity (Comeau et al., 1995), though chlorophyll-a levels do not always increase (White et al., 2007).






2.2 Recruitment data


An ongoing Spanish fishery‐independent multi‐species bottom‐trawl survey has been annually conducted on the Porcupine Bank since 2001. One of the main objectives of the survey, carried out in September, is to determine the distribution and relative abundance of recruits of the main commercial species and provide recruitment indices. The survey area extends from 12°W to 15°W longitude and from 51°N to 54°N latitude, following the standard methodology used in the IBTS Northeast Atlantic Surveys (ICES, 2017). The sampling design was randomly stratified into two geographic sectors and three depth strata: < 300 m, 300–450 m, and 450–800 m. Bottom trawls of 30 min at a trawling speed of 3.5 knots were conducted aboard the R/V Vizconde de Eza, a 53 m, 1800 kW stern trawler, using a Baca-GAV 39/52 net with a 20 mm mesh cod end. In each haul, the catch of blue whiting was weighed, and a subsample of 8–10 kg was measured by sex. The stratified mean catch of blue whiting in number of individuals or in terms of biomass per half an hour of trawling was used as the annual index of abundance or biomass. Size-stratified abundance of blue whiting was also estimated by year. Based on otolith age reading (ICES, 2022; 2023), individuals with a total length less than 20 cm were considered 0-year class, i.e., born in the spawning season (March-May) of the same year. Thus, the stratified mean abundance of individuals with a total length less than 20 cm per half an hour of trawling was used as the annual index of recruitment. The survey design and methodology are described in detail in ICES (2017).


As the recruitment data did not meet the assumptions of normality, a one-sample Wilcoxon signed-rank test was applied to evaluate whether annual recruitment significantly differed from the median of the overall time series. Besides, the Holm-Bonferroni correction was applied to take account of multiple comparisons. All statistical analyses were conducted using MATLAB R2023a.






2.3 Remotely sensed and model based environmental data


In order to analyze the potential impact of environmental forcing as drivers of the 0-year class blue whiting recruits, environmental data were obtained from the Marine Copernicus Service (CMEMS) (https://marine.copernicus.eu/) for the period 2001–2020 covering the region of interest (48°-56°N and 16°-8°W). These included maps of monthly means of: (1) satellite-derived Level-4 sea surface temperature (SST, product ID “IFR-L4_GHRSST-SST-ODYSSEA-ATL” for the period 2001–2018 at a spatial resolution of 0.05 degrees, and “IFR-L4-SSTfnd-ODYSSEA-ATL_002” for the period 2019–2020 at a spatial resolution of 0.02 degrees); (2) satellite-derived Level-4 Chlorophyll-a concentration in seawater (product ID “OCEANCOLOUR_ATL_BGC_L4_MY_009_114”, at a spatial resolution of 0.0104 degrees); and (3) 3D fields of temperature, salinity, and ocean currents from the CMEMS Iberian-Biscay-Irish (IBI) Ocean Physics Reanalysis monthly products (“CMEMS IBI-MFC” for the period 2001-2018, at a spatial resolution of 0.0833 degrees, and “IBI-MFC (PdE Production Center)” for the period 2019-2020, at a spatial resolution of 0.0278 degrees). The IBI products are provided at 50 vertical levels using a z-type grid that ranges from a surface level at 0.5 m to the deepest level at 5698 m. Therefore, the products’ vertical resolution varies from ~1.05 m at the surface to ~453.13 m at the deepest level. The full time series (2001-2020) was created by spatially interpolating the 2001–2018 fields to the same spatial resolution as the 2019–2020 fields. The ocean currents were used to calculate the relative vorticity as the curl of the horizontal velocity vector. Finally, monthly means of the ERA5 wind field at 10 m were retrieved from the Copernicus Climate Data Store (https://cds.climate.copernicus.eu/) with a spatial resolution of 0.25 degrees. A wind mixing index (WMI) was calculated as the cube of wind speed, following Cuttitta et al. (2006).


All data were subsampled to retain only the main spawning months (i.e., March, April, and May). The 3D fields (temperature, salinity, currents, relative vorticity) were vertically averaged over the blue whiting spawning depth to provide a proxy for the environmental conditions experienced by the blue whiting eggs at the time of spawning. The depth range (250–600 m) was selected as in Miesner and Payne (2018) and Miesner et al. (2022). Data were averaged across the region of interest and, whenever the bathymetry was shallower than 250 m, the data closest to the seafloor were used. A Wilcoxon Signed-Rank Test was separately performed for each spawning month to test the null-hypothesis that the depth-averaged values of each year were significantly different from the median of the corresponding month time series.


In addition, to assess whether a Taylor column/cone could develop over the Porcupine Bank, three non-dimensional numbers were calculated, namely, the Rossby number, Ro = U/(f×L), the relative height of the seamount to the water depth, α = h0/H, and the blocking parameter, Bl = α/Ro (White et al., 2007; Ma et al., 2021), where U (m/s) is the ambient current velocity, f (rad s−1) is the Coriolis parameter, L (m) is the width of the Porcupine Bank, h0
 (m) is its height and H (m) is the water depth. The threshold values for the formation of a Taylor column may slightly change under different conditions but in general, a Taylor column cannot be generated if Ro > 0.15-0.2 (Chapman and Haidvogel, 1992) or if Bl < 1-2 (Hogg, 1973; Owens and Hogg, 1980; Chapman and Haidvogel, 1992; Martin and Drucker, 1997). Finally, the 3D currents, relative vorticity, temperature, and salinity fields were analyzed over the Porcupine Bank to confirm the existence of a Taylor column. More specifically, the currents velocity and relative vorticity fields were used to verify the existence of an anticyclonic circulation field over the Porcupine Bank. Additionally, 3D profiles of temperature and salinity were extracted along a longitudinal section placed at 53°N to explore whether the isopycnals were doming above the bank enclosing cold and low-salinity water over it.


All the data extraction and analyses (one-sample Wilcoxon signed-rank test and Holm-Bonferroni correction) were performed using the MATLAB R2023a software package.






2.4 Lagrangian simulations


In order to assess the importance of advection and retention processes on recruitment, a Lagrangian study was undertaken using Opendrift (Dagestad et al., 2018) as the development platform. The Lagrangian model was coupled to the CMEMS IBI – Ocean Physics Reanalysis daily fields as physical forcing. The numerical core of the IBI model is based on the NEMO v3.6 ocean general circulation model, run with a horizontal resolution of 1/12°. Altimeter data, in-situ vertical profiles of temperature and salinity, and satellite sea surface temperature are assimilated.


A Lagrangian simulation was carried out for each year from 2001 to 2020. For each simulation, 10,000 particles were released at 300 m depth at position 53.5°N, 14°W and were temporally distributed using a normal distribution centered on 15 March (Bailey, 1982; Hillgruber and Kloppmann, 1999, 2000). The particle dispersion model incorporated two development phases: the first phase represented the pelagic egg state, with an average duration of 5 days (Seaton and Bailey, 1971; Coombs and Hiby, 1979), and the second one corresponded to the larval stage, which was assumed to last up to two months (Bailey and Heath, 2001). The larvae were assigned behavior that directed them to a depth of 50 m, based on current knowledge of this process (Ådlandsvik et al., 2001). More specifically, if larvae are displaced from a depth of 50 m due to physical processes, they swim upwards or downwards until they reach that depth. The Runge-Kutta advection scheme was used, and vertical advection was estimated using the Sundby (1983) approximation, which derives eddy diffusivity from wind speed. Two-month simulations were run for each year with this configuration to cover the early stages of larval development where environmental variability plays the most important role in larval success (Bailey and Heath, 2001).


Using the trajectory results, a retention index (N50) was calculated as the percentage of particles that traveled less than 50 miles. A one-sample Wilcoxon signed-rank test was performed followed by the Holm-Bonferroni correction (MATLAB R2023a software package) to determine whether the N50 for each year was significantly (at the 95% confidence level) higher or lower than the median.






2.5 Quantile regression


Quantile regression (Mosteller and Tukey, 1977; Koenker and Bassett, 1978) is a statistical technique widely used in quantitative modelling. It allows a regression curve to be fitted to a different part of the statistical distribution of the response variable. Mosteller and Tukey (1977) realized that it was possible to fit regression curves to parts of the distribution of a response variable other than the mean. Although this was possible, it was rarely done and consequently many of the regression analyses gave an incomplete picture of the relationship between the variables. In ecology, a regression model with heterogeneous variances implies that there is no single rate of change that characterizes changes in the probability distribution of the response variable (Cade and Noon, 2003). Focusing only on changes of the mean may underestimate, overestimate, or simply fail to distinguish truly non-zero differences in heterogeneous distributions (Cade et al., 1999).


Quantile regression was used in this study (MATLAB R2023a software package) to explore the relationships between the 95% quantile of blue whiting recruitment and a set of candidate explanatory variables. These included environmental variables (i.e., temperature, salinity, WMI, relative vorticity, and chlorophyll-a), the N50 retention index, and the spawning stock biomass (SSB and SSByear-1). Temperature and salinity were included due to their direct influence on the physiological processes of blue whiting, particularly during spawning and larval development. Chlorophyll-a was used as an indicator of primary productivity and potential food availability for larvae and juveniles. Meanwhile, WMI and relative vorticity were considered due to their roles in nutrient dynamics and plankton distribution. The N50 retention index was used to evaluate the impact of advection and retention processes on recruitment. Spawning stock biomass was introduced to investigate stock–recruitment relationships, whether from the same year or the previous year, as it represents the reproductive potential of the population.


Quantile regression was used to investigate how environmental and biological factors are associated with high levels of blue whiting recruitment, focusing on the upper tail of the recruitment distribution (e.g., the 95th percentile). The analysis was motivated by the exceptionally high recruitment observed in 2020, which served as a reference point to explore potential drivers of extreme recruitment events. By examining high quantiles (> 90th), the model provides insight into the maximum expected recruitment for a given value of a forcing factor (e.g., chlorophyll-a as a proxy for food availability), under the assumption that other modulating factors are not limiting. For this purpose, a spatially-averaged time series was extracted for each depth-averaged environmental variable (see section 2.3) by averaging them over the region enclosed within the shallowest stratum (< 300 m), which included the Porcupine Bank and the region over the adjacent continental shelf, between the 200 m and 300 m bathymetric lines. Finally, a quantile regression was performed for recruitment using the monthly means of each (spatially and depth-averaged) environmental variable for March, April, and May, respectively, the N50 retention index obtained from the Lagrangian simulations, and the SSB and SSByear-1 from the ICES (2022) report. Finally, the Holm-Bonferroni correction was applied to take account of multiple comparisons.


Additionally, to evaluate the interactions between the variables influencing recruitment, a multiple quantile regression model was performed using the Python statistical package statsmodels. A step-forward process was followed, with variables being added based on the lowest p-value as the entry criterion.







3 Results





3.1 Recruitment




Figure 2
 shows the stratified indices of blue whiting biomass and recruitment over the 20-year time series of the Porcupine Survey. The Wilcoxon signed-rank test indicated that those years with recruitment values significantly higher than the median (at the 95% confidence level) were 2003, 2004, 2007, 2009, 2010, 2015, and 2020. In 2020, the stratified mean abundance reached 7321 ± 2618.7 recruits per haul, the highest recorded to date, representing 1.6 and 2.1 times the recruitment levels seen during the peaks of 2003 and 2004, respectively. Additionally, 2020 not only recorded the highest stratified mean abundance of recruits, but also the highest stratified mean biomass of blue whiting. The recruitment peak in 2020 is further evident in 
Figure 3
, which shows the size-stratified abundance by year. On the other hand, recruitment was significantly lower than the median in 2005, 2011, 2012, 2013, 2014, 2017, and 2019, with 2014 presenting the lowest value of the time series with 306 ± 75.7 recruits per haul.


[image: Line graphs depicting trends for Micromesistius poutassou from 2001 to 2020. The top graph shows total weight in kilograms per haul with fluctuations peaking in 2019. The bottom graph shows the number of recruits under 20 centimeters per haul, also peaking in 2020. Both graphs include 10% and 90% percentile ranges.]
Figure 2 | 
Stratified blue whiting biomass index (top panel) and stratified blue whiting 0-year class abundance index (bottom panel) in the Porcupine Survey time series (2001-2020). Boxes mark the parametric standard error of the stratified abundance indices; lines mark the bootstrap confidence intervals (α = 0.80, bootstrap iterations = 1000).




[image: Histogram series showing the distribution of fish by total length in centimeters from 2001 to 2020, with data for each year indicating the number of individuals per haul. Yearly distributions vary, with notable peaks in different years.]
Figure 3 | 
Length distribution of blue whiting in the Porcupine survey time series.




As observed in 
Figure 1b
, recruits were primarily concentrated in the shallower stratum (< 300 m), comprising the central area of the bank and the Slyne Ridge, which connects the bank to the continental shelf. In fact, more than 70% of the recruits were captured within this depth range across the time series.






3.2 Environmental conditions


The depth-averaged (250–600 m) temperature (
Supplementary Figures S1–S3
) and salinity (
Supplementary Figures S4–S6
) anomaly maps showed warmer and more saline conditions between 2002-2012, with a notable inter- and intra-annual variability. Monthly wind averages also showed a significant inter-annual variability during the spawning season (March to May), both in terms of wind speed and direction, with the highest intensities in March and the lowest ones in April. In particular, wind speeds were exceptionally low (< 0.9 m s−1) over the Porcupine Bank in April 2020. Furthermore, while in previous years winds typically blew from the west (W, NW or SW), in April 2020 they blew from the east. This variability is also evident in the WMI anomalies (
Figure 4
; 
Supplementary Figures S7, S8
), with both inter- and intra-annual variability.


[image: Maps show annual changes in Water Mass Index (WMI) anomalies for April from 2001 to 2020 near the British Isles. Color gradient from dark red to dark blue represents values from -100 to 100 cubic meters per second cubed.]
Figure 4 | 
Wind mixing index (WMI) anomalies for April between 2001 and 2020. The 200, 300, 500, and 1000 m isobaths are shown (thick grey line). Years where WMI is significantly different from the median are 2002, 2004, 2005, 2006, 2008, 2010, 2011, 2012, 2013, 2015, 2018, and 2020.




The IBI model showed weak monthly depth-averaged (250–600 m) currents on the Porcupine Bank throughout the spawning period, ranging between 2–7 cm s−1 and 1–5 cm s−1 for March and April, respectively. However, while their direction was either northward or north-westward between 2001 and 2018, in 2019 and 2020 they formed an anticyclonic gyre over the shallowest stratum of the Porcupine Bank, with more intense currents on the western side of the bank. In March and April 2020, the 3D velocity field was almost barotropic, with a column-like vertical structure occupying the entire water column (
Figure 5
), suggesting the existence of a persistent Taylor column circulation above the bank. This structure was also observed in May 2020, but only down to 40–50 m depth, indicating instead the presence of a Taylor cone. A very similar situation was observed in spring 2019.


[image: Six-panel diagram showing ocean current velocities at different depths and longitudes for March, April, and May. The top row shows “u” component, and the bottom row shows “v” component, with color scales indicating velocity in centimeters per second. Depth and longitude axes are labeled, with positive and negative velocity values represented by different colors.]
Figure 5 | 
Monthly means of zonal (u, top panel) and meridional (v, bottom panel) currents profiles during the 2020 blue whiting spawning period of March, April, and May along the 53°N line. The black line delimits the zero-value.




This anticyclonic circulation was confirmed by the negative depth-averaged relative vorticity, which showed values of ~ −0.1 s−1, −0.2 s−1, and −0.06 s−1 in March, April, and May 2020, respectively. During previous years, however, the depth-averaged relative vorticity presented absolute values between one and two orders of magnitude lower (positive or negative, depending on the year) (see the depth-averaged relative vorticity anomaly maps in 
Supplementary Figures S9–S11
). Evidence of a closed anticyclonic circulation was also found in 2019, when the vertical currents structure and the temperature and salinity profiles suggested the existence of a Taylor column in April and a Taylor cone in March and May. The presence of a persistent Taylor column or cone during the 2020 spawning season is also supported by the IBI model temperature and salinity profiles (
Figure 6
), in which a doming of cool (temperature ~9.5-9.7°C) and fresher (salinity ~35.37-35.40) waters can be observed above the Porcupine Bank from March to May, reaching the surface in March and April. Furthermore, a core of lower temperature over the Porcupine Bank was also observed on the satellite SST monthly maps in March and April 2020 (
Supplementary Figures S12, S13
), confirming the existence of a Taylor column that reached the surface. As for the rest of the years, while an uplift of the isotherms is generally observed on the Porcupine Bank, the isohalines are only uplifted during the years identified as cold and fresh. However, in all cases the conditions for the generation of a Taylor column/cone were met, i.e., Ro << 0.15, and Bl >> 2, indicating that the environmental conditions were sufficient for the development of a Taylor column.


[image: Top and bottom panels show contour plots of temperature and salinity in the ocean, respectively, across March, April, and May. Each plot varies with longitude and depth, with color gradients indicating changes in temperature from 9 to 11 degrees Celsius, and salinity from 35.26 to 35.5.]
Figure 6 | 
Monthly means of temperature (T, top panel) and salinity (S, bottom panel) profiles during the 2020 blue whiting spawning period of March, April, and May along the 53°N line.




Chlorophyll-a concentrations were low in March throughout the time series (mean values ~0.19 mg m−3 over the shallowest stratum), although they showed a notable inter-annual variability (
Supplementary Figure S14
). In contrast, the chlorophyll-a concentrations increased in April exhibiting a pronounced spatial and inter-annual variability (
Figure 7
). For example, in years like 2008, 2013, and 2016, negative anomalies were observed across the entire region, corresponding to chlorophyll-a concentrations that were significantly lower than the median. Other years, such as 2003, 2014 or more notably 2020, presented significantly larger concentrations. Finally, it is worth noting the high chlorophyll-a values observed in May 2004 (
Supplementary Figure S15
).


[image: Twenty map panels from 2001 to 2020 show chlorophyll-a anomalies for April in the sea off the west coast of Ireland and the UK. Color gradients range from deep blue, indicating lower concentrations, to red, indicating higher concentrations. Over the years, variations in chlorophyll levels are visible, with significant increases represented by red in some years, particularly 2020. Each map includes a latitude and longitude grid and a color bar representing the chlorophyll anomalies range from negative 2 to positive 2 milligrams per cubic meter.]
Figure 7 | 
Satellite chlorophyll-a (CHL) anomalies for April between 2001 and 2020. The 200, 300, 500, and 1000 m isobaths are shown (thick grey line). Years where CHL is significantly different from the median are 2001-2003, 2006-2008, 2013, 2014, and 2016-2020.








3.3 Lagrangian simulations


The Lagrangian simulations showed different dispersion scenarios during the study period (
Supplementary Figure S16
), ranging from years with little advective activity to years with significant particle displacement, as evidenced by the N50 retention index (
Figure 8a
). In particular, the Wilcoxon signed-rank test indicated that significantly high particle dispersion was observed in 2002, 2004, 2008, 2013, 2015, 2017, and 2018 (
Figure 8b
), based on this index. In contrast, years such as 2003, 2005, 2011, 2014, 2016, and 2020 showed significantly high retention indexes. Among these, 2003 and 2020 stand out, since the highest number of particles remained in the vicinity of the Porcupine Bank (
Figure 8a
), traveling only short distances from the release location (
Supplementary Figure S16
; 
Figure 8c
).


[image: Chart a) shows the retention index from 2001 to 2020 with percentages fluctuating. Maps b) and c) depict water retention areas around Porcupine Bank for 2018 and 2020 respectively.]
Figure 8 | 

(a) Time series of the N50 retention index expressed as the percentage of particles that moved less than 50 nautical miles. Blue triangles mark those years with a N50 value significantly different from the median at the 95% confidence interval. (b) 2018 and (c) 2020 Lagrangian simulations showing the particles’ initial position (yellow dots), trajectory (grey lines), and final position (blue dots).








3.4 Quantile regression


The quantile regression fit applied on blue whiting recruitment only showed significant relationships with the explanatory variables chlorophyll-a and WMI in April, as well as with N50 (
Table 1
). The relationship between recruitment and chlorophyll-a concentration and between recruitment and N50 were positive, while the relationship with WMI was negative. In contrast, the quantile regressions for SSB and SSByear-1 showed no significant relationship with recruitment or any of the environmental variables.



Table 1 | 
Results of the quantile regression fitted on the quantile 0.95 of the blue whiting recruitment.





	Variable

	N

	Slope

	P-value of slope

	Intercept

	P-value of intercept






	Temperature
	20
	-2286.7
	0.170
	29753.8
	0.10



	Salinity
	20
	-22555.9
	0.057
	805343.0
	0.06



	WMI
	20
	-26.3
	0.017
	6339.5
	< 0.001



	VORT
	20
	-11945.74
	0.190
	4321.78
	< 0.001



	CHL
	20
	4479.3
	<0.001
	40.0
	0.93



	N50
	20
	0.48
	< 0.01
	2722
	< 0.001



	SSB
	20
	89.79
	0.56
	6440163
	< 0.001



	SSByear-1
	20
	186.2
	0.07
	5976772
	< 0.001







WMI stands for wind mixing index, VORT for relative vorticity, CHL for chlorophyll-a, N50 for the retention index, and SSB for the spawning stock biomass. Only the slopes of the models obtained using CHL, WMI, and N50 were significantly different from zero. The intercept of the WMI, relative vorticity, and N50 models were the only ones significantly different from zero.




A multiple quantile regression model was calculated to evaluate the overall response of recruitment to the variables considered in this study (i.e., temperature, salinity, WMI, relative vorticity, chlorophyll-a, the N50 retention index, SSB, and SSByear-1). Prior to this, a cross-correlation matrix was calculated to rule out variables exhibiting strong collinearity. No significant correlations were found among the variables. Multicollinearity was further evaluated using the variance inflation coefficient, which consistently yielded values close to 1, reflecting no significant multicollinearity issues. The resulting model was:
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Both variables presented p-values lower than 0.001 and the y-intercept not significantly different from zero.







4 Discussion


The recruitment process in blue whiting (Micromesistius poutassou) is highly complex, shaped by multiple interacting factors that make it difficult to disentangle their relative importance. In this study, the abundance of 0-year-class blue whiting recruits (total length < 20 cm) recorded during the Spanish bottom trawl survey on the Porcupine Bank (in September, from 2001 to 2020) was analyzed. Recruitment patterns were examined in relation to several environmental variables derived from remotely sensed and model data for the spawning season (March-May) as well as with results from Lagragian transport simulations and SSB and SSByear-1 data from the ICES (2022) report. Our findings reveal substantial interannual variability in both meteorological and oceanographic conditions over the study area, as well as in blue whiting recruitment.


Previous studies suggested that when the North Atlantic Subpolar Gyre is weak, resulting in warmer and more saline conditions, blue whiting spawning extends to the Rockall Plateau, potentially enhancing recruitment due to factors such as increased phytoplankton and warm-water zooplankton abundance or reduced predation by mackerel (Hátún et al., 2009; Payne et al., 2012). Despite the period from 2002 to 2012 being classified as warm and saline (Miesner and Payne, 2018), our study showed significantly strong recruitment only in certain years (2003, 2004, 2007, 2009, and 2010; 
Figure 2
), while others showed significantly low recruitment values (i.e., 2005, 2011, 2012). This suggests that recruitment variability is driven by factors beyond large-scale environmental conditions.


The Wind Mixing Index (WMI) also played a role, with April values during this warm and saline period significantly lower than the median only in 2005, and significantly higher in 2004, 2011, and 2012. The low recruitment values in 2011 and 2012 may be linked to turbulence-induced larval malnutrition, which is often associated with high WMI (Hillgruber and Kloppmann, 1999; 2000). However, these WMI variations did not always align with recruitment levels, since 2004 was characterized by high recruitment values under high WMI in April while 2005 showed low recruitment values and low WMI, highlighting the complexity of recruitment dynamics. Nevertheless, quantile regression revealed a significant negative relationship between WMI and recruitment, indicating that, in general, lower WMI values during April tend to favor recruitment, likely by enhancing prey availability and larval survival.


Similarly, chlorophyll-a concentrations, as a proxy for phytoplankton biomass, did not consistently correlate with recruitment during warm and saline years. For instance, while high chlorophyll-a concentrations in April 2003 and 2007 could partially explain strong recruitment, other years with strong (2004, 2009) or weak (2005, 2011, 2012) recruitment exhibited chlorophyll-a concentrations that were not significantly different from the median. Interestingly, in 2004, despite the low chlorophyll-a values during March and April, exceptionally high chlorophyll-a levels were recorded in May (~ 0.8–2 mg m−3, 
Supplementary Figure S15
), which, in conjunction with low WMI (
Supplementary Figure S8
), may indicate a delayed spawning season. This suggests that other factors, such as timing and spatial distribution of primary production, may influence recruitment. In any case, the quantile regression showed a positive and significant relationship between the chlorophyll-a in April and recruitment, supporting the relevance of food availability during early larval stages.


In contrast to warm and saline years, blue whiting spawning is generally restricted to the European Continental Shelf and the Porcupine Bank during cooler and fresher (i.e., with lower salinity) years, conditions typically associated with lower recruitment (Hátún et al., 2009). However, our study found that 2020, a cold and fresh year, produced the strongest recruitment in the 2001–2020 record of the Spanish bottom trawl survey on the Porcupine Bank (
Figure 2
). The environmental conditions that year were exceptionally favorable, featuring the highest chlorophyll-a values in the time series, the second-highest N50 retention index, and the second-lowest WMI, factors likely contributing to the remarkable recruitment observed. This again highlights the complex and non-linear relationship between recruitment and its drivers. Additionally, the temperature and salinity range values (temperature ~9.5-9.7°C, salinity ~35.37-35.40) during the March and April 2020 profiles (
Figure 6
) seemed optimum for blue whiting spawning (Miesner and Payne, 2018), which may have provided favorable water density conditions for their eggs and larvae within the entire spawning depth. Nevertheless, further analysis with higher temporal and spatial resolution data would be needed to draw conclusions concerning the influence of water density.


The strong recruitment in 2020 suggests that, while larval observation is typically less frequent during cold and fresh years (Miesner and Payne, 2018), specific environmental conditions may still favor recruitment. For instance, low WMI can enhance larval survival by increasing prey availability due to reduced wind-driven turbulence, thereby improving feeding success (Kloppmann et al., 2002). In our study, quantile regression confirmed a significant negative relationship between WMI and recruitment, supporting the role of this mechanism. This aligns with the significant positive relationship observed between the N50 retention index and recruitment, indicating that larval retention and stability in the recruitment zone are critical factors.


Moreover, sustained low or moderate wind conditions could trigger the onset of a persistent Taylor column circulation over the Porcupine Bank, acting as a retention mechanism of blue whiting larvae (Kloppmann et al., 2001). In this study, in spite of the low WMI observed throughout the spawning season in 2005, 2010, 2016, 2017, 2018, and 2020, a closed anticyclonic circulation indicative of the presence of a Taylor column was only detected in 2020. The moderate wind conditions in March 2020, and particularly the notably calm conditions in April 2020, promoted the generation of a persistent Taylor column/cone circulation over the Porcupine Bank, as evidenced by the doming of cool and low-salinity waters. The doming of isopycnals in this region is a typical feature under low to moderate wind conditions, as previously reported with in situ data (e.g., Ellet and Turrell, 1992; Titov et al., 1993; McMahon et al., 1995; Kloppmann et al., 2001). Furthermore, the negative relative vorticity indicated a closed anticyclonic circulation within the entire water column (March-April) or most of it (May), thus confirming the existence of the Taylor column (March-April) or cone (May) during the 2020 spawning season (March to May). Therefore, the strong recruitment in 2020 suggests that larval retention and food availability played a crucial role. Although this structure is common in the region, it can be eroded by strong vertical mixing caused by storm-induced high current speeds (Kloppmann et al., 2001; Mohn et al., 2002). Under such conditions, currents flowing towards the bank typically generate a meander around it, rather that forming the closed anticyclonic circulation characteristic of a Taylor column (Kudlo et al., 1984). Since the data used in this study correspond to monthly means, it may be assumed that the moderate (March 2020) or low (April 2020) wind conditions, and hence the Taylor column circulation, prevailed above the Porcupine Bank during both months, acting as a retention mechanism, as also suggested by the Lagrangian simulations. Although this structure was also suggested by the vertical currents and the temperature and salinity profiles between March and May 2019, the relatively low retention index obtained in the Lagrangian simulations indicated otherwise. Moreover, the sporadic generation of a short-lived Taylor column circulation in other years cannot be ruled out, as it may not be visible in the monthly mean data used in this study.


The observed isopycnal doming can transport nutrient-rich water to the upper layers, promoting primary production (Genin and Boehlert, 1985). As mentioned above, the highest chlorophyll-a concentrations in the region were observed in April 2020, with average values between 1.2–1.6 mg m−3 over the Porcupine Bank. Since chlorophyll-a is a proxy of phytoplankton biomass, and its concentrations above 0.2 mg m−3 indicate sufficient planktonic life to sustain fisheries (Butler, 1988), it is expected that the secondary productivity was particularly enhanced during that month, providing sufficient food for blue whiting larvae. This was confirmed by the quantile regression, which showed a strong, positive, and significant correlation between the chlorophyll-a concentration and recruitment. Therefore, our results suggest that the Taylor column/cone observed during the 2020 blue whiting spawning months supports the retention/enrichment/concentration hypothesis proposed by Bakun (2010), wherein successful recruitment is conditioned by the co-occurrence of: i) an enrichment mechanism that increases primary and secondary productivity and food availability for larvae; ii) a retention mechanism that prevents egg and larval loss from the spawning/nursery area; and iii) a concentration mechanism that aggregates food and larvae to enhance trophic interactions.


Consequently, our results suggest that eggs and larvae need to remain close to the bank, but they also require sufficient primary production to support above-average recruitment. This was evident in 2003 and 2020, when both retention and primary production aligned, leading to significantly higher larval viability compared to other years. Conversely, even if particles are advected away from the bank, strong recruitment can still occur during exceptional primary production events, such as in 2004, which showed a low N50 retention index but the highest chlorophyll-a anomalies of the time series in May. Therefore, when both advection and primary production are at intermediate levels, recruitment will likely fall within the mid-range. However, if either factor creates a scenario favorable for increased recruitment, and the other does not counteract, above-normal recruitment levels can be achieved. In fact, the quantile regression indicated that high phytoplankton concentrations, low WMI and high N50 retention index are necessary conditions to obtain high recruitment values. Other variables, such as the spatially- and depth-averaged temperature and salinity or the SSB and SSByear-1 showed no significant correlations with recruitment (p-value > 0.05). Although quantile regression does not offer precise recruitment predictions due to the nature of the monthly-average data, it serves as a valuable tool for resource management in specific scenarios. In this case, it provides crucial insight into the potential maximum recruitment based on a forcing variable, helping to assess whether the coming year is likely to be a good or poor recruitment year for the species. The information derived from this statistical method, using the 0.95 quantile, indicates the maximum expected value of the response variable (recruitment) given an explanatory variable (i.e., phytoplankton) in a scenario where other drivers are favorable.


This study demonstrates that the environmental conditions during the 2020 blue whiting spawning season, particularly in April, were exceptionally favorable for larvae survival over the Porcupine Bank, leading to a unique recruitment event within the 20-year time series. Despite of the local focus of the Spanish bottom trawl research survey, our findings align with the high recruitment estimated for 2021 (71.6 billion) and the record survey index for age-2 in 2022, both corresponding to the 2020 year-class, as reported by ICES (2022). In this context, the 2022 assessment showed a strong increase in the SSB and an 81% increase in catch recommendations for 2023, compared to 2022. Therefore, the results of this study enhance our understanding and management of the recruitment process for this species.






5 Conclusions


The analysis of 0-year class blue whiting recruits from the 2001–2020 records of the Spanish bottom trawl survey on the Porcupine Bank (September) in relation with environmental variables during the spawning season (March-May) revealed key insights into the drivers of recruitment success. While the entire time series was examined, particular attention was given to 2020, which recorded the highest recruitment levels in the 20-year period, being 1.6 and 2.1 times higher than the peaks observed in 2003 and 2004, respectively.


Results highlighted the complexity of blue whiting recruitment, which does not always respond predictably to similar environmental conditions. Key conclusions include:


	
Wind mixing index (WMI), chlorophyll-a and the N50 retention index were identified as the main environmental variables affecting recruitment.


	
Low WMI was associated with high recruitment, suggesting that reduced wind-induced turbulence improves larval survival by enhancing feeding conditions.


	
Sustained low wind conditions may trigger the onset of a Taylor column, which can act as a retention mechanism for larvae and their prey, therefore fostering larval survival.


	
The Taylor column may also uplift nutrient-rich waters into the euphotic zone, promoting high chlorophyll-a concentrations.


	
Chlorophyll-a concentrations correlated positively with recruitment, reinforcing the importance of primary production for larval success.


	
Above-average recruitment is triggered by the conjunction of low wind-induced turbulence, high larval retention, and enhanced primary production, even under low spawning stock biomass.
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Temperature 20 -2286.7 0.170 29753.8 0.10
Salinity 20 -22555.9 0.057 805343.0 0.06
WMI 20 -263 0.017 6339.5 <0.001
VORT 20 -11945.74 0.190 4321.78 < 0.001
CHL 20 4479.3 <0.001 40.0 0.93

N50 20 0.48 <0.01 2722 < 0.001
SSB 20 89.79 0.56 6440163 < 0.001
SSByear-1 20 186.2 0.07 5976772 <0.001

WMI stands for wind mixing index, VORT for relative vorticity, CHL for chlorophyll-a, N50 for the retention index, and SSB for the spawning stock biomass. Only the slopes of the models
obtained using CHL, WMI, and N50 were significantly different from zero. The intercept of the WML relative vorticity, and N50 models were the only ones significantly different from zero.
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