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A B S T R A C T   

Fish recruitment variability results from a complex mix of biological and physical processes, and their in-
teractions, acting in the early life stages. In this study, we aim to investigate the environmental factors driving 
the recruitment success of blue whiting (Micromesistius poutassou) in the NW Mediterranean through recon-
struction of early life history traits derived from otoliths microstructure analysis. To this purpose, the study 
characterizes the oceanographic conditions in winter-spring of two contrasted years, 2017 and 2018, and relates 
them to the onset and duration of the spawning, growth performance and condition of blue whiting recruits. 
Winter 2017 was mild, with a short period of cold temperatures and limited winter vertical mixing. In winter 
2018, temperatures reached lower values and extended for a longer period with intense vertical mixing and 
dense water cascading down the continental slope at the end of February. These different conditions were 
mirrored in the subsequent phytoplanktonic bloom, which in 2018 occurred later and was more intense than in 
2017, extending over a longer period and occupying a wider area. The reproductive period of blue whiting was 
linked to the duration of low winter temperatures (~13 ◦C), shorter in 2017 than in 2018 (~40 and ~ 60 days 
respectively). While in 2017 all individuals were born in a relatively short period of time, and under similar 
environmental conditions, in 2018 the hatching period presented two differentiated peaks, separated by a period 
of relatively low hatchings at the end of February. This gap corresponded to dense water cascading and intense 
vertical mixing events, suggesting that these phenomena limited the survival of eggs and larvae. The few in-
dividuals hatched in this period showed the lowest growth rates (maximum values ~ 1.5 mm TL day− 1), which 
would be related with the poor trophic environment during these events of intense mixing. Conversely, in both 
years, higher growth rates corresponded to the individuals born just before the phytoplankton bloom (attaining 
~ 2 mm TL day− 1). Recruits of 2018 showed better condition than those born the previous year which would be 
associated with the higher primary production detected in spring 2018. The recruitment strength in 2018, 
estimated from landings, was also much higher indicating that severe winter conditions translate into improved 
recruitment of a temperate water fish in the NW Mediterranean Sea.   

1. Introduction 

Fish recruitment variability is highly dependent on complex in-
teractions between physical and biological processes acting in early life 
stages, determining population abundance (Houde, 2008; Wood and 

Austin, 2009). During these stages, fish experience massive mortality 
and small changes in the survival rates of fish larvae or pre-recruit ju-
veniles can generate order-of-magnitude differences in annual recruit-
ment (Houde, 2008). Survival during these early stages is strongly 
influenced by growth rates, since individuals with higher growth rates 
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are exposed to predators for a shorter period of time than those with 
lower rates (Houde, 1987; Campana, 1996). Growth variability and 
larval stage duration are, in turn, strongly dependent on a wide array of 
biological and physical factors such as food availability (Pepin et al., 
2015), maternal effects mediated through yolk sac (Berkeley et al., 
2004) and temperature (e.g. Brophy and King, 2007; Raventos et al., 
2021). 

Many marine fish reproduce seasonally to maximize offspring sur-
vival (e.g. Shima et al., 2020). Northern latitude fish populations 
reproduce coupled to the primary production bloom, with a degree of 
temporal concordance between spawning and food production (Cush-
ing, 1990; Platt et al., 2003). Phytoplankton blooms drive the 
zooplankton production (Kiørboe, 1993), the primary prey of fish larvae, 
thus, spawning at the right moment can ensure a good trophic envi-
ronment along the early developmental stages, enhancing fish growth, 
condition and, ultimately, their survival chances. Fish populations are 
particularly sensitive to interannual shifts in the physical and biological 
environment that can disrupt the temporal synchrony between repro-
duction and the species-specific optimal conditions (Cushing, 1990; 
Edwards and Richardson, 2004). 

The Mediterranean Sea is a relatively small, semi-enclosed basin 
located between continents. As a result, it is very sensitive, and responds 
rapidly, to atmospheric forcing and anthropogenic influences, as 
compared with oceanic time scales (Giorgi, 2006). In this context, it 
represents an excellent site to investigate the coupling between climate 
variability and fish recruitment dynamics. The basin is in the temperate 
zone of the Northern Hemisphere within a relatively narrow range of 
latitudes (30–45◦N). This involves a marked seasonal cycle with the 
alternation of stratified (summer) and mixed periods (winter) that 
confers strong seasonality to primary production. However, recurrent 
winter-early spring blooms are only regularly observed in the north-
western region, and intermittently in a few other areas (D’Ortenzio and 
Ribera d’Alcalá, 2009). Additionally, their magnitude is low compared 
to those found in “classic” bloom regions such as the North Atlantic 
Ocean. The seasonal bloom in the NW Mediterranean is triggered by 
deep water formation episodes that take place in the Gulf of Lion. These 
events are driven by evaporation caused by strong, cold and dry 
northerly winds (MEDOC group, 1970; Schott et al., 1996; Testor et al., 
2018). Winter convection in this region is one of the major contributors 
to the overall primary production in the NW Mediterranean. Interannual 
variability in primary production is highly dependent on the extension, 
intensity and duration of deep water formation episodes, which increase 
in colder and drier years (Marty and Chiaverini, 2010; Herrmann et al., 
2013). 

Most fish species in the Mediterranean Sea reproduce in late spring/ 
summer, and only species of cold-water affinities spawn in winter (when 
ocean temperatures reach relative minimum values) coupled to the 
phytoplankton bloom (Sabatés et al., 2007). In a climate change context, 
these cold-water species would be the most affected, not only because of 
the reported increasing temperature trends in the NW Mediterranean 
Sea (Salat et al., 2019), but also because of its semi-enclosed nature, 
which prevents these species from migrating northward to mitigate the 
temperature increase (Perry et al., 2005; Lloret et al., 2015). Information 
on the reproductive strategies of winter-breading fish species is barely 
known in the NW Mediterranean Sea, and therefore, studies on this topic 
are needed. Blue whiting, Micromesistius poutassou (Risso, 1827), is a 
mesopelagic gadoid widely distributed in the North Atlantic and is also 
found in the Mediterranean Sea, inhabiting waters over the continental 
shelf break and slope (Bailey, 1982; Heino et al., 2008). While consid-
ered a temperate species in a global-ocean basis, in a Mediterranean 
context, it is considered a cold-water fish species (Serrat et al., 2019). In 
the Atlantic, blue whiting spawns at temperatures between 5 ◦C and 
14 ◦C (Seaton and Bailey, 1971), starting in January-February in its 
southernmost distribution range, and progressively extending north-
wards (Bailey, 1982), where this temperature is reached later in the 
year. In the NW Mediterranean, the spawning occurs in winter, from 

December to March (Serrat et al., 2019; Mir-Arguimbau et al., 2020), 
when surface temperatures reach minimum values of ~ 13 ◦C (Salat 
et al., 2019). The larvae are widespread over the shelf and slope (Mir- 
Arguimbau et al., 2021) and their offshore distribution is bounded by 
the Northern Current (Sabatés, unpublished results). 

In the NW Mediterranean, blue whiting has commercial interest and 
is exploited by bottom trawlers. This species is highly over-exploited in 
the area (STECF, 2014), where large amounts of undersized individuals 
are harvested and discarded. Discards include sizes ranging from 5 cm 
total length (TL), size of recruitment to the fishery, to 15 cm TL, the 
minimum landing size in the study area (Mir-Arguimbau et al., 2022). 
The population in the last decade has progressively decreased and 
remained at low levels in the most recent years (Mir-Arguimbau et al., 
2022). Blue whiting landings display fluctuations that have been related 
to primary production levels (Bas and Calderon, 1989), and more 
recently, to the intensity of deep water formation in the Gulf of Lion, 
which determines the survival of early life stages and the recruitment 
strength of the species (Martin et al., 2016). However, the biological 
processes involved in survival during the early life stages are unknown, 
which invites further research to unveil the processes acting on larvae 
and pre-recruiting juveniles to determine the recruitment strength. 

Tracking the survival and growth during the early life fish stages in 
the field is always challenging due to the inherent difficulties to study 
small, semi-transparent planktonic organisms. However, environmental 
conditions often leave a ‘signature’ on organisms (Shima and Swearer, 
2009) that can be observed in hard structures, such as otoliths or scales, 
making their analysis a powerful tool for reconstructing life history 
trajectories (Payne et al., 2013). The otolith microstructure reflects the 
daily growth of fish and can be used to back-calculate hatch dates, to 
determine growth rates and to detect the influence of the environment 
on growth (e.g. Alemany et al., 2006; Hernández et al., 2020). 
Furthermore, this technique allows identifying relevant life history 
events, such as the duration of the larval period and the time of settle-
ment to the adult habitat (e.g. Clark Barkalow et al., 2020; Raventos 
et al., 2021). By reconstructing the early life trajectory of fish, it is 
possible to identify the factors driving the success of recruitment and 
fish population dynamics. 

This study aims to elucidate how the winter environmental condi-
tions during the early life stages of blue whiting determine their growth 
and survival and, in turn, drive the recruitment success of the species. To 
this purpose, we characterized the oceanographic and atmospheric 
conditions in winter-spring in two contrasted years, 2017 and 2018, and 
related them to the onset and duration of the spawning, and to the 
growth performance and condition of blue whiting recruits. The results 
shed light on the population fluctuations of winter-breeding fish species 
in the Mediterranean for which information is very scarce. 

2. Materials and methods 

2.1. Study area 

Oceanographic conditions in the NW Mediterranean region, offshore 
the Catalan coast, are largely controlled by the Northern Current, a slope 
current associated to a shelf-slope density front (Font et al., 1988). The 
shelf-slope front is a permanent ocean circulation feature that separates 
open-sea waters from continental shelf and upper slope waters, playing a 
key role on the distribution of planktonic organisms (Sabatés et al., 
2004). The surface signature of the front dissipates during the stratified 
season, enabling upper-ocean shelf-slope water exchanges. During 
winter, water exchanges are limited by the front (Salat et al., 2002). 
Occasionally, intense cooling and evaporation cause shelf waters to 
become denser than offshore waters and cascade down-slope, below the 
frontal structure, to the depth where the same density is found (Fieux, 
1974; Salat and Font, 1987). Eventually, during extremely cold and dry 
winters, dense water cascades can reach the deepest layers (i.e., >2000 
m) (Durrieu de Madron et al., 2003; Canals et al., 2006; Puig et al., 2009) 
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affecting local sediment composition (Sanchez-Vidal et al., 2012; Puig 
et al., 2013) and benthic ecology (Company et al., 2008, Romano et al. 
2017, Almeida et al. 2018). For more details on the processes involved in 
dense shelf water cascading, see, for instance, Shapiro et al. (2003) and 
Ivanov et al. (2004). 

2.2. Oceanographic data 

2.2.1. Winter oceanographic cruises 
To characterize the oceanographic conditions during the blue whit-

ing spawning season, two oceanographic surveys were carried out in the 
northern Catalan coast, NW Mediterranean Sea, from 18 February − 20 
March 2017, and from 14 − 28 February 2018. In situ sea temperature, 
salinity, dissolved oxygen, fluorescence, and turbidity were obtained 
using a rosette-mounted Conductivity-Temperature-Depth (SBE 911 
plus CTD) probe. Cross-slope sections along the slope (see CTD locations 
in Fig. 1) were used to characterize dense shelf water cascading and the 
location of the density slope front associated to the Northern Current, 
the main along-slope oceanographic feature in the NW Mediterranean 
Sea (Font et al., 1988). 

2.2.2. Atmospheric data and satellite-based ocean surface data 
Semi-hourly atmospheric data were obtained from Portbou meteo-

rological station (https://analisi.transparenciacatalunya.cat/Medi- 
Ambient/Dades-meteorol-giques-de-la-XEMA/nzvn-apee/data). Port-
bou station is located near the coast and open to the northerlies blowing 
over the sea (see location in Fig. 1), allowing for estimation of the impact 
of winds over the ocean surface (e.g. Bethoux et al., 2002). Data were 
obtained from February to May for each sampling year. Additionally, we 
used satellite-based Sea Surface Temperature (SST) and surface chlo-
rophyll-a (Chla) concentration analysis data. Satellite-based SST anal-
ysis data are daily compositions of multiple satellite SST measurements 
interpolated at 1-km resolution grid from the Multi-scale Ultra-high 
Resolution (MUR) analysis from the National Aeronautics and Space 
Agency (NASA) Jet Propulsion Laboratory (Chin et al., 2017). A com-
parison of MUR SST time series with in-situ data from the NW Medi-
terranean long-term time series of L’Estartit revealed good agreement 
(RMS 0.5–0.6, bias − 0.1 to − 0.2) (Salat et al., 2019). Satellite-based 
Chla concentrations are Level-3 (L3) 8-day compositions from the 

MODIS (Moderate Resolution Imaging Spectroradiometer) instrument 
aboard the Aqua (EOS PM) satellite (NASA Ocean Color website, http 
s://oceancolor.gsfc.nasa.gov/data/aqua/). 

2.2.3. Evaporation proxy 
The main driver for mixing and convection in the NW Mediterranean 

is buoyancy loss of surface water due to evaporation caused by winds 
blowing from the northern sector (from 315◦to 45◦, Fig. 1) (MEDOC 
Group, 1970; Leaman and Schott, 1991). To estimate the potential 
forcing required to homogenise the water column through buoyancy loss 
we use a proxy, E, to estimate the potential evaporation caused by 
winds. Here, E is estimated through bulk formulae (Zhang, 1997), as 
follows: 

IfTw − Ta > 0,E = kU10(qw − qa), (1)  

otherwise,E = 0,

where Tw is sea surface temperature (in ◦C), Ta is air temperature (in 
◦C), U10 is wind speed at 10 m height from winds blowing from the NW 
to the NE (in m s− 1), and qa and qw are, respectively, the specific hu-
midity of the incoming air, and that corresponding to saturation at 
temperature Tw (in g kg− 1). The variable k is a constant (here set to 1) 
with units (kg m− 1 s) set to make the evaporation proxy, E, 
dimensionless. 

Data from Portbou station was used to obtain daily-average values of 
Ta, qa and U10. Daily Tw was obtained from MUR SST at a location near 
Portbou station (42.42◦N 003.67◦E), and was used to estimate qw. 
Finally, daily values of E were averaged over 8-day periods, using the 
same dates of the MODIS Chla concentration composites. 

2.3. Fish sampling 

Sampling of blue whiting was conducted in the northern Catalan 
coast (NW Mediterranean) on board a commercial bottom trawler based 
on the fishing port of Roses (Fig. 1). Monthly sampling of the catch was 
conducted by observers on board from December 2016 to October 2018, 
except in February, when a seasonal closure is implemented. Samples 
were collected with a commercial fishing gear (otter bottom trawl, 40 
mm squared mesh size at the cod-end). Two fishing grounds were visited 

Fig. 1. Study area showing Portbou meteo-
rological station, fishing port of Roses, sam-
pling fishing transects (red lines), CTDs 
locations of 2017 (empty diamonds) and 
2018 (black diamonds), reference point for 
satellite-based Sea Surface Temperature 
(SST), and areas selected to analyse surface 
chlorophyll-a concentration (Chla box 1, 
light green frame, indicates the upper conti-
nental slope, the main distribution area of 
the species, and Chla box 2, dark green frame 
green includes the open sea to show of global 
productivity in the bloom area). For this 
study, we consider winds blowing from the 
northern sector (NW to NE; marked in black 
in wind rose chart).   
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all along the year, at the shelf break (130–250 m depth) and the upper 
slope (250–550 m depth) (Fig. 1), where the trawler usually operates. In 
total, 60 hauls were conducted (28 on the shelf break and 32 on the 
upper slope). No indications were given to the skipper, and thus sam-
pling reflects normal fishing activity. During the recruitment period, 
from April to July (Mir-Arguimbau et al., 2022), the sampling on board 
was conducted biweekly to ensure recruitment timing and duration were 
detected. The size of the smaller individuals collected during these 
months, i.e. recruits, is below the minimum landing size implemented in 
the Catalan coast (15 cm total length (TL); BOE, 2006) and are routinely 
discarded by the fishery. A random subsample of the blue whiting 
commercial and discarded catch per haul was stored in portable coolers 
and transported to the laboratory. 

Data on blue whiting landings and fishing effort (fishing days with 
blue whiting landings), at monthly and annual scales from the fishing 
port of Roses, were obtained from the statistics of the Fisheries 
Department of Autonomous Government of Catalonia. Landings and 
Landings Per Unit Effort (LPUE, kg/day/vessel) displayed similar trends 
(Mir-Arguimbau et al., 2022) and were taken as a proxy of blue whiting 
population abundance. Landings from July to December, when recruits 
were dominant in the commercial catch, were assumed to reflect the 
incorporation of recruits from the spawning the same year, while the 
landings from January-June mirror the recruitment resulting from the 
spawning the previous year (Martin et al., 2016; Mir-Arguimbau et al., 
2022). 

2.4. Laboratory procedures 

Fifty individuals per haul of the commercial and the discarded catch, 
representing the whole range of sampled sizes, were selected for bio-
logical examination. The following measures were taken: total length 
(TL), total weight (W) and eviscerated weight (We), to the nearest 0.1 g. 
Sex and the gonad weight (GW), to the nearest 0.01 g, were taken to 
calculate the gonadosomatic index of females: 

GSI = (GW/We) × 100 (2) 

Recruits condition (695 individuals between 3.5 and 18 cm TL 
collected from the discarded catch) was estimated from the relative 
condition index (Kn) (Le Cren, 1951), calculated as: 

Kn = We/Wr (3) 

where We is the eviscerated weight of an individual and Wr is the 
theoretical weight of an individual of a given length (TL in mm) pre-
dicted by the TL-We linear regression on log-transformed data. The 
heads were preserved in ETOH 95% for the subsequent analysis of the 
otoliths. 

2.4.1. Age and daily growth 
To determine the age and daily growth of recruits, the lapilli otoliths 

of individuals smaller than 12 cm from each sampling day were 
extracted from the head of the fish preserved in ETOH 95%, and sub-
sequently attached to a microscope slide using thermoplastic glue 
(Crystalbond 509). In order to visualize daily increments, the lapilli 
otoliths were polished using different grained sandpapers (from 30 μm 
to 1 μm Imperial lapping film, 3 M) to obtain a thin section with all the 
rings and the nucleus. Counting of otolith daily increments was per-
formed using a high-powered microscope with transmitted light (Motic 
BA410E) connected to a Euromex camera and an image analysis system 
(ImageFocusAlfa). Furthermore, 18 larvae (between 6.6 and 30 mm SL), 
collected during the studied years in the same area (Mir-Arguimbau 
et al., 2021), were included in this analysis to know the size at age in the 
early days of life. One experienced reader read the otoliths two times, 
leaving enough time between readings to avoid having a reference. If 
these 2 blind readings differed>4 days, a third reading was performed 
and subsequently the sample was accepted or rejected (4 days age rep-
resented an error of ~ 7% of the average age of the individuals). In total, 

252 (out of 304) lapilli otoliths of recruits were successfully aged. 
Otolith processing was performed at CEAB’s Otolith Research Lab 
(https://www.ceab.csic.es/en/otolith-research-lab-2). By combining 
the age data with the day of capture, it was possible to determine the 
hatching period in 2017 and 2018. The relationship between size and 
age was established by means of the Gompertz growth functions. The 
analysis was completed in R version 3.5.2 (R Core Team 2018). 

2.4.2. Analysis of back-calculated length-at-age 
The daily growth of juveniles was determined in 109 individuals 

selected among the 252 used for the determination of age (48 and 61 for 
2017 and 2018, respectively). These individuals were born along the 
whole hatching period each year, which was determined from the pre-
vious analysis on age. The daily increments of the 50 first days of life 
were measured from the center to the edge along the longest radius 
when possible. Size-at-hatching (radius from the core to the first visible 
increment; Bailey and Heath, 2001) was recorded. The radius of the 
eventual settlement ring, i.e. the signal indicating the shift from the 
larval habitat (planktonic, at surface) to the meso-pelagic habitat, where 
juveniles and adults inhabit (Carbonara and Follesa, 2019), when 
apparent, were also recorded. 

Once proportionality between somatic growth and otolith growth 
was verified by means of the linear regression of fish size-age residuals 
vs. otolith size-age residuals (r2 = 0.5, p < 0.05) (Thorrold and Hare, 
2002), back-calculation of TL at a previous age a (La) was established 
applying the biological intercept method (BIM; Campana, 1990) as 
follows: 

La = Lc+ [(Oa − Oc) × (Lc − Li)]/(Oc − Oi) (4) 

where La is length at age a, Lc is length at capture, Oa the otolith 
radius at age a, Oc the otolith radius at capture, Li the larval length at 
hatching (biological intercept), and Oi the otolith radius at the biological 
intercept. Back-calculated individual growth rate (BIGR) at daily age i 
was calculated as: 

BIGR = Lai+1 − Lai (5) 

The biological intercept used corresponded to fish and otolith sizes at 
hatching, i. e. 1.9 mm (fish length at the biological intercept, Li) and 9 
μm (otolith radius at the biological intercept, Oi), respectively. This fish 
length is the smallest larval size found in plankton samples in the area 
(Mir-Arguimbau et al., 2021). Individuals were grouped depending on 
the hatching dates to test differences in length at age. An analysis of 
variance on ranks was applied to test differences in the size attained at 
30 days using Kruskal-Wallis One Way Analysis of Variance on Ranks 
and pairwise Multiple Comparison Procedures (Dunn’s Method) (Sig-
maPlot 12.5 software package). 

3. Results 

3.1. Environmental conditions 

Winter conditions in 2017 were less severe than in 2018, as it can be 
observed in air temperature and northerlies intensity in Portbou (Fig. 2a, 
b). A comparison between the accumulated potential evaporation proxy 
(Equation (1)) from the end of January to mid-May indicates that 
evaporation in 2018 would have doubled that of 2017 (Fig. 2c). 
Enhanced winter evaporation in 2018, together with colder sea surface 
temperatures in the previous months, sustained relatively colder SST in 
winter 2018 vs 2017 (Fig. 3). Additionally, the detailed evolution of the 
accumulated evaporation proxy shows several pulses during the 2-year 
period considered here. In 2017, we observe two short pulses in 
February and one, longer, in April (Fig. 2c). In 2018, there was a 
continuously increasing evaporation trend, with two short pauses, one 
in early March and one in mid-April. 

The vertical structure of the water column during the period covered 
by the two oceanographic cruises reveals that in 2017 the stratification 
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was relatively higher than in 2018, with almost no traces of dense water 
cascading down the continental slope (Fig. 4 a,b). By contrast, in 2018, 
there were clear signs of dense water cascading, reaching depths of 
about 1200 m (Fig. 4 c, d). 

Mean climatology of monthly Chla time series for a composite year, 
relative to the period 2003–2018, show that typically, Chla blooms in 
the NW Mediterranean Sea span over the months of March and April 
(Fig. S1). This result is in agreement with 8-day chlorophyll time series 
calculations from Salgado-Hernanz et al. (2019) for the 1998–2014 
period (NW Mediterranean Oceanic Zone Z1; their Fig. 7). In 2017, the 
spring bloom developed early, starting in February and ending in March 
while in 2018, bloom conditions started late, in April (Fig. 5 and Fig. S2), 
and lasted until mid-May (not shown). Furthermore, the bloom in 2018 
covered a wider area than in 2017 (Fig. 5). 

3.2. Growth performance 

3.2.1. Age-Length relationship 
The ages of the examined larvae and recruits ranged from 10 to 92 

days, and the fish length from 6.8 mm to 119 mm TL. The age-length 
relationship showed a relative wide range of sizes associated to each 
age-class, indicating variability in growth (Table 1). The maximum 
variability in size at age was observed between 30 and 35 days old (SD =
14.4) (Table 1). The relationship between age (in days) and fish length 
(mm TL) established by the Gompertz function (r2 = 0.88) was: 

TL = 115.4e(− 3.7e(− 0.04age))

3.2.2. Spawning season vs hatching date 
Recruits age ranged between 33 and 92 days, with a mean age of 55 

days. According to the gonadosomatic index (GSI), in both years the 
spawning season started by December, peaked in January and ended 
later in 2018 than in 2017, which is related to the lower sea surface 
temperature detected in March-beginning of April in 2018. The back- 
calculated hatching dates showed that in both years the hatching 
period started ~ 1 month later than the peak of GSI (Fig. 6), being more 
extended in 2018. In 2017, 92% of the recruits were born between 
February 11 and March 23 (40 days), while in 2018, 90% of the recruits 
hatched between January 27 and April 12 (60 days). In 2018, two peaks 
in hatching dates were observed, one in early February and one in early 
March, separated by a rather low number of hatchings in late February 
(Fig. 6). 

To further examine the relation between hatching dates and surface 
environmental variables, we looked at the evolution of surface Chla and 
the evaporation proxy, as an indicator of convection and vertical mixing 
(Equation (1)), with respect to hatching dates. We considered the Chla 
data averaged over two regions (see location in Fig. 1), a small one over 
the upper continental slope (box 1) the main distribution area of the 
species (Mir-Arguimbau et al., 2021; 2022), and a larger region span-
ning towards the open sea (box 2) to show the global productivity in the 
bloom area. Both regions showed higher Chla values in spring 2018 than 
in spring 2017. Furthermore, in 2018 the bloom was observed both in 
the continental slope and in the open sea, while in 2017 it was only 
detected in the open sea (Fig. 7). As mentioned above, the bloom started 
relatively early in 2017, at the end of February, peaking in mid-March 
(1.22 mg m− 3) (Fig. 5 and Fig. 7). In 2018, the bloom began at the 
end of March, reaching maximum values (2.13 mg m− 3) in mid-April. 
Overall, phytoplankton blooms took place during periods of absence 
of northerly winds (Fig. 2a) and, consequently, low evaporation (Fig. 2c 
and Fig. 7) and restricted vertical mixing (see details in Section 2.1 and 
Discussion). In both years, hatchings occurred immediately prior to the 
phytoplankton bloom and in periods of limited vertical mixing. 

3.2.3. Otolith microstructure 
Linear regression between otolith size (OS; µm) and fish size (TL; 

mm) showed a significant positive relation (OS = 112.489 + 3.587 * TL), 
r2 = 0.85, p < 0.001, N = 100), and no significant differences in the slope 
of the relationships were observed between years (p > 0.05). Mean 
otolith size-at-hatching was 8.1 µm (1.8 SD) and mean otolith size-at- 
settlement was 294.6 µm (26.4 SD), with settlement occurring at 42 
days (3.6 SD) (Table 2). No significant differences were observed be-
tween years in the otolith size-at-hatching (p > 0.05) and nor in the age 
at settlement (p > 0.05). However, the otolith size-at-settlement was 
significatively larger in 2017 than in 2018 (p < 0.05; Table 2) which 
corresponded with settlement at sizes of 50.7 mm and 49.25 mm TL, 
respectively. 

In 2017 no significant relationships were observed between otolith 
size-at-hatching with settlement otolith-size and age (p > 0.05), nor 
between hatching date with settlement otolith-size and age (p > 0.05). 
In 2018 these relationships were significant although with low co-
efficients of determination. A negative relationship between settlement 

Fig. 2. Atmospheric and ocean surface data at Portbou station. (a) Time- 
integrated wind speed (km) (b) 8-day average air temperature (◦C). (c) Time- 
integrated potential evaporation proxy, E (dimensionless). 

Fig. 3. Monthly-mean MUR SST anomalies for autumn–winter 2016–2017 
(orange) and 2017–2018 (blue) over the reference period 2008–2021 
(light grey). 
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age and hatching date was observed (settlement age = -0.08*hatching 
day + 47.9, r2 = 0.28, p < 0.01), suggesting that recruitment in in-
dividuals hatched at the end of the spawning season in 2018 occurred at 
earlier age (up to 4 days). In addition, the otolith size-at-settlement was 
positively related to the hatching date (settlement size = 0.53*hatching 
day + 255.1, r2 = 0.21, p < 0.01) indicating that the individuals hatched 
at the end of the spawning season in 2018 attained larger sizes (up to 7 
mm TL) when shifted to the adult habitat. 

3.3. Growth back-calculation 

In both years, in the early stages, until ~ 10 days old, growth rate 
was ~ 0.7 mm TL/day, and from ~ 10 days old, the daily growth 
increased until reaching increments of ~ 2 mm TL/day at 25–30 days 
old (Fig. 8 a, b). In older individuals, the growth rate tended to decrease, 
while more variability between individuals was observed. This pattern 
was similar in both sampling years. However, while in 2017 no differ-
ences were observed in the mean daily growth, in 2018, depending on 
the hatching date of recruits, the individuals born in March and April 

Fig. 4. Cross-slope vertical distribution of (a,c) potential density anomaly (kg m− 3) and (b,d) turbidity (Formazin Turbidity Unit, FTU) for winter 2017 and 2018, 
respectively. In all panels, isolines show potential density anomaly for each corresponding year. The x-axis shows distance (in km) from the station closest to the 
coast. The section location is shown in Fig. 1. 

Fig. 5. Monthly-mean chlorophyll-a concentrations (in mg m− 3) from MODIS-Aqua from January through April 2017 and 2018.  
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showed higher mean daily growth (~2 mm TL/day) than those born in 
February (1.5 mm TL/day) between 16 and 40 days old. It is worth 
noting that the mean daily growth of individuals born in March and 
April of 2018 were similar than those of 2017. 

Significant differences in the size at a given age were found 
depending on the hatching date of recruits (p < 0.001, Fig. 8 c,d). In 
2017 all individuals showed similar size at age (Table 3) and by the day 
50, reached ~ 70 mm TL (Fig. 8c). In 2018, recruits born in February, 
especially those in the second fortnight, showed smaller size at given age 
than those hatched in March-April (Table 3). By 50 days old, individuals 
born in February measured ~ 66 mm TL and those born in March-April 
~ 72 mm TL (Fig. 8d). These differences were apparent from 21 days old 
onwards. The recruits from 2017 and those hatched in March-April of 
2018 showed similar size at given age (Table 3). 

No relationship was observed between SST at the hatching and the 
mean growth of blue whiting recruits (p > 0.05). While the mean growth 

tended to be higher as the integrated values of Chla along the first 30 
days of life increased, the relation was not significant (p > 0.05 for Chla 
of the box 1 and 2). 

3.4. Blue whiting recruitment 

3.4.1. Recruits condition 
The length (TL) – weight (total and eviscerated weight) relationships 

of recruits were as follows: W = 0.004TL3.04 (r2 = 0.98, N = 1124; W in 
mg and TL in mm) and We = 0.0014TL3.3 (r2 = 0.99, p < 0.001, N = 695; 
We in mg and TL in mm). No significant differences in the slopes of the 
length-weight relationships were observed between 2017 and 2018. Le 
Cren condition factor (Kn), however, showed that recruits from 2018 
had better condition than those of 2017 (p < 0.001) (Fig. 9). 

Fig. 6. Monthly trends of sea surface temperature (red), recruits’ hatching date period (grey area) and blue whiting female Gonadosomatic Index (black). Dashed 
lines indicate the expected values for February, when no data are available due to fishing closure. 

Fig. 7. Monthly trends of sea surface Chlorophyll-a (average values over box 1, in light green line; over box 2 in dark green line), evaporation proxy (black line), and 
recruits hatching date (in %, grey area). 
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3.4.2. Recruitment strength 
Blue whiting landings from July to December, made up of individuals 

born in the spawning season the same year, were higher in 2018 than in 
2017. Also, landings from January to June, that reflect the recruitment 
from the previous year, were higher in 2019 than in 2018. Similarly, 
LPUE (kg/day/vessel) in the second half of the year reached higher 
values in 2018 than in 2017, while in the first half of the year LPUE in 
2019 were higher than in 2018. Overall, blue whiting annual landings in 
the period 2017–2019 ranged between 61.1 t in 2017 and 89.1 t in 2019. 
All these values indicate a better recruitment in 2018 than in 2017 
(Table 4). 

4. Discussion and conclusions 

Climate trends in the NW Mediterranean Sea have increased in recent 
years (Vargas-Yáñez et al., 2017; Salat et al., 2019). The sea surface 
temperature follows a seasonal pattern, with maximum temperatures in 
spring and summer. Part of the excess of heat in the water column gained 
during summer is not lost in winter, leading to a positive residual trend 
after the seasonal cycle is removed (Salat et al., 2018; Margirier et al., 
2020). This results in warmer surface temperatures during the pre-
conditioning phase (Anati and Stommel, 1970; Grignon et al., 2010) of 
dense water formation in recent years (Schroeder et al. 2016; Margirier 
et al., 2020). Additionally, atmospheric trends show a decrease in the 
frequency of northerly winds (favourable winds for dense water for-
mation), together with warmer air temperature trends (Jordà et al., 
2017, Vicente-Serrano and Rodríguez-Camino, 2017). In this context of 
a changing climate, the two years studied here show contrasted envi-
ronmental conditions. Winter 2017 was mild, with a short period of cold 
temperatures, and relatively low accumulated potential evaporation, 
that resulted in limited winter vertical mixing and absence of dense 
water cascading. These results agree with the observations of Margirier 
et al. (2020) in the NW Mediterranean, who reported maximum 
convective depths of ~ 500 m in that year. Winter 2018 was severe, with 
colder sea surface temperatures spanning over a longer period (~1 
month longer). The accumulated intensity of northerly winds and their 
potential effect on evaporation resulted in intense vertical mixing and 
dense water cascading by the end of February. During that year, the 
newly formed deep waters were detected down to 1800 m (Margirier 
et al., 2020). 

4.1. Relationships between environmental drivers and hatching dates and 
growth rates 

In the western Mediterranean, the reproductive period of blue 
whiting was linked to low winter temperatures. In both years, the 
reproduction started by December peaking in January, but it finished 
one month earlier in 2017 (March) than in 2018 (April), when the 
respective surface temperature started the spring monotonically 
increasing trend (Fig. 6). Thus, the shorter reproductive period in 2017 
can be associated to an early development of spring conditions at sea. 
Similar results have been found in the recruits hatching period, that in 
both years started at the beginning of February, when surface temper-
ature reached the lowest values in the area (~13 ◦C), and finished at 
temperatures over 14 ◦C, which were attained almost one month earlier 
in 2017 than in 2018 (Fig. 6). In laboratory experiments, Coombs and 
Hiby (1979) already reported that no eggs survived at incubation tem-
peratures above 14.5 ◦C. Blue whiting is widely distributed in the 
northeast Atlantic, where temperatures around 9–11 ◦C have been re-
ported as optimum for the spawning of the species (Seaton and Bailey, 
1971; Hátún et al 2009). These low temperatures are rarely attained in 
the Mediterranean, the southern distribution limit of the species (Bailey, 
1982), where the lowest temperature reached in winter used to be 
clearly above 12 ◦C (Salat et al., 2019). Considering the temperature 
increase reported in the Mediterranean in the last recent decades (Salat 
et al. 2019; Vargas-Yáñez et al., 2017), and the climatic perspectives for Ta
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that sea (Jordà et al, 2017), the dependence of blue whiting on cold 
winter temperatures for reproduction could lead to a progressive 
reduction of its spawning period. In addition, the particular geograph-
ical context of the Mediterranean Sea would restrict their movements to 
the northernmost areas to mitigate the temperature increase (Lloret 

et al., 2015), compromising the success of the species in the near future. 
In terms of salinity the spawning of the species in the Atlantic occurs 
within a small range of salinities, between 35.3 and 35.5 (e.g. Miesner 
and Payne, 2018). These salinities are much lower than those found in 
the Mediterranean (between 36 and 38.7; Bethoux, 1980), which sug-
gests that salinity, by itself, is not a limiting factor for the spawning of 
the species. 

The recruits hatching period showed differences between the two 
studied years. In 2017, recruits were born in a relatively short period of 
time, between end of February and beginning of March, some weeks 
before the phytoplankton bloom. In 2018 hatching occurred over a more 
extended period, under more heterogeneous oceanographic conditions. 
In that year, two hatching peaks were detected: one at the beginning of 
February, prior to the dense water cascading event recorded the end of 
the month (Fig. 4), and the other one in March-April, from the end of the 
strong episode of vertical instability to just before the onset of the 
phytoplankton bloom (Fig. 7). It must be noted that the low number of 
recruits between the two peaks coincided with dense water cascading 
events, suggesting that most of the individuals potentially hatched by 
the end of February 2018 were lost, since hatchings have been estimated 

Table 2 
Otolith microstructure characterization in the two sampling years combined and in 2017 and 2018.   

Combined  2017 2018  
N Mean SD CI 95% N Mean SD CI 95% N Mean SD CI 95% 

Otolith size-at-hatching (µm) 94  8.1  1.84 7.7–8.5 42  8.1  1.7 7.6–8.6 52  8.1  2.0 7.6–8.7 
Settlement age (days) 94  41.97  3.63 41.2–42.7 42  41.4  3.9 40.2–42.6 52  42.4  3.4 41.5–43.4 
Otolith size-at-settlement (µm) 92  294.61  26.37 289.0–300.2 42  301.8  28.2 292.4–311.2 50  289.3  23.96 282.5–296.1  

Fig. 8. Daily increments of total length (TL) back-calculated for recruits born at different times of the reproductive period in 2017 (a) and 2018 (b), back-calculated 
total length (TL) at age for recruits born at different times of the reproductive period in 2017 (c) and 2018 (d). Box length represents interquartile range (25th to 75th 
percentiles), bar length the 10th-90th percentiles, and horizontal lines within the boxes the median values. 

Table 3 
Median, 25 and 75 percentile of back calculated size of recruits at 30 days of life 
for each hatching period each year. The pairwise multiple comparison proced-
ures (Dunn’s method) results at 95% are indicated by letters, periods with the 
same letter were not significantly different.  

Year Hatching period Median 0.25% 0.75% groups 

2017 1–15 February  40.2  33.6  41.9 a,b  
16 February-17 March  39.1  36.4  42.3 a,b  
17–31 March  40.8  39.4  42.5 a 

2018 1–15 February  34.9  31.7  36.4 b  
22 February − 6 March  34.1  29.4  39.7 b  
7–17 March  39.8  35.3  42.9 a  
18 March − 9 April  42.5  38.1  46.1 a  
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from the survivors. In this regard, it has been reported for other species 
living on the slope to be also affected by pulses of strong downward 
currents associated to dense water cascading (Company et al., 2008). In 
our case, the dense water cascading would force most of eggs and larvae 
to sink, displacing them out of their optimal areas. 

The juveniles born at the beginning of the phytoplankton bloom each 
year, that is, all individuals in 2017 and those born in March-April 2018, 
showed the highest growth rates. The importance of synchronization 
between fish spawning and phytoplankton blooms in fish larvae growth 
and survival is described in the match-mismatch hypothesis (Cushing, 
1990) and has been proved in a variety of species and current systems (e. 
g. Durant et al., 2007; Ferreira et al., 2020). Different studies have 
demonstrated that the temporal overlap between fish spawning and the 
phytoplankton bloom ensure favorable trophic conditions for larvae and 
juveniles, determining the recruitment strength (e.g. Platt et al., 2003; 
Jacobsen et al., 2020). It should be noted that the lowest growth rate was 
observed in the few recruits born in the second fortnight of February, 
when dense water cascading events and intense vertical mixing took 
place, pointing to unfavourable conditions not only for survival but also 
for growth of the early life stages. During the intense vertical mixing 
episodes, surface Chla values were extremely low (Fig. 5), which would 
result in a poor trophic environment for the few individuals remaining in 
the area. Evoking Lasker’s Stable Ocean Hypothesis (Lasker 1981), the 
first cohort of 2018 recruits was negatively affected by the vertical 
instability of the water column. It is widely accepted that juvenile fish 
growth is highly dependent on prey availability, type and quality (e.g. 
Payne et al., 2013; Costalago et al., 2020). The results of the present 
study suggest that the trophic environment would affect the blue whit-
ing juvenile growth from ~ 20 days old (~21 mm TL) onwards, when 
differences in the growth rate and size at age become apparent. It should 
be noted that in the larval stages, the species show a high feeding success 
under a wide spectrum of environmental trophic conditions (Hillgruber 

et al., 1997; Mir-Arguimbau et al., 2021). 
Overall, the growth pattern in the early 50 days of life was similar in 

both years, with a low increment rate (0.7 mm TL/day) during the first 
10 days, progressively increasing from this size onwards until attaining 
the maximum increment rate (~2mm TL/day) at 30 days. A similar 
change in growth performance around day 10 of life was also reported 
for blue whiting larvae in the Atlantic (Bailey and Heath 2001; Brophy 
and King, 2007), suggesting that this change would be related to the 
onset of the notochord flexion which occurs around this age (Mir- 
Arguimbau et al., 2021). This is an important trait in the early life of fish 
resulting in a rapid development of fin rays that improves the swimming 
and foraging abilities of fish larvae (Kendall et al., 1983) leading to 
marked dietary changes (Mir-Arguimbau et al., 2021). In the North 
Atlantic a significant variability in the blue whiting larval growth was 
reported across a latitudinal gradient of temperatures (Bailey and Heath 
2001). In the present study the blue whiting growth did not show any 
relationship with temperature, probably due to the limited range of 
values encountered. No significant relationship between growth and 
Chla values was observed either, which could be explained by the 
temporal lag between the phytoplankton bloom and zooplankton pro-
duction (Kiørboe and Nielsen, 1994), the food of blue whiting early life 
stages. 

Otolith microstructure analysis revealed that the hatching size was 
similar throughout the whole hatching period each year and, also, in the 
two studied years. This suggests that the maternal contribution to the 
recruits, understood as the energy maternally provided to the progeny 
(Bernardo, 1996; Sogard et al., 2008), did not differ within and between 
years. The age and size at settlement to the adult habitat was ~ 40 days 
and ~ 50mmTL, respectively, which is consistent with the size and age 
of the smallest juveniles caught with bottom trawl (Mir-Arguimbau 
et al., 2022). This result allows us to confirm that the mark observed in 
the otolith is formed at settlement and evidences that the settlement size 
coincides with the recruitment size to fishery. This size at settlement is 
slightly smaller than that previously reported by means of the analysis of 
the macrostructure of the sagitta otoliths (ICES, 2017; Mir-Arguimbau 
et al., 2020), since the daily readings allow a more accurate definition 
of the planktonic larval phase. The knowledge on the settlement age and 
size is a key trait in the fish biology since the planktonic larval stage is 
the most vulnerable along its life history (Bailey and Houde, 1989). The 
slight differences in the size at settlement between years are likely too 
small (~1 mm TL) to significantly impact the survival of recruits. 
However, differences in age and size at settlement during 2018 were 
more marked. The individuals born at the end of the spawning period 
(March-April, the onset of the phytoplankton bloom) recruited earlier 
(up to 4 days younger) and at larger sizes (up to 7 mm TL larger) than 
those born at the beginning (February), which could favor their survival 
chances. Overall, these findings support the stage duration (e.g. Cham-
bers and Leggett 1987; Houde, 1987) and bigger-is-better (e.g., Miller 
et al., 1988; Pepin 1993) hypotheses which propose that survival during 
the early life fish stages is directly related to growth. 

4.2. Recruits conditions and surface productivity 

The better recruits’ condition in 2018 than in 2017 would be related 
to the larger magnitude (intensity and duration) of the phytoplanktonic 
bloom detected in spring 2018. This higher productivity would favour 
the development of zooplankton, such as euphausiids, the main prey of 
blue whiting recruits (Macpherson, 1987; Mir-Arguimbau, unpublished 
data), which, in the Mediterranean, show a seasonal cycle coupled to the 
phytoplanktonic bloom (Labat and Roudy, 1996). To this regard a study 
conducted in the Gulf of Lion, north of our study area, reported that the 
energy content of zooplankton in winter 2018 was much higher than in 
winter 2017 (Chen et al., 2019). Thus, it would be expected that in 2018 
the high abundance and condition of zooplankton would allow for a 
better condition of recruits, ultimately improving their survival, as re-
ported in other fish species (e.g. Hoey and McCormick, 2004). 

Fig. 9. Le Cren condition factor (Kn) of recruits in 2017 and 2018. Box length 
represents interquartile range (25th to 75th percentiles), bar length the 10th- 
90th percentiles, and horizontal line within the boxes the median values. The 
black circles indicate 5th and 95th percentile. 

Table 4 
Blue whiting landings (t) and Landings Per Unit of Effort (LPUE; kg/day/vessel) 
in the port of Roses from 2017 to 2019. Landings from July-December indicate 
the recruitment of individuals born in the same year and from January-June the 
recruitment of individuals born the previous year.   

Annual January-June July-December  
Landings (t) LPUE Landings (t) LPUE Landings (t) LPUE 

2017  61.1  38.9  46.6  55.3  14.5  20.0 
2018  68.0  42.6  38.6  45.5  29.4  39.2 
2019  89.1  80.0  60.2  92.4  28.9  45.5         
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Our results show a dual effect of the mixing and dense water 
cascading events in winter 2018 on blue whiting early life stages. On the 
one hand, dense water cascading would sink and displace eggs and 
larvae out of their optimal areas (see details in section 4.2), negatively 
affecting their survival and growth. On the other hand, the intense 
vertical mixing, by supplying nutrients from deep layers to the photic 
zone, would result in high primary productivity the following months 
(Marty and Chiaverini, 2010; Estrada et al., 2014). This high produc-
tivity translates in high zooplanktonic abundances (García-Comas et al., 
2011; Vandromme et al., 2011), which would enhance the trophic re-
sources for juveniles, thereby improving their condition, survival and 
subsequent recruitment. Previous studies in the area have already 
documented the effect of dense water cascading on the blue and red 
shrimp, Aristeus antennatus. Under these events, the species disappears 
from the fishing grounds, but its recruitment improved the following 
years due to an increase in organic matter in the benthic layer associated 
to these dense water cascading events (Company et al., 2008). 

Blue whiting landings, a proxy of recruitment (Martin et al., 2016; 
Mir-Arguimbau et al., 2022), also evidenced the higher success in 
reproduction and recruitment in 2018 than with respect to that in 2017. 
Whether it was the extended breeding season, the higher surface pro-
ductivity resulting from the intense vertical mixing, or a combination of 
the two processes, the benefits compensate for the low larval survival 
during periods with dense water cascading events. Therefore, our results 
indicate that severe winter conditions favour the recruitment of blue 
whiting. These observations are backed by scientific evidence from 
previous studies conducted in the NW Mediterranean. Martin et al. 
(2016) reported that historical landings of the species in the area showed 
cyclic fluctuations driven by strong year classes resulting from highly 
productive years linked to the intensity of deep convective winter pro-
cesses. Over the last decade, the blue whiting population in the NW 
Mediterranean has progressively declined (Mir-Arguimbau et al., 2022), 
probably related to the absence of deep winter convection from 2013 to 
2018 (Salat et al., 2018; Margirier et al., 2020). However, the effect of 
fishing cannot be disregarded, since the species has been over-exploited 
(STEFC 2014) and the current very large amount of discards (Mir- 
Arguimbau et al., 2022) is evidence of unsustainable exploitation. 
Consequently, the NW Mediterranean population is dominated by 
immature individuals, almost exclusively dependent on recruitment for 
maintenance (Mir-Arguimbau et al., 2022), making the population 
highly vulnerable to environmental constraints. In the current climate 
scenario of raising sea surface temperatures (Salat et al., 2019), mild 
winters, such that in 2017, will become more frequent, and the success 
of the species in the Mediterranean Sea would be soon jeopardize. 

4.3. Conclusions 

This work sheds light on the reproductive strategies of winter 
breeding fish species in the NW Mediterranean Sea. We postulate that 
severe winter conditions during the reproductive period, and 
throughout the early life history stages, of blue whiting determine the 
recruitment success, and ultimately drive the population dynamics of 
the species in the NW Mediterranean. Cold winters, with an extended 
period of low temperatures, allow for a longer spawning season of this 
winter breeding fish species, increasing the chances that larvae will find 
optimal conditions for survival. Additionally, strong vertical mixing 
results in an intense phytoplanktonic bloom, that extends over a long 
period and over a wide area, improving the condition of blue whiting 
recruits. Overall, severe winter environmental conditions enhance the 
recruitment strength of the species, which translates into larger landings 
of the commercial fishery in the following months. Considering the 
climatic perspectives for the Mediterranean Sea with a marked tem-
perature increase, our results suggest that the reproduction success of 
the species could be soon compromised. Future research should address 
management strategies, such as limiting fishing mortality, devoted to 
enhance the resilience necessary for the species to cope with current and 

future climate and exploitation scenarios. 

5. Data availability 

MUR data may be downloaded from the Physical Oceanography 
Distributed Active Archive Center (PO.DAAC) at https://podaac.jpl. 
nasa.gov. MODIS data is available at NASA’s Ocean Color website at 
https://oceancolor.gsfc.nasa.gov/l3/. The data set on landings and 
effort (fishing days) over the period 2017–2019 were obtained from the 
fishing statistics of the Generalitat de Catalunya. Other data underlying 
this article were generated by the authors and will be shared on 
reasonable request to the corresponding authors. 
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Ólafsdóttir, S.R., Poulsen, M., Vang, H.B.M., 2019. Environmentally Driven 
Ecological Fluctuations on the Faroe Shelf Revealed by Fish Juvenile Surveys. Front. 
Mar. Sci. 6, 1–12. https://doi.org/10.3389/fmars.2019.00559. 
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