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A B S T R A C T   

The deep-sea blue and red shrimp Aristeus antennatus is a valuable fishing resource in the Northwestern Medi-
terranean Sea, currently under a local co-management plan in the port of Palamós (Spain). The management 
measures, although effective, might benefit other ports due to the dispersal patterns of the species pelagic larvae. 
Gathering information about A. antennatus larval distribution is a key step to describe these patterns, towards the 
establishment of well-dimensioned management measures. After a first detection of its larvae as the dominant 
species in the decapod community in Blanes submarine canyon, this broader approach tackles the entire man-
agement area along the Eastern Spanish Mediterranean coast (Geographic Subarea 6; GSA 6). Zooplankton 
sampling was carried out at 101 stations in surface waters (0.5–1 m) and in 8 stations in stratified vertical 
sampling (0–1200 m) during July–August 2016. Over 6500 A. antennatus larvae of all known stages were found, 
the first protozoea (PZ I) representing over 95% of the total. This is the first study taking into account the vertical 
migration of A. antennatus larvae, and we observed a broad distribution of PZ I throughout the water column. 
Plankton observations of the species larval distribution were supported by an Individual-Based Model suggesting 
aggregations in the northern submarine canyons, influenced by cold waters from the Northern Current and the 
geomorphology of the Ibiza Channel. The present study proposes a division of the GSA 6 in three zones to 
improve fishery management measures.   

1. Introduction 

Aristeus antennatus Risso 1816 (Crustacea: Decapoda: Dendro-
branchiata: Aristeidae) is one of the most relevant fishing resources in 
the Mediterranean Sea. In the Western Mediterranean Sea, it is among 
the most abundant deep-sea decapod crustacean species, and its catches 
can represent up to 50% of the fishermen’s associations annual revenues 
in some ports (DGPAM, 2018). Since 2012, the associations themselves 
have urged the scientific community and decision makers to build a 
management strategy for the species, and the area around the submarine 
canyon off Palamós (Girona, Spain) is subjected to a local co- 
management plan for the bottom-trawling fishery of A. antennatus 
since 2013 (BOE, 2013, 2018). This long-term plan regulates closure 
periods, fishing effort, mesh size of bottom trawls – currently over the 
established legal European Union mesh size –, and product conservation 
and trade. After the first successful period of regulations starting in 
2013, the local and regional authorities, along with the fishermen and 

the scientific community, have raised the question of the suitability of a 
local co-management plan in a scenario of barely known dispersal and 
connectivity dynamics of larvae. In fact, the general water mass circu-
lation of the area suggests that the Northern Current may transport 
larvae downstream and cause southern fishing grounds (e.g. Blanes 
canyon) to benefit from the protection measures applied in northern 
fishing grounds (e. g. Palamós canyon). Furthermore, the General 
Fisheries Commission for the Mediterranean (GFCM), establishes a 
fishery assessment and management area englobing the Eastern Spanish 
Mediterranean coast from Cartagena to the Gulf of Lions (Geographic 
Subarea 6 or GSA 6). It is thus important to evaluate if the fishing stocks 
along the Eastern Spanish Mediterranean coast are connected and 
therefore need a wider-scale regional management, or if, on the con-
trary, they are mostly affected by self-recruitment and the existing local 
approach is the most adequate. To do so, the current dispersal simula-
tion techniques rely on accurate information on larvae distribution, 
biology and behaviour as input and validation data. 
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Larval ecology is one of the critical knowledge gaps of marine science 
and, in particular, of fisheries science, since for a great number of spe-
cies, the pelagic larval stages are responsible for the dispersal and con-
nectivity among populations. In the case of A. antennatus, while its adult 
biology including reproduction and relationship to environmental fac-
tors has been widely studied (Company et al., 2008; Sardà et al., 2009), 
its larvae have been referred only in low numbers in various studies in 
the Mediterranean Sea (Heldt, 1954; Seridji, 1971; Carbonell et al., 
2010; Torres et al., 2014) until recently (Carreton et al., 2020a). Such 
scarce data allow to account for the presence of the larvae, but not to 
draw conclusions on their distribution patterns. The knowledge on the 
reproductive cycle of the species is limited to that of the adult popula-
tion: the species reproductive peak takes place mainly in July–August, 
when females aggregate on the continental slope at depths between 400 
and 600 m to lay their eggs into the water column (Company et al., 2003; 
Sardà and Demestre, 1987; Tudela et al., 2003). 

Like other Dendrobranchiata shrimp, A. antennatus larvae go through 
a series of metamorphoses from the hatching of the eggs into the water 
column to the settlement of the juveniles into the adult habitat (Martin 
et al., 2012). Their larval development can be divided into a nauplius, a 
zoeal phase subdivided into protozoea and mysis stages, and a series of 
decapodids (Martin et al., 2012). The first feeding stage (protozoea I) of 
A. antennatus was only recently described morphologically (Carreton 
et al., 2020b) from individuals caught in the plankton near the surface, 
while the subsequent protozoeae II and III and the first and second mysis 
stages were already described (Heldt, 1954; Torres et al., 2013). Car-
reton et al. (2019) identified with both morphological and molecular 
techniques all five known larval stages of the species, caught between 
0.5 and 1 m depth. The eventual later mysis stages and the decapodid 
phase that precedes the juvenile stage remain undescribed. 

Crustacean larvae distribution has been linked to environmental 
factors such as sea surface temperature (SST), salinity, current velocity 
or day and night vertical migration (Criales et al., 2006; Rotllant et al., 
2001; Zacharia and Kakati, 2004; Andrés et al., 2010a, 2010b; Criales 
et al., 2015). In the Northwestern Mediterranean Sea, the seasonal gyres 
occurring in the summer, along with the particularities of water mass 
circulation around submarine canyons, may have an influence in par-
ticle retention and shape marine connectivity in the area (Flexas et al., 
2008; Sardà et al., 2009; Ahumada-Sempoal et al., 2015). In coastal 
species, the larval cycle has successfully been modelled from observed 
data, as for instance the American lobster Homarus americanus (Chassé 
and Miller, 2010) or the pink shrimp Penaeus duorarum (Criales et al., 
2006). In the case of deep-sea species, the latest advances in larval 
dispersal and connectivity are being carried out from simulated data 
using what little information is available on observed data (Pires et al., 
2018; Clavel-Henry et al., 2020). A recent larval transport model for 
A. antennatus (Clavel-Henry et al., 2020) suggests that larval dispersal 
within GSA 6 could be divided into three zones with different patterns 
due to hydrodynamic barriers and structures. According to this model, 
the Northern zone, between the submarine canyons of Blanes and Cap de 
Creus (off Roses), is deeply affected by a seasonal thermal front that acts 
as a hydrodynamic barrier for larval dispersal. In the Central zone, 
corresponding to the Gulf of Valencia, the influence of numerous gyres 
prevents larvae from being dispersed out of the spawning grounds. In the 
Southern zone, the model suggests that around the Ibiza Channel, larvae 
can be transported to the Balearic Islands when seasonal gyres are ab-
sent. The present study presents new information drawn from 
zooplankton sampling data of the larvae, and uses it to validate and 
refine the previous simulation using the model by ClavelHenry et al. 
(2020). 

The objective of this study was to assess, for the first time, the 
regional-scale spatial distribution of Aristeus antennatus larvae during 
the reproductive period of the species along the Eastern Spanish Medi-
terranean coast (GSA 6), related to environmental conditions, from field 
observations of larvae that validate numerical simulations. 

2. Method 

2.1. Zooplankton sample collection 

A horizontal and a vertical stratified zooplankton sampling were 
carried out along GSA 6 from July 20th to August 31st 2016 on board the 
Spanish research vessel García del Cid, in the frame of project CONECTA 
(CTM2014–54648-C2) aimed to describe the ecological and population 
genetics of the larvae of the deep-sea red shrimp Aristeus antennatus 
(Fig. 1). Cruise direction was from South to North. For the horizontal 
sampling, a 1-m wide neuston sledge with a 300-μm mesh net was towed 
horizontally at 101 stations to obtain plankton samples of the upper end 
of the water column (0.5–1 m). The volume of filtered water was 
monitored with a flowmeter. The samples were stored in 96% ethanol on 
board. As for the vertical sampling, we used a Multiple Opening and 
Closing Net with Environmental Sensor System, or MOCNESS (Wiebe 
et al., 1976), with eight 300-μm mesh nets at seven stations in the 
northern submarine canyons off Palamós and Blanes, and one in the 
submarine canyon off Roses. As the MOCNESS was towed obliquely from 
near the bottom up to the surface with a maximum sampling depth of 
1200 m, the opening and closing depth of each net was remotely 
controlled from the vessel, thus producing a stratified sample of each 
station. The opening and closing depths for each station are specified in 
Table 1. The MOCNESS samples were fixed in-situ with 5% formalde-
hyde buffered with sodium tetraborate to preserve the morphological 
structures of planktonic organisms (Gifford and Caron, 2000). 

2.2. Sample processing and morphological identification of the larvae 

Crustacean decapod larvae were sorted from the samples and iden-
tified using a Leica M205C stereomicroscope and the available 
morphological identification keys and descriptions (Heldt, 1955; Dos 
Santos and Lindley, 2001; Dos Santos and González-Gordillo, 2004; 
Torres et al., 2013; Carreton et al., 2020b). 

2.3. Environmental data collection 

Oceanographic data (water temperature, salinity and fluorescence) 
were collected at each station with a SBE25 and a SBE911 CTD (SeaBird 

Fig. 1. Sampled stations along the Mediterranean Geographical Subarea 6 
(GSA 6) with neuston sledge (circles) and MOCNESS (stars). 
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Electronics), and with a SBE3F CTD attached to the MOCNESS. A post- 
cruise intercalibration among CTDs was carried out to make the data 
comparable. Due to the long time span of the sampling cruise, averages 
of the daily means from July 20th to August 31st were calculated for 
each variable. Additionally, we collected reanalysis products (i.e. 
oceanographic model outputs tuned with in-situ and remote sensing 

data) for surface temperature and current velocity from the Copernicus 
Marine Environmental Monitoring System (CMEMS). For the represen-
tation of current velocity data, we used the daily mean value of one of 
the sampling days of each zone of the GSA 6: August 6th for the Ibiza 
Channel zone (Southern zone), August 14th for the Gulf of Valencia 
(Central zone) and August 25th for the northern submarine canyons 
zone (Northern zone). We considered these values to be representative 
of the current dynamics of each area in the sampled period, as they did 
not vary greatly in the span of a few days. 

2.4. Data analysis 

The number of individuals in each sample was standardised to 
number of individuals per 1000 m3 of filtered water. 

The partition of GSA 6 in three zones (Northern, Central and 
Southern) suggested by Clavel-Henry et al. (2020a) was taken into ac-
count as a reference for the present analysis. The data did not follow a 
normal distribution, nor were the variances homogenous throughout the 
groups, and therefore we used non-parametric tests (Kruskal-Wallis and 
Wilcoxon-Mann-Whitney pairwise tests) to look for significant differ-
ences in observed environmental variables and larval density among the 
three areas, as well as in larval densities in day and night samples. Maps 
and vertical profiles were built using Ocean Data View v. 5.4.0 (Schlit-
zer, 2021) and QGIS v. 2.18.24 (QGIS Development Team, 2019). Sta-
tistical tests and figures were produced using R (R Development Core 
Team, 2020). 

2.5. Larval dispersal simulations 

Following the procedures described in Clavel-Henry et al. (2020a) 
with slight modifications, we implemented an individual-based model 
(IBM) with a Lagrangian particle-tracking framework to simulate the 
early life-cycle behaviour and dispersal patterns of shrimp larvae using 
3D hydrodynamic model outputs of the northwestern Mediterranean 
Sea. In this run of the model, we modified some parameters related to 
larval ecology to better comply with the results of the present study 
zooplankton samples analysis, and we focused on the features of the first 
protozoeal stage (PZ I) for comparison with the observed data. 

For this part of the study, data for current velocities, salinity and 
temperature were drawn from the outputs of the Regional Ocean 
Modelling System (ROMS) hydrodynamic model, built on a high- 
resolution bathymetry of the western Mediterranean basin (Schepetkin 
et al., 2005). Clavel-Henry et al. (2019) validated the ROMS outputs 
which were found to provide a realistic representation of the hydro-
graphic and hydrodynamic characteristics of the northwestern Medi-
terranean Sea. Global configurations for ROMS are detailed in Clavel- 
Henry et al. (2019, 2020), and further information about ROMS vali-
dation is provided in Clavel-Henry et al. (2021). 

A total of 88,900 particles were released in a grid with cells of around 
4.42 km2 (the cell size varies slightly with latitude), within the extension 
of ROMS hydrodynamic model (38.24–43.01◦N, 0.07–5.00◦E). Grid size 
was established to concur with ROMS output resolution so that both 
grids were aligned. The total number of released particles was deter-
mined in order to optimise simulation time while taking into account all 
possible larval dispersal trajectories (Simons et al., 2013). According to 
the known ecology of the species (Sardà et al., 2003), the particles 
simulating eggs were released at 1 m above the sea bottom, in areas with 
bottom depths comprised between 360 and 710 m. The releases were set 
to two different dates, August 1 and 15, 2016. Following general 
knowledge about the adult female distribution at the peak of their 
reproductive period (Sardà et al., 2003), as well as the pattern in the 
species distribution model (Clavel-Henry et al., 2020b), a higher number 
of particles was released in the species preferred spawning depth range 
(480 to 590 m) and in submarine canyons areas. The simulation ran from 
the release of the particles until the end of the mysis stage, when the 
larvae would moult into a decapodid, and only the particles that were 

Table 1 
Information on the MOCNESS sampling.  

Station Date Day/ 
Night 

Initial 
bottom 
depth (m) 

Net 
number 

Net 
opening 
depth (m) 

Net 
closing 
depth (m) 

120 18/ 
08/ 
2016 

NIGHT 1552 1 1200 900 
2 900 625 
3 625 350 
4 350 200 
5 200 10 
6 100 50 
7 50 25 
8 25 0 

131 20/ 
08/ 
2016 

NIGHT 393 1 370 280 
2 280 220 
3 220 160 
4 160 100 
5 100 75 
6 75 50 
7 50 25 
8 25 0 

139B 24/ 
08/ 
2016 

DAY 1159 1 940 763 
2 763 557 
3 557 350 
4 350 201 
5 201 100 
6 100 50 
7 50 25 
8 25 0 

135B 25/ 
08/ 
2016 

DAY 283 1 250 189 
2 190 160 
3 160 130 
4 130 100 
5 100 75 
6 75 49 
7 50 24 
8 25 0 

135C 25/ 
08/ 
2016 

NIGHT 283 1 250 190 
2 190 160 
3 160 130 
4 130 100 
5 100 75 
6 75 50 
7 50 25 
8 25 0 

142 26/ 
08/ 
2016 

DAY 1818 1 1100 900 
2 900 625 
3 625 350 
4 350 200 
5 200 100 
6 100 50 
7 50 25 
8 25 0 

143 26/ 
08/ 
2016 

NIGHT 776 1 520 420 
2 420 300 
3 300 200 
4 200 100 
5 100 75 
6 75 50 
7 50 25 
8 25 0 

156 27/ 
08/ 
2016 

NIGHT 1119 1 1050 760 
2 760 560 
3 560 350 
4 350 200 
5 200 100 
6 100 50 
7 50 25 
8 25 0  
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still located within the extension of the ROMS model at the end of the 
simulation were kept for results. 

The trajectories of the particles were based on numerical schemes 
taking into account the advection component (meridional, zonal and 
vertical velocities from ROMS output), a biological component including 
buoyancy of each larval stage, and the small-scaled horizontal and 
vertical turbulent velocities. Due to lack of information on the embry-
onic and larval stages of A. antennatus, the total duration of the pelagic 
drift was estimated from that of 42 closely-related Penaeid species 
(Clavel-Henry et al., 2020a) following a temperature-dependent Pelagic 
Propagule Duration (Hilário et al., 2015; O’Connor et al., 2007). The 
water temperature values used for each calculation were extracted from 
ROMS output at the moment and location of each moulting. As for the 
parametrisation and behaviour of the different larval stages, the egg was 
considered buoyant, with a density of 884 ± 36 kg m− 3 and a diameter of 
0.33 ± 0.0405 mm. The PZ I was simulated to swim vertically towards 
the 0–15 m layer until its moulting into PZ II. Due to the plankton ob-
servations in the present study and the lack of knowledge, the nauplius, 
PZ II, PZ III and mysis stages were considered to have no vertical 
swimming behaviour. Further details on particle parametrisation are 
provided in Supplementary Table 1. 

The model output produced data on stage duration, cumulative 
larval duration, particle velocity, coordinates, larval stage and depth. 
We then generated estimated distribution maps for newly-moulted PZ I 
and PZ II (i.e., before and after the swimming period). Finally, we 
filtered the data to keep only larvae located in the same grid-cell as a 
zooplankton sampling station, and we estimated the spawning locations 
of these particles as well as their location at the end of the mysis phase, 
when they would moult into a decapodid. The distance between their 
estimated spawning site and the location where they metamorphosed 
into the decapodid phase was calculated. 

For comparison between observed and simulated data, we kept the 
coordinates of the sampled stations with over 100 larvae, and the cells 
with larval abundance values of newly-moulted PZ II over the average 
simulated abundance. We then calculated the average distance between 
these observed and simulated sites. 

3. Results 

3.1. Horizontal distribution of larvae 

A total of 6571 A. antennatus larvae were found in the neuston sledge 
stations. Fig. 2 shows the general horizontal distribution of A. antennatus 
larvae along GSA 6, all larval stages combined, over the average sea 
surface temperature (SST) for the sampling period (satellite reanalysis 
data). All known stages of the species (i.e., from the first protozoea to the 
second mysis) were found in our samples, the first protozoea (PZ I) 
representing over 95% of the total larvae. 

The average density of A. antennatus larvae was 140.77 individuals 
(ind.) 1000 m− 3, with a maximum value of 9259.13 ind. 1000 m− 3. The 
abundances of A. antennatus larvae were significantly higher at night 
than during the day (p = 3.96⋅10− 6). The presence of A. antennatus 
larvae was observed in 55.45% of the stations, and this species repre-
sented 100% of decapod larvae in 4 stations, and over 20% in 18 stations 
(Fig. 3). 

The division of GSA 6 in 3 zones mentioned in Clavel-Henry et al. 
(2020a) is represented in Fig. 4 along with our results for larval density 
of A. antennatus over the surface current reanalysis data for the sampling 
period. The larvae are aggregated in the Northern zone where large 
submarine canyons are present (Fig. 4A), are less abundant in the Cen-
tral zone along the wider continental shelf off the coast of Tarragona 
(Fig. 4B), and are again present in the Ibiza Channel but totally absent 
below the channel (Fig. 4C). 

The Central zone (Fig. 4B) showed low larval abundances between 
Sant Carles de la Ràpita and Valencia compared to the values off the 
coast of Tarragona, where the continental shelf is still narrow despite the 

submarine canyons being smaller than in the north. In the Southern 
zone, englobing the Ibiza Channel (Fig. 4C), we found an aggregation of 
larvae in the narrowest part of the Channel (off the coast of Dènia) that 
corresponds to the simulation of the model, and an absence of larvae 
south of the Channel (off Alicante). 

The partition of the GSA 6 in three zones is clearly visible through the 
observed surface water characteristics, where the SST showed the 
presence of a seasonal thermal front at around 41.5◦N separating the 
cold waters from the Gulf of Lions from the warmer waters downstream, 
while a salinity front north of the Ibiza Channel separated the less salty 

Fig. 2. Aristeus antennatus larval density (all larval stages combined) in in-
dividuals per 1000 m3 in superficial waters (0.5–1 m) and average sea surface 
temperature (◦C) of the sampling period (July 20 to August 312,016). Ba-
thymetry lines are shown every 200 m. 

Fig. 3. Representation of Aristeus antennatus larvae in total decapod larvae (in 
% of individuals per 1000 m3). Bathymetry lines are shown every 200 m. 
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Atlantic water from the saltier water mass flowing southwestward 
(Fig. 5). These two structures generate two density fronts (Fig. 5). 

Regarding A. antennatus larval abundance, the values were signifi-
cantly higher in the Northern zone than in the Southern zone (Table 2). 
The mean SST was significantly lower in the Northern zone than in the 
rest of the GSA 6, and significant differences were also found among 
zones regarding mean salinity, mean water density, and mean fluores-
cence that are in line with the CTD observed data (Table 2). 

3.2. Vertical distribution of larvae 

A total of 641 A. antennatus larvae were identified in the MOCNESS 
samples. Only the three protozoeal stages were found in the stations 
analysed, with the PZ I representing over 95% of the identified larvae. 
With the exception of one (PZ III) individual identified in the 350 to 560 
m depth layer, all larvae older than the PZ I stage (a total of 42) were 
found above 50 m depth, while PZ I larvae were present throughout the 
water column, as deep as the 660 to 760 m layer (Fig. 6). 

The vertical distribution of A. antennatus shows maximum larval 
density values corresponded to the layer from 25 to 50 m depth (Fig. 6; 
529.41 ind. 1000 m− 3). 

The seasonal (summer) thermocline was located between 20 and 30 
m depth, as typically found in the northwestern Mediterranean Sea 
(Bahamon et al., 2020). The average (± SD) water temperature, salinity 
and density values at the water layer with maximum larval density 
(25–50 m depth) were 17.94 (±2.64) ◦C, 38.09 (±0.07) and 27.62 
(±0.72) kg m− 3, respectively. The average (± SD) temperature, salinity 
and density values below the seasonal thermocline, where most of the 
remaining larvae were found (200–800 m depth), were 13.49 (±0.10) 
◦C, 38.53 (±0.03) and 29.04 (±0.03) kg m− 3, respectively. 

3.3. Larval dispersal simulations 

There were no overall differences in the larval simulations regarding 
the two different particle release dates (Fig. 7). The eggs hatched at an 
average depth of 66 ± 115 m, the nauplius moulted into PZ I at an 
average depth of 59 ± 105 m, and PZ I moulted into PZ II within the 
upper 3 m of the water column in average (Fig. 7). At the end of the 
simulation, more than half of the larvae (65.6%) had reached the first 
15 m of the water column due to the egg buoyancy alone. An additional 
16.1% of larvae reached that superficial layer due to the vertical 
swimming behaviour forced on the PZ I stage. The Pelagic Larval 
Duration (PLD), or advection time, of the simulated particles differed 
depending on the latitude of the initial release, decreasing by 2 days 
along the latitudinal gradient (North to South). In addition, larvae that 
reached the surface earlier in their development had shorter PLDs than 
larvae that took longer to reach the superficial layer, due to the influence 
of higher water temperatures near the surface. As a consequence, PLDs 
ranged from 17.4 ± 2.0 to 25.9 ± 2.0 days. Information on the trajectory 
of the larvae by stage is detailed in Supplementary Table 2. 

The newly-moulted PZ I presented a wide depth distribution located 
mainly near the surface but distributed up to an average maximum 
depth of 755 m (Fig. 7). At the end of the PZ I stage, when the vertical 
swimming stops, the vertical distribution becomes more aggregated and 
81.7% of the larvae are located within the superficial layer (from 0 to 15 
m), distributing up to an average maximum depth of 65 m (Fig. 7). The 
average age of newly-moulted into PZ II was 8.8 days. 

Spatial distribution at the beginning and end of the PZ I stage shows 
an aggregation in Palamós submarine canyon and over the open slope 
between Palamós and Blanes canyons (Fig. 8 A and B). 

As for the comparison of observed and estimated data, five sampled 
stations with over 100 larvae and 16 grid-cells with estimated abun-
dance values over 0.1 individuals per 1000 m3 were selected. The 

Fig. 4. Distribution of Aristeus antennatus larvae and surface current velocity in the three zones of GSA 6 proposed by Clavel-Henry et al. (2020a): A: Northern zone; 
B: Central zone; C: Southern zone. In A, current velocity data correspond to August 25th 2016; in B, to August 14th 2016; in C, to August 6th 2016, corresponding to 
the sampling period at each zone. Arrows show the direction of the current and their length is proportional to current velocity. 

M. Carreton et al.                                                                                                                                                                                                                               



Journal of Marine Systems 223 (2021) 103611

6

average distance between observed and estimated high larval abun-
dance sites was 10.7 +/− 1.5 km. At the end of the PZ I stage, the 
simulated larvae were 24 km away from their estimated spawning site 
and 63 km away from the location where they would metamorphose into 
a decapodid (Fig. 8 B and C). 

4. Discussion 

For the first time, a distribution map for the larvae of the deep-sea 
blue and red shrimp Aristeus antennatus is presented during the peak 
of the reproductive period of the species (July–August). After a first 
detection of its larvae as the dominant species in the crustacean decapod 
community in Blanes submarine canyon (Carreton et al., 2020a), this 

wider-scale approach tackles the entire management GSA 6 and gives 
information about the early life stages ecology of the species. The larval 
distribution analysis from observations allowed validating IBM simula-
tions of larval dispersal and set a stepping stone for further modelling 
scenarios (e.g. bound to different hydrodynamic conditions) of 
A. antennatus connectivity. 

Overall, the observed plankton horizontal distribution of 
A. antennatus larvae is in consonance with the larval dispersal model for 
the species (Clavel-Henry et al., 2020a), showing higher densities in the 
Northern zone where submarine canyons off Blanes and Palamós are 
sited and where this species is intensely fished by bottom trawlers. Both 
observed and simulated data have shown this pattern, with the model 
also bringing out a smaller aggregation of larvae off Barcelona and 

Fig. 5. Observed data for sea surface water temperature (◦C) (top left); sea surface salinity (PSU) (top right); mean water density (sigma-t, in ρ(S,T,0) – 1000 kg m− 3) 
(bottom left) and sea surface fluorescence (bottom right) during the cruise. 

Table 2 
P-values for pairwise Wilcoxon-Mann-Whitney tests for the five variables in Fig. 6 among different subareas in GSA 6: larval density, Surface Sea Temperature (SST; 
◦C), salinity (PSU), mean water density (sigma-t; in ρ(S,T,0) – 1000 kg m− 3), and fluorescence (RFU). Values lower than 0.05 are indicated in bold.   

Larvae (log (n + 1)) SST Salinity Sigma-t Fluorescence  

Central Northern Central Northern Central Northern Central Northern Central Northern 

Northern 0.1689 – 8.7 10¡6 – 0.3100 – 10¡5 – 0.6084 – 
Southern 0.0860 0.0002 0.6900 3 10¡6 5.2 10¡7 1.1 10¡11 10¡5 2.8 10¡12 0.0643 0.0069  
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Vilanova i la Geltrú, where smaller canyons are also present. In addition, 
the thermal front shown by our observed data between Blanes and 
Palamós, which we identify as the westmost end of the North Balearic 
Front (NBF; López-García et al., 1994), agreed with a previous simula-
tion for the year 2016 (Clavel-Henry et al., 2020a), where the presence 
of an anticyclonic gyre off Blanes generated a density front that pre-
vented the larvae from dispersing south of this point. According to Rubio 
et al. (2005), this gyre may originate in the Eastern part of the Gulf of 

Lions, and then follow the slope current southwest-ward, or it may also 
be generated locally by the wind swirl. 

The summer distribution of larvae may differ among years, accord-
ing to the strength and position of the density fronts. A model dispersal 
accounting for the interannual variability of hydrodynamic conditions 
(Clavel-Henry et al., 2021) suggested that for the period 2006–2016, 
most larvae (86% in average) are retained north of the NBF. Neverthe-
less, the model simulations also suggested that under relatively low- 

Fig. 6. Vertical distribution of Aristeus antennatus larvae by larval stage, in the MOCNESS stations in submarine canyons. PZ I: protozoea I; PZ II: protozoea II: PZ III: 
protozoea III. 
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density gradient conditions, as for the year 2010, half of the larvae 
produced north of the NBF are retained there, while the other half 
disperse over zones south of the NBF, following the dominant Northern 
Current. Conversely, when the latitudinal front position and density 
gradient are relatively high, e.g. as for the case of the year 2015, 99% of 
larvae are retained north of the front region. 

The lower larval abundance values observed in the Central zone, 
especially off the coast of Sant Carles de la Ràpita down to Valencia, can 
be explained by a difference in the bathymetry within the zone. In fact, 
the coast off Tarragona is still influenced by a narrow continental shelf 
and small submarine canyon structures, whereas the area between Sant 
Carles de la Ràpita and València has a wider continental shelf. According 
to previous trawl surveys and to a species distribution model for adult 
females of the species based on them (Clavel-Henry et al., 2020b), this 
area supports a lower spawning biomass, which might lead to lower 
larval abundance values. The larval dispersal model by Clavel-Henry 
et al. (2020a) also estimated an overall lower aggregation of larvae in 
the whole Central zone. 

In the Southern zone, the model by Clavel-Henry et al. (2020a) 
showed larval retention caused by seasonal gyres in the Ibiza Channel, 
validated by our observed data. On the other hand, the area between 
Alicante and Cartagena is influenced by the strong north-ward current of 
the Atlantic Modified Water and characterised by an absence of 
A. antennatus larvae. It is worth pointing out that there was no presence 
of A. antennatus larvae off the coast of Santa Pola (South of Alicante), 
despite the site being a relevant port for the species and its fleet oper-
ating mainly within the adjacent bay (García-Rodríguez and Esteban, 
1999). Both the field data and the simulations showed an aggregation of 
larvae in the narrowest part of the Ibiza Channel (off Dènia), that might 
correspond to a higher spawning biomass that supports the fishery in 
this area. 

This general pattern of larvae aggregations in submarine canyons 
areas and the influence of anticyclonic eddies in the local retention of 
particles has been found in previous modelling studies in the Mediter-
ranean Sea (Flexas et al., 2008; Palmas et al., 2017). The hydrographic 
discontinuity generated by the thermal front in the northern submarine 

canyons area is also cited as a retention zone for fish larvae (Sabatés 
et al., 2009). Furthermore, a study combining numerical simulations 
and in-situ zooplankton data found that the vertical distribution of the 
larvae of another commercial deep-sea shrimp species, Parapenaeus 
longirostris, was linked to the water circulation occurring near submarine 
canyons in the southern Portuguese coast, as the simulated protozoeae 
were unable to reach the uppermost layers aided only by the bottom 
currents (Pires et al., 2021). Also according to this study, the particles 
released on the continental slope were dispersed further alongshore than 
the ones released closer to the coast. Since females of A. antennatus are 
known to aggregate over the continental slope for spawning (Sardà and 
Demestre, 1987; Tudela et al., 2003), the retention capacity of the 
submarine canyons and seasonal eddies in our study area could be 
counteracted to some extent by the location of the spawning. 

The vertical distribution of A. antennatus larvae, with the PZ I present 
throughout the water column down to 760 m depth, in contrast with 
other stages found only above 50 m depth, provides innovative and 
relevant information about the larval cycle of the species. Although 
there is no record yet of A. antennatus eggs or nauplii, according to Heldt 
(1938) the swimming behaviour of Penaeidae nauplii, near the bottom 
of the tank and with no effective vertical displacement, suggests that this 
larval phase stays close to the spawning grounds and is not able to travel 
up the water column. This, together with our findings of PZ I larvae 
down to 600 to 760 m, where adult females are known to aggregate for 
spawning (Sardà and Demestre, 1987; Tudela et al., 2003), suggests that 
the PZ I might be the larval stage that migrates from the spawning 
grounds to the surface, where the subsequent larval stages (up to the 
second mysis) have been found, albeit in much lower numbers. The eggs 
would hatch near the bottom into a series of nauplii (as observed in 
shallow water Penaeidae, cf. Yúfera et al., 1984; Kitani, 1996; Zacharia 
and Kakati, 2004) which would moult into the PZ I, the stage starting to 
ascend. 

The predominance of the first protozoeal stage in both our surface 
and MOCNESS samples might reflect a higher abundance of this stage in 
relation to others in the plankton. This would be in line with the hy-
pothesis that larval mortality in the field declines during development 

Fig. 7. Estimated depth distribution of simulated newly-moulted PZ I (left) and newly-moulted PZ II (right) larvae when spawned on August 1 (black contour) and on 
August 15 (blue filling). Blue and black arrows indicate the maximum depth of the larvae according to the spawning day. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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(Morgan, 1995). Moreover, the fact that our sampling was timed at the 
peak of the reproductive period of A. antennatus (July–August) may 
suggest that sampling later in the year would lead to find older larval 
stages of the species, but it is also true that the PZ I of A. antennatus has 
been found to be dominant in the decapod larval community in late 
September as well, with no later stages identified in the first 300 m of the 
water column (Carreton et al., 2020a). 

The average values (±SD) of the water layer characteristics in this 
study (temperature, salinity and density of 17.9 ± 2.6 ◦C, 38.1 ± 0.1 and 
27.6 ± 0.7 kg m− 3, respectively) at the stations and depth range (25–50 
m depth) with maximum larval density, are comparable to the charac-
teristics within the same depth range in August 2016 at the fixed station 
OOCS (Bahamon et al., 2020), in the Blanes canyon head, showing 
average values of 17.9 ± 3.2 ◦C, 37.9 ± 0.6 and 27.5 ± 0.9 kg m− 3, 
respectively. All together, these values fall within the interannual vari-
ability ranges for the period 2014–2017 in the Blanes canyon head (with 
average temperature, salinity and density of 17.7 ± 2.7 ◦C, 38.0 ± 0.3 
and 27.7 ± 0.8 kg m− 3, respectively), suggesting that the sampling 
conditions in the present study that are close to those in the Blanes 

canyon head, are average conditions (i.e. not atypical). In fact, the 
conditions during 2014–2017 are not substantially different from those 
in previous years (2009–2013) with temperature, salinity and density 
values of 17.6 ± 2.4 ◦C, 38.1 ± 0.1 and 27.7 ± 0.6 kg m− 3, respectively. 
This suggests stable conditions for the development of maximum larval 
density in nearly a decade, apparently not disturbed by reported 
heightened water warming since 2014, in the Western Mediterranean 
Sea (Bahamon et al., 2020) and at global scale (Yin et al., 2018). 

The model by Clavel-Henry et al. (2020a) simulated buoyant eggs 
and nauplii, whereas our observations suggest that the first buoyant 
stage might be the first protozoea. In the present study, the inclusion of 
this new behavioural information (i.e., the first protozoea swimming to 
the superficial layer) in the larval dispersal simulations enriches the 
original model, and highlights the need for further investigation about 
the physical and behavioural characteristics of the eggs and larvae of 
this species. Indeed, larval ontogenetic vertical migrations have been 
found to play a key role in the connectivity pattern of species with long 
PLDs (Butler et al., 2011), and could also be relevant in the development 
of deep-sea species with temperature-dependent larval cycles such as 

Fig. 8. Estimated distribution and abundance of A: newly-moulted PZ I at the surface (individuals per 1000 m3); B: newly-moulted PZ II at the surface (individuals 
per 1000 m3); C: eggs at spawning in the water column (per km2); D: individuals at the beginning of the decapodid phase in the water column (per km2). Bathymetry 
lines shown at 200, 1000 and 2000 m. 
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A. antennatus. In addition, a previous modelling study for this species in 
the Mediterranean Sea found that the scenarios that accounted for a 
large vertical migration of the egg or of the first larval stages were found 
to be the most realistic (Palmas et al., 2017). A new survey with a finer 
mesh size that could catch A. antennatus eggs and nauplii would be 
desirable in order to obtain information about their density and size, and 
to confirm the absence of these larval phases above the spawning 
grounds depth. This would adequately illustrate the ontogenetic vertical 
migration of the PZ I. Previous studies coupling crustacean larvae field 
data with numerical simulations generally derive from deeper knowl-
edge of larval ecology of the studied species, longer sets of field data and 
a broader understanding of interannual hydrodynamics, due to the 
studied species inhabiting shallow waters that are well-known and more 
accessible (e.g., Criales et al., 2015; Morgan et al., 2009). The simulation 
section of the present study presents some limitations due to the lack of 
knowledge about the early life stages of the species, and to the difficulty 
of including other parameters relative to the wider ecological system in 
which they live, such as their natural mortality and predation, the 
presence of food, and the Daily Vertical Migrations that these larvae 
might perform. As referred to in Clavel-Henry et al. (2020a), the intro-
duction of turbulence in the model led to small variations during the 
simulation that hardly modified the final distribution of the simulated 
particles. However, the changes in location and intensity of the eddies 
throughout the simulated period did modify the outputs of the simula-
tion, and therefore the connectivity pattern in the area. The results of the 
present study are only representative of a typical Western Mediterra-
nean summer, and do not account for interannual variations of hydro-
dynamic barriers. However, a recent decade-long larval transport 
simulation study for A. antennatus larvae showed that the dispersal re-
sults of the summer of 2016 did not stand out from the rest and can be 
considered to illustrate the standard effect of the NBF in the dispersal 
dynamics (Clavel-Henry et al., 2021). In that study, the dispersal of 
particles to the Southern zone was limited by the position of the NBF, 
and whenever the anticyclonic eddy was located south of this structure, 
the simulated larvae were transported towards open sea (Clavel-Henry 
et al., 2021). 

Our simulation results also give information about the possible 
location of A. antennatus larvae at the beginning of their last larval 
phase, the decapodid, showing that their distribution may move away 
from the continental shelf into deeper waters. This information is in line 
with a previous trawl survey that reported the presence of juveniles of 
the species at depths lower than 1000 m (Sardà and Cartes, 1997), and 
may also explain why A. antennatus decapodids were absent from our 
zooplankton samples. Further zooplankton samplings in these areas 
would be necessary in order to validate our simulations regarding this 
late larval stage. 

The larval density values found for A. antennatus in the neuston 
sledge were up to one order of magnitude higher than the values found 
in the MOCNESS samples in close-by stations. The horizontal tow of the 
sledge seemed to be more effective in catching high numbers of larvae 
than the oblique tows of the MOCNESS. This could be explained by the 
fact that these larvae are not homogeneously distributed along the water 
column, but aggregate in horizontal layers, so that an oblique tow, 
spending little time fishing at a particular depth, fails to catch a high 
number of them. According to our results, A. antennatus larvae may go 
through a relevant phase of development in the first few meters below 
the surface, far from the spawning areas, but certainly, a grid of hori-
zontal tows near the Deep Chlorophyll Maximum (DCM), at 50–70 m 
depth, would be desirable in order to compare to our results. 

Together with numerical simulations, observed data on larvae have 
been used in fisheries science mainly in fish species, but also in some 
decapod crustaceans such as the Norway lobster, Nephrops norvegicus, or 
the American lobster, Hommarus americanus (Briggs et al., 2002; Hare 
and Richardson, 2014). The larval distribution of A. antennatus 
described in this study allows for the validation of the larval dispersal 
model by Clavel-Henry et al. (2020a) and broadens the knowledge on 

the distribution of the first larval stages of the species, particularly that 
of the PZ I. Besides informing further studies that can refine the simu-
lations and expand the knowledge of the species larval biology and 
ecology, our results can also support the decision-making process on the 
scaling of management measures for the fishery of the deep-sea blue and 
red shrimp. 

The current management regulations, in place only at a local scale in 
the northern submarine canyons area of the GSA 6, could progress into 
regional-scale plans taking into account the division of the GSA 6 in 
three zones attending to oceanographical and dispersal patterns pro-
posed by Clavel-Henry et al. (2020a), now validated and reinforced by 
our observed larval abundance data. A specific management strategy 
cannot be formulated without new surveys that cover a longer period of 
time and provide more information to improve the simulations, taking 
also into account an interannual analysis of the larval dispersal patterns 
over several years, such as proposed by Clavel-Henry et al. (2021). 
However, in light of our results, we are able to point in the direction of a 
regional-scale approach of a GSA 6 divided in the three zones referred to 
throughout the study (i.e., Northern, Central and Southern). While 
management measures such as the establishment of closure periods and 
a fixed mesh size are based on the biology of the adult individuals and 
can be unified throughout the GSA 6, the specific limits to the fishing 
effort could be considered separately depending on the observed hy-
drographic conditions for each zone, once the dispersal patterns are fully 
understood. The monitoring of the fishery would probably also benefit 
from the division in more approachable units. This compartmentalisa-
tion might be an achievable goal in the path of extending the current 
local-scale regulations to the whole basin, while at the same time 
acknowledging the influence of natural hydrodynamic barriers in the 
area and the different dispersal patterns of the species in each zone. 

5. Conclusions 

The larvae of the blue and red shrimp A. antennatus have been caught 
in the plankton during the peak of the reproductive period of the species 
(July–August), with the first protozoea widely predominating in both 
the horizontal surface layer and the integrated water column samples. 
The horizontal tows of the neuston sledge were more effective in 
catching the larvae than the oblique tows of the MOCNESS. New surveys 
targeting the species eggs, nauplii and decapodid phases would be 
desirable in order to complete the knowledge about the species life 
cycle. 

Our plankton observations and further simulation results validate 
the model proposed by Clavel-Henry et al. (2020a) and allow for a 
proposal to divide GSA 6 fisheries assessment and management area in 3 
management zones: a northern zone, from the Gulf of Lions to Barce-
lona, a central zone from Barcelona to Valencia and a southern zone 
from Valencia to Cartagena. Interactions between the three zones should 
be considered and further surveys should be carried out to compare 
results in different conditions presented over a longer period, but, ac-
cording to our results, this smaller-scale, regional-based management 
seems to be a sound compromise between the regulations currently in 
place at a local scale and the official management subarea division at 
basin scale. 
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de Catalunya. Estadístiques de pesca. Available at. http://agricultura.gencat.cat/c 
a/ambits/pesca/dar_estadistiques_pesca_subhastada. 
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