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9 Highlights

10 ● Pelagic larvae were retained in a zone of density front 

11 ● Interannual variability of the larval retention rates was low

12 ● Larval retention rates and the density front position were correlated

13

14 Abstract

15 Marine fronts are oceanographic drivers for marine species dispersal, especially for their pelagic 

16 organisms like the larvae. Larvae can aggregate at the front and consequently have a limited dispersal, 

17 which in turn reduces the connectivity between marine populations. Due to the high variations in the 

18 ocean, the fronts also have annual changes (i.e., its formation period, gradient, and position), which 

19 have poorly-documented effects on larval retention. In the northwestern Mediterranean Sea, a surface 

20 density front is localized across a continental margin which is also indented by submarine canyons. 

21 There, an abundant population of the commercial deep-sea blue and red shrimp Aristeus antennatus 

22 (Crustacea: Decapoda: Dendrobranchiata: Aristeidae) inhabits the seafloor. Each summer, the shrimp 

23 offspring are released in pelagic deep-sea and access the superficial waters divided by the density 

24 front. In this study, we focused on the interannual variability of the density front influence on the 

25 larval transport of shrimps and its repercussions on the potential connectivity between shrimp 

26 populations at each front side. A particle-tracking model simulated the larval transport of A. 
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27 antennatus in hydrodynamics of the northwestern Mediterranean Sea between the years 2006 and 

28 2016. Larval drift distance and seawater density were correlated by 98%. Over the years 2006-2016, 

29 the front region retained 86% of larvae, but this rate yearly varied due to changes in density gradient 

30 and position of the front. For example, in 2010, 48% of larvae connected to zones south of the front 

31 when the density gradient was relatively low. In 2015, 99.2% of larvae were retained in the front 

32 region when the latitudinal front position and density gradient were relatively high. Interannual 

33 variability of the front position was potentially related to the strength and position of mesoscale 

34 circulation patterns. Our findings suggest that the larval retention on habitats favored by canyon 

35 productivity because of the front could explain the persistent abundance of A. antennatus population. 

36 This information is important to set or improve the fisheries management in zones with strong 

37 interannual hydrodynamic variability.

38

39 Keyword: Spain, Mediterranean Sea; deep-sea shrimp; oceanic front; interannual variability; larval 

40 transport

41

42 1. Introduction

43 The sustainable management of fish and crustacean stock is based on the balance of favorable 

44 environmental conditions, a viable renewal of the population, and good practices from multiscale 

45 fishery activity. Most commercial stocks are assessed yearly considering an estimate of the present 

46 biomass, their reproductive potential, and the mortality by fishery (Cooper & Weir, 2006). However, 

47 ecology, distribution, and dispersal of invertebrates and fish larvae are of great interest for research 

48 in population dynamics and the management of marine resources (Criales et al., 2019; Domingues et 

49 al., 2012). 

50

51 In many marine species, larvae are the first stages in the species life cycle and live in the pelagic 

52 water for a time period during which they can be transported over 10-100 kilometers away from the 
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53 parents (Cowen et al., 2006). The scale of their transport can explain which populations could 

54 replenish by themselves and which ones could continuously or temporally supply other marine 

55 communities with recruits. The knowledge of the larval pathway is important to understand the 

56 connectivity between marine populations and is valuable for stakeholders involved in the 

57 management of human activities. Nonetheless, due to the hardship of directly observing the larval 

58 transport by plankton sampling, population connectivity studies rely on alternative methods such as 

59 parental genetics, geochemical markers, and biophysical models (Balbar and Metaxas, 2019). To 

60 predict the larval dispersal, the latter method couples a hydrodynamic model and a particle tracking 

61 model in which the particles represent larvae and their characteristics. Numerous studies addressed 

62 the question of connectivity through biophysical models and encouraged the stakeholders to consider 

63 their results for fishery management decisions (i.e., Kough et al., 2013; Ospina-Alvarez et al., 2015; 

64 Nicolle et al., 2017).

65

66 Larval dispersal is balanced between the larval ecology distributing the larvae in different water 

67 masses and the physical processes in these masses such as the water circulation. These processes can 

68 be declined in several scales in time and space, which have separate impacts on larval transport. 

69 Overlapping with the spatial and time scales of 10 to 100 km and a couple of weeks, the mesoscale 

70 circulation (e.g., eddy, front, meander, and upwelling) has a role in the intra- and interannual 

71 variability of the larval distribution (e.g., Galarza et al., 2009; Woodson et al., 2012) and the larval 

72 dispersal through biophysical models (e.g., Cetina-Heredia et al., 2019). Additionally, because 

73 spawning event of eggs and larvae occurs on specific (e.g., once a year) or episodic periods (e.g., 

74 several times per year), the larval transport is also dependent on the temporal changes of the 

75 mesoscale circulation (Criales et al., 2005; Mayorga-Adame, et al., 2020; Schilling et al., 2020; 

76 Snauffer et al., 2014). Then, analyzing the larval dispersal variability after several spawning events 

77 can give insights for establishing the larval pathway constancy over time and to identify the 
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78 hydrodynamic changes that improve or hamper the recruitment on fishing grounds (Ospina-Alvarez 

79 et al., 2015; Snauffer et al., 2014; Tiessen et al., 2014). 

80

81 In many larval dispersal studies using biophysical models, the eddies were indicated as a significant 

82 and variable retentive influence on larval dispersal over different period scales (i.e., month, season, 

83 and year) because of their lifetime, strength, size, and position (Bakun, 2006; Condie and Condie, 

84 2016). Unlike the eddies, the impact of density fronts, their strength, and position on larval dispersal 

85 has never been addressed, although a few studies were interested in their retentive effect. Yet, in open 

86 waters, the fronts are major physical processes having similar scales in time and space than eddies, 

87 but they have different dynamic features, which impact the larval development, e.g., it separates water 

88 masses with different temperatures (Sabatés and Olivar, 1996; Woodson et al., 2012). Many studies 

89 investigated the front position influence on adult and larval distribution (i.e., Amores et al., 2013; 

90 Gannier and Praca, 2007; Galarza et al., 2009; Sabatés and Olivar, 1996) but despite Lagrangian 

91 modeling studies stating the front influence on the larval dispersal (e.g., Branicki et al., 2011; Mancho 

92 et al., 2008; Ospina-Alvarez et al., 2012), information about the interannual variability of the front 

93 characteristics on the larval dispersal is scarce.

94

95 In the northwestern Mediterranean Sea, a surface density front called the North Balearic Front (NBF) 

96 separates the recent and light Modified Atlantic Water from the old and dense Modified Atlantic 

97 Water (López-Garcia et al., 1994). The NBF extends from the north of the Balearic Archipelago to 

98 the western side of the Corsica or Sardinian island (Herbaut et al., 1996; Millot, 1999). The dynamics 

99 of the NBF have seasonal and short time scale variations generated by mesoscale circulation and 

100 strong-wind events (López-Garcia et al., 1994; Seyfried et al., 2019), respectively, and both affect 

101 the latitudinal position of the NBF in the NW Mediterranean Sea. In summer, the western part of the 

102 NBF, also called the Pyrenees front, is localized perpendicular to the continental margin (López-

103 Garcia et al., 1994), which is incised by three submarine canyons (Cap de Creus, Palamós and Blanes 
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104 canyons) and overexploited fishing grounds. Besides its location, the NBF is established like a 

105 Lagrangian barrier (Mancho et al., 2008) and influences the marine ecosystems from the 

106 phytoplankton to marine mammals distributions (Estrada et al., 1993; Gannier and Praca, 2007). To 

107 our knowledge, the link between the interannual variability of the NBF and larval dispersal variability 

108 has never been estimated before, and yet, it could have some interesting consequences for fisheries 

109 in the areas affected by the NBF. 

110

111 In particular, the consequence of the NBF on the connectivity of Aristeus antennatus would be useful 

112 for the fishery management of the shrimp, one of the most targeted species in the western 

113 Mediterranean Sea. The landings of A. antennatus are the highest of the NW Mediterranean Sea in 

114 the fishing harbors of Palamós and Blanes (Company et al., 2008; Gorelli et al., 2014) thanks to the 

115 harbor proximity with high productive submarine canyons (García del Arco et al., 2016, Carretón et 

116 al., 2018, Clavel-Henry et al., 2020b). Yet, only one management plan limits the fishery activity of 

117 A. antennatus on the fishing ground of the Palamós Canyon (BOE 2013; 2018). To date, research 

118 projects are still led to understand the mechanisms explaining the constancy of the shrimp abundance 

119 and justifying the high connectivity rates between shrimp populations (e.g., genetic flow; Sardá et 

120 al., 2010). One of these mechanisms could be related to the impact of the western part of the NBF on 

121 the larval dispersal of A. antennatus. From the moment of spawning to metamorphose into juveniles, 

122 the transports of their larvae and larvae of similar deep-sea shrimp (i.e., Aristaeomorpha foliacea and 

123 Parapenaues longirostris) depend on the hydrodynamics and several ecological traits, e.g., duration 

124 in pelagic water and egg buoyancy (Clavel-Henry et al., 2019; 2020a; 2020b; Palmas et al., 2017; 

125 Quattrochi et al., 2019). The NBF influence on the larval dispersal of A. antennatus was not clearly 

126 defined in Clavel-Henry et al. (2020a) but they identified two patterns of larval transport associated 

127 with water masses of different temperatures in the NBF area.

128
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129 In this context, this study aims to 1) estimate the impact of the NBF and its interannual variability on 

130 A. antennatus larval transport, 2) assess the eventual larval retention in the vicinity of the submarine 

131 canyon grounds, and 3) describe the oceanographic mechanisms leading to interannual variability of 

132 larval dispersal. Lastly, we discussed the potential influence of the NBF in the management of the 

133 shrimp resource.

134

135 2. Methods

136 Simulations of A. antennatus larval transport were modeled in the Northwestern Mediterranean Sea. 

137 We first analyzed the characteristics of larval transport over different summers and then, we related 

138 those characteristics to the oceanographic conditions. The estimation of larval transport used the 

139 summer circulation between 2006 and 2016 from an ocean circulation model coupled with a 

140 Lagrangian tracking model. 

141

142 2.1. Interannual hydrodynamics

143 The three-dimensional circulation of the NW Mediterranean Sea was modeled by the Regional Ocean 

144 Modeling System (ROMS; Shchepetkin and McWilliams, 2005) between 2006 and 2016. The model 

145 domain was defined from 0.65º W to 6.08º E and from 38º N to 43.69º N with a horizontal resolution 

146 of 2 km (256 x 384 cells) and 40 sigma vertical levels with a finer resolution close to the surface 

147 (more details in Clavel-Henry et al., 2019). 

148

149 The hydrodynamic model with interannual variabilities was implemented by forcing the 

150 climatological runs of the NW Mediterranean Sea circulation model described in Macías et al. (2011) 

151 and Clavel-Henry et al. (2019) with gridded atmospheric conditions between 2006 and 2016. All 

152 atmospheric forcings came from ERA-Interim reanalysis (Dee et al., 2011) and had a spatial 

153 resolution of half a degree. The air temperature, cloud cover, freshwater flux, wind, and surface 

154 pressure had a time resolution of 6 hours. The shortwave radiation, long-wave radiation, and 
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155 precipitation had a time resolution of 12 hours. The forcing conditions for air temperature and wind 

156 (curl, zonal and meridional components) have been analyzed to detect periodicities coming from the 

157 meteorological forcing. Besides seasonal periodicity and trend among the period, interannual 

158 repeated patterns are not found (results not shown). The forcing files were processed to fit the ROMS 

159 grid using the python package Romstools (https://github.com/trondkr/romstools). Daily 

160 climatological discharge of two important rivers (Ebro and Rhone) was included as forcing and 

161 supplied the hydrodynamic model with fresh water. The open boundary conditions were 

162 climatological and obtained from NEMO (available from https://www.nemo-ocean.eu/, last access: 

163 March 2012). They were interpolated to the ROMS grid and had a sponge layer of 10 horizontal grid 

164 points with a nudging relaxation time of 30 days.

165

166 This interannual implementation of ROMS was used for the first time in this study and was validated 

167 using the same methodology as in Clavel-Henry et al. (2019). Real observation of temperature and 

168 salinity came from 4,850 ARGO buoys from January 2006 to December 2016. The domain was 

169 divided into 6 sectors (see Figure S1) based on the dynamic gradient indicator f/h, which represents 

170 the geostrophic constraints (h, the bottom depth) on the vorticity fields (f, the Coriolis force). Then, 

171 we averaged at least 20 ARGO profiles per year and month within each sector and we compared them 

172 with the average profiles made within the same month, year, and sector from the interannual 

173 implementation of ROMS. The Root Mean Square Error (RMSE), the standard deviation, and the 

174 correlation were displayed in Taylor diagrams (Taylor, 2001). The comparison generally showed 

175 good results; with correlations between average ARGO profiles and average profiles from the 

176 interannual implementation of ROMS higher than 0.8 for 84% temperature profiles and 98.5% 

177 salinity profiles (see Additional file 1, Figures S2-S10 for validation in summer estimations). 

178

179 2.2. Larval transport model

https://github.com/trondkr/romstools
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180 We used the framework of OpenDrift (Dagestad et al., 2018) to simulate the offline displacement of 

181 larvae within the three-dimensional ROMS model. The particle-tracking model spatially and 

182 temporally interpolated the ROMS model outputs (e.g., velocities, temperature) to the individual 

183 positions. The displacement equation corresponded to: 

184 (1)𝑑𝑋 = 𝑈 ⋅ 𝑑𝑡 + 𝐵 ⋅ 𝑑𝑡 + 𝑆 ⋅ 𝑑𝑡

185 where dX is the 3D displacement of the individuals after the time step dt from their previous position 

186 (i.e., longitude, latitude, and depth), U the 3D velocity vector from the hydrodynamic model, B the 

187 vertical velocity induced by positive egg buoyancy, and S the vertical velocity taken by larval 

188 swimming at nauplius stage only (with S = 0 m s-1 by default). The time step dt for the advection of 

189 individuals was 1 hour and the output of the simulation was saved every 12 hours. The displacement 

190 equation was resolved with a fourth-order Runge-Kutta scheme and particles reaching the coast or 

191 reaching the postlarval stage were stranded.

192

193 The vertical velocity from egg buoyancy was computed by one of two schemes adapted for spherical 

194 objects in different water regimes (i.e., the laminar regime, equation 1 in Sundby (1983); the transient 

195 regime, equation 2-11 in Dallavalle (1948)). These schemes relied on water characteristics (viscosity, 

196 density) and embryo information (density, size). Due to a lack of data on the embryonic ecology of 

197 A. antennatus, the egg densities were randomly selected in a Gaussian distribution having a mean of 

198 984 kg m-3 and a standard deviation of 36 kg m-3. Egg diameters were randomly selected in a Gaussian 

199 distribution having a mean of 330 μm and a standard deviation of 40.5 μm. Both values were selected 

200 from estimations of egg density in surfaced eggs and observations of the oocyte size provided by 

201 Clavel-Henry et al. (2020a) and Demestre and Fortuño (1992), respectively.

202

203 After the eggs hatched, we set B = 0 m s-1. For all eggs that did not hatch in the upper 15 m depth, a 

204 velocity S was set for the newly hatched nauplius to reach water depths higher than 15 m. The value 

205 of S was the straight distance between the hatching depth and 15-m depth divided by the nauplius 
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206 stage duration. The velocity S was set to 0 m s-1 once the nauplius turned into protozoa. By 

207 implementing this, we complied with the high quantity of first protozoea stages collected near the 

208 surface (Carretón et al., 2019) and we also focused our interest on the hydrodynamics in waters above 

209 the thermocline.

210

211 2.3. Initialization of the transport

212 Larval transport was modeled using Lagrangian particles with biological and behavioral components 

213 that were estimated from the adult and larval ecology.

214

215 The spawning of eggs corresponded to the period of the spawning peak of A. antennatus in July and 

216 August (Demestre and Fortuño, 1992). Four spawning events occurred each year between 2006 and 

217 2016 and started on July 1, July 15, August 1, and August 15. The eggs were released near sea bottoms 

218 between 360 and 710 m according to the knowledge and estimation about the ready-to-spawn female 

219 spatial distribution (Clavel-Henry et al., 2020b; Sardà et al., 1997; Tudela et al., 2003). On the canyon 

220 bottom margins, we released 120 eggs per grid cell between 480 and 590 m depth and 90 eggs per 

221 grid cell outside of this range (i.e., 360-480 m depth and 590-710 m depth). On the bottom of open 

222 slopes, 60 eggs per grid cell were released between 480 and 590 m; and 30 eggs per grid cell outside 

223 this range. Thus, the transport of 56,970 eggs was simulated from a spawning event (e.g., July 1, 

224 2006), making a total of 2.5 million simulated larval transport between 2006 and 2016. The number 

225 of particles per simulation was above the limit of 50,000 eggs set in Clavel-Henry et al. (2020a), and 

226 consequently, we prevented biases induced by low particle numbers in the analyses of the drift 

227 simulations.

228

229 The drift duration corresponded to the Pelagic Larval Duration (PLD), including the embryonic and 

230 larval durations. Due to a lack of information on A. antennatus larvae, the use of a multiple linear 

231 regression fitted on larval stage duration of different Penaeid species according to the water 



10

232 temperature approximated the PLD (Clavel-Henry et al., 2020a). The larval stage duration of the A. 

233 antennatus was computed every time a stage molted into a new one during the simulations of the 

234 larval transport. The computation used the ROMS-estimated water temperature that was extracted 

235 and interpolated at the location where the larvae molted. Then, the drift duration corresponded to the 

236 sum of the larval stage durations.

237

238 Due to the lack of knowledge, swimming, growth rate, and mortality were not included among the 

239 behavior and biological components.

240

241 2.4. Contribution of the NBF in the larval dispersal

242 The relation between the NBF and the larval dispersal was estimated by analyzing the simulated 

243 transport from eggs released in the front zone. To do so, the domain of the NW Mediterranean Sea 

244 was first divided into 8 zones according to the water density gradients (Figure 1). Then, we focused 

245 on simulated larval transport initialized in the zone affected by the density front (zone 2 in Figure 1) 

246 and the rates of individuals from zones 1 and 3 supplying zone 2. Each zone contained one of the 

247 three important submarine canyons of the area: the Cap de Creus Canyon in zone 1, the Palamós 

248 Canyon in zone 2, and the Blanes Canyon in zone 3 (see Figure 1). In a climatological year, the NBF 

249 was localized between the canyons of Palamós and Blanes (i.e., at seawater anomaly around 0 kg m-

250 3 in Figure 1).



11

251

252 Figure 1. Spatial density anomaly in the summer surface waters of the northwestern 

253 Mediterranean Sea. The anomaly is the climatological seawater density (average between 2006 and 

254 2016) from the Regional Ocean Modelling System minus the average surface water density of the 

255 studied area (1025 kg m-3). Eight zones were defined according to the density gradient changes. 

256 Dashed lines represent the bathymetric range (360 and 710 m) where eggs were released. The 

257 analyses mainly focused on simulated larval transports from eggs released in zone 2 and secondarily 

258 in zones 1 and 3 (white area). We localized the canyons of Cap de Creus (zone 1), Palamós (zone 2), 

259 and Blanes (zone 3) in a grey-contoured rectangle.

260

261 To estimate the contribution of the NBF in the interannual variability of the A. antennatus larval 

262 dispersal, we measured the drift distance (i.e., the sum of displacements at each time step for each 

263 individual), duration (PLD), and residence time within the front zone (i.e., zone 2) for each individual. 



12

264 From the moment the simulated larvae reached the surface layer to their postlarval stages, the water 

265 temperature and density recorded at each particle position during the transport simulations were 

266 extracted and averaged during that period. Then, we analyzed the detrended variations of these 

267 metrics (i.e., water properties and larval transport characteristics) over time (i.e., 2006-2016) and 

268 space (i.e., latitudes of the spawning site in zone 2 bracketed by ~41.4º N and 42º N) and the 

269 correlation between them.

270

271 To assess the larval retention in the front zone, we estimated the connectivity rate (i.e. the percentage 

272 of individuals reaching a neighborhood zone from the release zone 2) and the retention rate (i.e., the 

273 percentage of individuals being retained on the release zone). We also considered the supply of 

274 individuals from zone 1 and 3 into zone 2 to have an overview of the circulation beyond our studied 

275 zone. 

276

277 Finally, to establish the oceanographic processes affecting the larval transport variability, we related 

278 the results from the larval transport (i.e., drift distance and duration) to the latitudinal position of the 

279 front and its sharpness. The front position was approximated by the gradient change of seawater 

280 density on Northeast-Southwest transects and was close to the pycnocline of 1025.5 kg m-3, on 

281 average. We indexed the change of the front position over the 11 summers (i.e., between 2006 and 

282 2016) by computing the distances between a climatological front (i.e., the density front detected in 

283 the average seawater density between 2006 and 2016) and the annual fronts. For this purpose, we 

284 made 50 parallel transects between the climatological and annual fronts, and we made an average of 

285 the transect lengths (see Figure S11). Similarly, the strength of the front – i.e., how the gradient 

286 changed over a certain distance – was approximated by the difference of seawater densities estimated 

287 at each end of a 20 km segment centered on the front (see Figure S12).

288
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289 Afterward, we selected three years in which the estimated connectivity rates were extreme (minimum 

290 and maximum rates) and illustrated them with featured mesoscale circulation patterns (eddy position 

291 and size, isopycnal near the fronts). We detected the position of large eddies and meanders through a 

292 vector geometry-based algorithm developed in Nencioli et al. (2010) and adapted in R. The detection 

293 worked and complied with four conditions applied on the zonal and meridional velocity. The 

294 algorithm considered the change of velocity direction (West/East or North/South) and the rotational 

295 circulation around potential eddy centers. We retained the center position of closed circular 

296 circulation (eddy) and semi-closed circular circulation (meanders) near the NBF for the monthly 

297 persistent and strong structures. Later, as defined in Nencioli et al. (2010), the area of those structures 

298 was the biggest circular contour from the streamlines around the eddy center position (see Figure 

299 S13).

300

301 3. Results

302 The front zone (zone 2 in Figure 1) corresponded to a zone of temporally-variable hydrodynamics 

303 and water properties estimated indirectly by the larval dispersal characteristics between 2006 and 

304 2016 (Figure 2). The Pelagic Larval Duration lasted 20.3 days, on average, and was framed by PLDs 

305 of 1.4 days less in 2015 and 0.9 day more in 2011 (Figure 2.A). The PLD was negatively correlated 

306 to the seawater temperature (Pearson correlation: 61%, p-value < 0.05), which reached 1.2 ºC less in 

307 2007 and 1.5 ºC more in 2015 than the average of 23.3 ºC (Figure 2.B). In the summers of 2009 and 

308 2012, two local maxima in drift distances rose to 21 km and 39 km more than the average of 120 km 

309 (Figure 2.C). On the contrary, the drift distance had two local minima of 29 km and 27 km less than 

310 the average in the summers of 2006 and 2013. The drift distance was not strongly correlated to the 

311 PLD (Pearson correlation: 40%, p-value < 0.05) and to the residence time of the individuals within 

312 the studied zone (Pearson correlation: 33%, p-value < 0.05). Larvae could be transported over long 

313 distances like in the summers of 2010 and 2012 and either stayed in our studied zone (i.e., in 2012, 

314 residence time 2 days longer than the average of 18.2 days, Figure 2.D) or left it (i.e., in 2010, 
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315 residence time 4 days shorter than the average, Figure 2.D) when they had both a PLD similar to the 

316 average of 20.3 days. More generally, it showed that the change of water temperature and current 

317 velocity were not enough to explain the variability of larval transport. 

318

319

320 Figure 2. Yearly variations of detrended environmental and drift characteristics. Detrends of 

321 environmental and drift characteristics are their yearly deviation from the average over the years 

322 2006-2016. The X-axis is the years from 2006 to 2016. The Y-axis are the Pelagic Larval Duration 

323 (PLD; A), the water temperature at individual coordinates (B), the drift distance (C), and the residence 

324 time (D) for individuals released from zone 2 (see Figure 1).

325

326 According to the latitudinal releases of individuals, the characteristics of the larval transport presented 

327 high correlations with the water properties (see Figure 3). The drift distance and the seawater density 

328 were correlated by 98% (p-value < 0.05); the drift distance and the residence time by 93% (p-value 

329 < 0.05) and the water density and the residence time by 91% (p-value < 0.05). In particular, when the 

330 individual releases occurred at latitudes lower than 41.65º N, the residence time, as well as the drift 
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331 distances, became shorter (i.e., by 5 days and by 40 km, respectively) and the water density decreased 

332 by 0.5 kg m-3. Between 41.65 ºN and 41.9 ºN, the water density presented a local maximum and 

333 minimum at 41.7º N and at 41.85º N where the density values were 0.15 kg/m3 higher and 0.1 kg m-

334 3 lower than the average, respectively. These variations were also detected in the drift distances at the 

335 same latitudes and the transport rose by 19 km and decreased by 4 km, respectively. Beyond 41.9º N, 

336 the drift distance was up to 24 km longer than the average. Overall, larvae were transported 56 km 

337 less if they were released near the southern border of zone 2 than if they were released around the 

338 northern border. These patterns over the latitudinal gradient were yearly repeated, even though the 

339 yearly values could have a gap up to |40| km in the drift distance, |0.46| kg m-3 in the seawater density, 

340 and |4| days in the residence time compared to the average (Figure 3). It indicated that each year, the 

341 density front split zone 2 into a northern part under strong advection and a southern part under less 

342 intense current, which transported individuals outside of the studied zone.

343

344 Figure 3. Latitudinal variations of detrended environmental and drift characteristics. Detrends 

345 of environmental and drift characteristics are their yearly deviation from the average over the years 

346 2006-2016. The X-axis are the drift distance (A), the water density at individual coordinates (B), and 
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347 the residence time (C). The Y-axis is the range of released latitudes for individuals from zone 2 (see 

348 Figure 1).

349

350 The dispersal of individuals toward other zones was rather limited and the retention rate within zone 

351 2 averaged at 85.9% (Figure 4). Except for simulations in the summers of 2010 and 2014, the retention 

352 rates varied between 81.7% and 99.8% and reached maximum in 2012 and 2015. During these 

353 summers, zone 2 received 19.6% and 24.8% of individuals from the nearest southern zone (zone 3 in 

354 Figure 1). Two local minima of the retention rates of 48.3% and 76.5% were observed for the 

355 simulations in the summers of 2010 and 2014, respectively. However, two local maxima in the larval 

356 dispersal rates toward the southern zone 3 reached 51.5% and 23.5% in the summers 2010 and 2014, 

357 respectively (Figure 4.B). All along the years, the zone 1 (i.e., the zone with high water density at the 

358 surface in Figure 1), has abundantly supplied the zone of interest by 70.3% of its individuals on 

359 average. In 2006 and 2013, a lower supply of larvae than the average (i.e., dispersal rates at 56% and 

360 62.2%) were estimated, while in 2016, the supply was higher than the average (i.e., 81.3%).

361

362 Figure 4. Dispersal rates over the period 2006-2016. Estimation of the dispersal rates from the 

363 release zone 2 (A), and from the northern zone 1 and the southern zone 3 to zone 2 (B). The dispersal 
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364 rates on the middle row correspond to retention rates in zone 2. See Figure 1 for the spatial 

365 representation of zones.

366

367 The previous findings indicated that the front zone was mainly a retention zone. Nonetheless, the 

368 temporal variability of the front strength, represented by the density gradient near the front, as well 

369 as its spatial position affected larval dispersal (Figures 5 and 6). More precisely, they were correlated 

370 by 59% (p-value = 0.05) and 72% (p-value = 0.01) to the retention of larvae in the front zone, 

371 respectively. On one hand, we observed that during the summers of high retention rates like in 2012 

372 and 2016, the front strength was high: the water density increased by 0.88 to 0.90 kg m-3 over 20 km 

373 northeastward transects centered on the front position (see Figure 5). For those years, the front was 

374 slightly further north than the climatological front (7 to 20 km, see Figure 6). On the other hand, 

375 lower retention rates in 2010 and 2014 were combined with low raises of density; around 0.41 and 

376 0.28 kg m-3, respectively. Additionally, the fronts were located more than 30 km to the south of the 

377 climatological front, which were consequently the highest anomalies in the front positions.

378

379 Figure 5. Interannual variability of the density gradient across the NBF front. The X-axis is 

380 years from 2006 to 2016. The Y-axis is the average density gradient computed between two 

381 coordinates, each 10 km away from the density front. A vertical bar represents the standard deviation 

382 around the mean (full black circle).



18

383

384 Figure 6. Interannual variability of the front position related to its climatological position. The 

385 X-axis is years from 2006 to 2016. The Y-axis is the average distance between fronts at a specific 

386 year and a climatological year (average of the seawater density fields estimated in the ROMS model 

387 between 2006 and 2016). Positive/negative distances correspond to fronts above/below the 

388 climatological front. The horizontal dashed line represents a distance of 0 km. A vertical bar 

389 represents the standard deviation around the mean (full black circle).

390

391 Larval retention was the consequence of distant mesoscale structures of the NW Mediterranean Sea. 

392 The variability of the density front was related to the proximity of the anticyclonic and cyclonic 

393 circulation structures (see Figure 7), which contribute to the convergence of water masses. As shown 

394 previously, the density front was correlated to the drift distances, the residence time (Figure 3), and 

395 dispersal rates (Figure 4). The circulation in years with sharp fronts and strong retention (2012, 2015, 

396 and 2016) was furthermore related to the Northern Current and a southern anticyclonic eddy close to 

397 the density front. Especially in 2012, 2015, and 2016, the edges of large eddies restrained the dispersal 

398 of individuals towards the south and also transported a significant number of individuals released 

399 from the southern zone 3 (see Figure 4B). These dispersals can be observed as well with large 

400 meanders that gather similar circulations (i.e., edge close to our studied zone and negative vorticity 

401 as in 2009 and 2011, see Additional file S14.D and S14.F). Oppositely, in some years (e.g., 2010), 

402 the convergence of the flows was weaker and the density gradient at the front was not sharp, with 
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403 persistent large eddies detected far from the studied zone, or with no detection of eddies. In those 

404 cases, larval dispersal increased toward the south, such as in 2010, when the retention rate was the 

405 lowest, but the drift distance was among the highest (135 km). With these observations, we related 

406 the front variability to the position and size of southern eddies or large meanders that were persistent 

407 and emerged in the monthly average of the ROMS hydrodynamics (see Figure 7).

408

409

410 Figure 7. Maps of the dispersed larvae after drift simulations. Individuals were initially released 

411 within the zone impacted by the density front (zone 2 in Figure 1) in 2010 (A), 2012 (B), and 2015 

412 (C). Those years were selected because individuals had extreme dispersal rates (see Figure 4). 

413 Pycnoclines at the surface ranged between 1024.5 (24.5) to 1026 (26) kg m-3. Other maps per year 

414 are provided in the supplementary files (Figure S14).

415

416 4. Discussion

417 Yearly simulation of larval transports in the area of major submarine canyons represented how the 

418 interannual variability of the hydrodynamics near the NBF could limit the population connectivity of 

419 A. antennatus with the southern semi-enclosed Balearic Sea. Among diverse mesoscale circulation 

420 structures around the front, influences from southern anticyclonic eddies and large meanders could 

421 have substantially driven larval transport.
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422

423 4.1. Influence of the NBF on the larval transport

424 Larval transport and dispersal of A. antennatus toward the southern semi-enclosed Balearic Sea 

425 depended on the NBF and its latitudinal position over the decade 2006-2016. The limitation of the 

426 larval transport because of the NBF was already assumed from the studies of Mancho et al. (2008) 

427 and Branicki et al. (2011) that, at 15 m deep, defined the NBF as a Lagrangian barrier with few 

428 possibilities to be crossed. In our study, the larvae were affected by the NBF even though they were 

429 distributed at the surface layer. Larvae were advected towards the open sea by the strong 

430 southeastward circulation belonging to the Gulf of Lions gyre and observed along the front (Millot, 

431 1999; Poulain et al., 2012). 

432

433 Additionally, the simulated larval dispersal of A. antennatus depended on the latitudinal NBF position 

434 at different summers, which was either favorable for higher retention and reception of larvae in the 

435 vicinity of the Palamós Canyon or a higher dispersal in the southern zones of the semi-enclosed 

436 Balearic Sea. Mariani et al. (2010) had a similar conclusion about the role of a displacing front on 

437 the recruitment of tunas in a southern part of the NW Mediterranean Sea. Also, Sabatés and Olivar 

438 (1996) showed that the geographical position of a shelf/slope front had a role in the distribution of 

439 shelf and mesopelagic fish larvae. The more the front was above the continental slope, the more the 

440 larvae from coastal species spread over the shelf and the shelf break. Those results and ours about the 

441 front position importance implied that interannual variabilities near the fronts could be accounted for 

442 explaining the variability in marine population recruitment. Nonetheless, it would be useful to 

443 estimate the percentage of the front impact among other factors regulating large recruitment events.

444

445 4.2. Larval transport influenced by oceanographic mechanisms around the NBF
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446 The NBF, as a physical interface, was framed by the main Northern Current on its northern side and 

447 mesoscale circulation on its southern side. Their dynamics in space and time coerced the larval 

448 dispersal.

449

450 Northern Current

451 In general, the effect of a current jet near a front on either the larval accumulation or on larval 

452 distribution has already been demonstrated (Sabatés and Olivar, 1996; Munk et al., 1999; Perry et al., 

453 1993). Here, our study is another result using the case of A. antennatus larval dispersal and the NBF 

454 to illustrate that generality. Potentially, the wind condition could have accentuated the interannual 

455 variability in the larval dispersal of A. antennatus, which is expected for larvae in the surface wind-

456 driven currents (Snauffer et al., 2014). In the frontal zone, the interannual changes of A. antennatus 

457 larval dispersal are involved with the dominant Northern Current, in which variability is driven by 

458 atmospheric conditions and baroclinic instabilities (Echevin et al., 2003; Korres et al., 2000). The 

459 Northern Current is a branch of the strong and seasonal variable Lion Gyre (Millot, 1999; Poulain et 

460 al., 2012) weakened during summer (Millot, 1991). The interannual variability in summer 

461 hydrodynamics that led to estimate different larval transport of A. antennatus per year can be 

462 explained by episodic anomalies of the wind and heat fluxes (Heburn, 1994; Molcard et al., 2002). 

463 Anomalies in the winds can occur in winter and still alter the summer circulation (Pinardi et al., 1997) 

464 or can happen upstream of our study area (i.e., in the Gulf of Lyon area) and result in changes of 

465 current velocities near the NBF (Arnau, 2000; Millot and Wald, 1980). On the other hand, heat fluxes 

466 are higher in the summer months and intervene in the strength of the water stratification of the NW 

467 Mediterranean Sea, which, with the wind intensity, can modify the current velocity (Grifoll et al., 

468 2013). 

469

470 Mesoscale circulations
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471 Along the NBF, the advection of the larvae was also reinforced with the proximity of anticyclonic 

472 eddies and large meanders. In the summer, anticyclonic eddies are generated by the dominant 

473 thermohaline circulation (Pascual et al., 2002), and move along the continental slope (Rubio et al., 

474 2005). The intrusion of recent Modified Atlantic Water through the Balearic channels also contributes 

475 to the formation of eddies and large northeastward meanders (López García et al., 1994). These 

476 mesoscale structures had two effects in our study. First, the vorticity can transport the larvae (Landeira 

477 et al., 2009). In our study, larvae released south of the NBF were transported northeastward because 

478 of an eddy edge made possible the dispersal of larvae from Blanes fishing grounds towards Palamós 

479 fishing ground as in 2012, 2015, and 2016. Second, the proximity of an eddy with the frontal zone 

480 and the strong current jet enhances the offshore advection of larvae. Along with the NBF, Branicki 

481 et al. (2011) supported the idea that eddies near a front can influence the transport across the 

482 Lagrangian barrier. In our analysis, probably because the larval dispersal period did not match with 

483 this mechanism, no larvae were transported across the NBF. However, the drift distance revealed that 

484 eddies close to the frontal zone could contribute to the acceleration of the flows by squeezing 

485 convergent water masses from old and recent Modified Atlantic Waters.

486

487 With this, our study agrees that the NBF is an important delimitation of two dynamically different 

488 regions as established in Rossi et al. (2014), and its interannual variability explains differences over 

489 time in the recruitment. We underline that due to spatiotemporal variability of the mesoscale 

490 circulations or their origins (e.g., wind and hydrographic gradient), parameters or indexes that could 

491 characterize the link between the front and the larval transports, could not go further than the 

492 descriptive phase.

493

494 4.3. Influence of the NBF for a commercial resource

495 The estimated larval distribution due to their transport near the surface showed that the Palamós area 

496 potentially is at an advantageous location for recruitments above the average. 
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497

498 First of all, the frontal zones are advantageous as well as inconvenient regions in which larvae have 

499 better growing and feeding rates due to the favorable enriched waters as well as high mortality rates 

500 by predation (Bakun, 2006; Granata et al., 2004; McManus and Woodson, 2012). For example, tuna 

501 larvae whose pelagic life overlaps with A. antennatus larvae accumulate in fronts and feed on 

502 unidentified shrimp larvae (Catalán et al., 2011; Medina et al., 2016). This fact potentially informed 

503 that A. antennatus larvae are prey for other commercial species and it makes their survival until 

504 settlement jeopardize in the frontal zone. For confirming this hypothesis, we encourage the research 

505 community to narrow the taxonomic identification of prey in the stomach contents. Meanwhile, for a 

506 density front like the NBF, where one side is cold and aggregates nutrients, the growing conditions 

507 (e.g., the feeding rate and the temperature-dependent PLD) of A. antennatus larvae are expected to 

508 be optimized (McManus and Woodson, 2012). It raises the possibility that subtle differences may be 

509 observed if the larvae aggregated to one side of the front but further knowledge on the larvae must be 

510 acquired to include it in the larval dispersal model. To date, only differences of PLD were observed 

511 for larvae located in different water masses (Clavel-Henry et al., 2020a).

512

513 Second, within the front, the larvae are transported offshore and are expected to recruit on the bottom 

514 floor outside of the fishing activity ground. This is in agreement with the fact that small shrimps, 

515 juveniles, and a part of the population that has not been estimated yet, are also distributed on the 

516 seafloor ranging between 1000 and 3300 m (Sardà et al., 2004; Sardà and Company, 2012). Last, 

517 given the fact that the larvae in our study zone were supplied by Cap de Creus or Blanes areas, we 

518 observed a consistent and occasional connectivity pattern with non-restricted fishery areas from those 

519 two areas. Considering the variability in the NBF position and larval dispersal, the impact of intense 

520 fisheries on the spawning biomass, e.g. from Palamós or Blanes fishing grounds, would be mostly 

521 transferred on the same or neighboring fishing grounds. A further step would be to explore how the 

522 larval swimming behavior of the larvae can affect the larval transport and consequently alter the 
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523 species connectivity (Robins et al., 2013). In particular, most late larval stage of crustacean species, 

524 deep-sea species included, can modify their vertical position relatively to environmental cues, the 

525 most common moves being by phototaxis and geotaxis (Anger, 2001, Gary et al., 2020). Already 

526 postulated in Clavel-Henry et al. (2020a), this question may deserve more attention in future 

527 modeling of larval transport. However, in our zone of interest, the larval dispersal separation at each 

528 side of the NBF could be kept because the frontal and eddy structures are relatively persistent in the 

529 upper 200 m depth layer.

530

531 5. Conclusion

532 The coupling of modeled hydrodynamics of the Mediterranean Sea and Lagrangian individuals 

533 representing the larvae of A. antennatus has shown that the North Balearic Front affected the larval 

534 transport. Three important aspects of the front shaped the dispersal of the larvae. First, the larvae 

535 were mostly advected by strong currents along the density front. Second, the interannual variability 

536 of the front position conditioned the dispersal of particles to southern zones. Last, the position of an 

537 anticyclonic eddy - south to the average front location - implied an expansion of the larval transport 

538 toward the open sea. Above all, these findings showed that the connectivity relationship between 

539 shrimp subpopulation is complex, and thereafter, diverse biotic and abiotic factors need to be 

540 considered at a small and large scale. In our study, we show that the front had a retentive role of 

541 larvae over the most important Spanish blue and red shrimp fishery ground, which, if larvae settle 

542 and recruits on them, could contribute to sustaining the shrimp population abundance. This can 

543 support the improvement of local management plans like in Palamós by considering the impact of the 

544 NBF and its interannual dynamic variability to define the surface with restricted fishery activity. This 

545 study is in line with other studies suggesting that the frontal zone is an enriched system and has 

546 interesting hydrodynamics modulating the local marine populations. However, further in-situ and lab 

547 studies on larval ecology are required to better adjust the Lagrangian transport model.

548
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784 Supplemental files

785

786 Figure S1. Map of the ROMS model domain and sectors used for ROMS validations. The sectors 

787 were shaped accordingly to the f/h metric. The validation of the hydrodynamic model compared the 

788 ROMS outputs to ARGO data. Results of the comparisons are given in Taylor diagrams (Figures S2-

789 S10), with focus on July and August data in sectors overlapping our study area (4, 5, 6).

790
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791

792 Figure S2. Taylor diagram for sector 6 in July 2008. Comparison between estimated and observed 

793 data used seawater temperature (A) and salinity (B). X-axis and Y-axis, circles centered on ARGO 

794 averaged profile and radial from the origin (0,0) represent the standard deviation, the correlation and 

795 the Root Mean Squared Error, respectively, between the data from ARGO and the ROMS model. 

796 Polygon of sector 6 is represented in Figure S1.

797



34

798

799 Figure S3. Taylor diagram for sector 6 in August 2008. Comparison between estimated and 

800 observed data used seawater temperature (A) and salinity (B). X-axis and Y-axis, circles centered on 

801 ARGO averaged profile and radial from the origin (0,0) represent the standard deviation, the 

802 correlation and the Root Mean Squared Error, respectively, between the data from ARGO and the 

803 ROMS model. Polygon of sector 6 is represented in Figure S1.

804



35

805

806 Figure S4. Taylor diagram for sector 5 in June 2012. Comparison between estimated and observed 

807 data used seawater temperature (A) and salinity (B). X-axis and Y-axis, circles centered on ARGO 

808 averaged profile and radial from the origin (0,0) represent the standard deviation, the correlation and 

809 the Root Mean Squared Error, respectively, between the data from ARGO and the ROMS model. 

810 Polygon of sector 5 is represented in Figure S1.
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812

813 Figure S5. Taylor diagram for sector 5 in July 2014. Comparison between estimated and observed 

814 data used seawater temperature (A) and salinity (B). X-axis and Y-axis, circles centered on ARGO 

815 averaged profile and radial from the origin (0,0) represent the standard deviation, the correlation and 

816 the Root Mean Squared Error, respectively, between the data from ARGO and the ROMS model. 

817 Polygon of sector 5 is represented in Figure S1.

818
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819

820 Figure S6. Taylor diagram for sector 5 in August 2014. Comparison between estimated and 

821 observed data used seawater temperature (A) and salinity (B). X-axis and Y-axis, circles centered on 

822 ARGO averaged profile and radial from the origin (0,0) represent the standard deviation, the 

823 correlation and the Root Mean Squared Error, respectively, between the data from ARGO and the 

824 ROMS model. Polygon of sector 5 is represented in Figure S1.
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826

827 Figure S7. Taylor diagram for sector 6 in July 2014. Comparison between estimated and observed 

828 data used seawater temperature (A) and salinity (B). X-axis and Y-axis, circles centered on ARGO 

829 averaged profile and radial from the origin (0,0) represent the standard deviation, the correlation and 

830 the Root Mean Squared Error, respectively, between the data from ARGO and the ROMS model. 

831 Polygon of sector 6 is represented in Figure S1.
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833

834 Figure S8. Taylor diagram for sector 5 in July 2015. Comparison between estimated and observed 

835 data used seawater temperature (A) and salinity (B). X-axis and Y-axis, circles centered on ARGO 

836 averaged profile and radial from the origin (0,0) represent the standard deviation, the correlation and 

837 the Root Mean Squared Error, respectively, between the data from ARGO and the ROMS model. 

838 Polygon of sector 5 is represented in Figure S1.
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840

841 Figure S9. Taylor diagram for sector 5 in August 2015. Comparison between ROMS estimated 

842 and ARGO observed data used seawater temperature (A) and salinity (B). X-axis and Y-axis, circles 

843 centered on ARGO averaged profile and radial from the origin (0,0) represent the standard deviation, 

844 the correlation and the Root Mean Squared Error, respectively, between the data from ARGO and the 

845 ROMS model. Polygon of sector 5 is represented in Figure S1.
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847

848 Figure S10. Taylor diagram for sector 5 in July 2016. Comparison between estimated and observed 

849 data used seawater temperature (A) and salinity (B). X-axis and Y-axis, circles centered on ARGO 

850 averaged profile and radial from the origin (0,0) represent the standard deviation, the correlation and 

851 the Root Mean Squared Error, respectively, between the data from ARGO and the ROMS model. 

852 Polygon of sector 5 is represented in Figure S1.

853
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855

856 Figure S11. Method for estimating the distance between the climatological and interannual 

857 fronts. The graphic represents the positions of the climatological front and the front in 2012. A total 

858 of 50 transects perpendicular to the front(here only 15 are drawn, dashed lines) were used to compute 

859 the average distance between the fronts.

860

861
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862

863 Figure S12. Method for estimating the density front strength. Seawater density was extracted 10 

864 km away at both sides of the density front. A total of 50 segments perpendicular to the front (here 

865 only 15 are drawn, dashed lines) were used to localize the coordinates where the water density was 

866 extracted.
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869

870 Figure S13. Method for estimating the area of the anticyclonic eddy. The graphic represents the 

871 eddy size and center in modeled hydrodynamics of 2015. After computing the streamlines, the eddy 

872 border was estimated according to the maximum area delimited by circular streamlines.

873
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874

875 Figure S14. Maps of the dispersed larvae after drift simulations. Individuals were initially 

876 released within the zone impacted by the density front (zone 2 in Figure 1) in 2006 (A), 2007 (B), 

877 2008 (C), 2009 (D), 2008 (E), 2011 (F), 2013 (G), 2013 (H), 2014 (I), 2015 (J), 2016 (K). The shaded 

878 black area represents the distribution of the dispersed larvae after the simulation of their transport. 

879 The shaded grey polygon and the star represent the anticyclonic eddy coverage and its center, 

880 respectively. Pycnoclines at the surface ranged between 1024.5 (24.5) to 1026 (26) kg/m3.
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