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Abstract : 
 

Simulating fish larval drift helps assess the sensitivity of recruitment variability to early life history. An 
individual-based model (IBM) coupled to a hydrodynamic model was used to simulate common sole larval 
supply from spawning areas to coastal and estuarine nursery grounds at the meta-population scale (4 
assessed stocks), from the southern North Sea to the Bay of Biscay (Western Europe) on a 26-yr time series, 
from 1982 to 2007. The IBM allowed each particle released to be transported by currents, to grow depending 
on temperature, to migrate vertically depending on development stage, to die along pelagic stages or to settle 
successfully on a nursery, representing the life history from spawning to metamorphosis. The model outputs 
were analysed to explore interannual patterns in the amounts of settled sole larvae at the population scale; 
they suggested: (i) a low connectivity between populations at the larval stage, (ii) a moderate influence of 
interannual variation in the spawning biomass, (iii) dramatic consequences of life history on the abundance of 
settling larvae and (iv) the effects of climate variability on the interannual variability of the larvae settlement 
success. 

 

 
Highlights 

 
► We simulated the drift trajectories of sole eggs and larvae at large spatial (four stocks) and temporal (26 y) 
scales; ► We used an IBM coupled online to a hydrodynamic model; ► We emphasized: ► The very low to 
moderate connectivity between populations at the larval stage ► The moderate influence of spawning 
biomass variations on recruitment ► The influence of life history and climate variability on the amount of 
settled sole. 
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1. Introduction 
 

A majority of marine fish species produce a high number of eggs with a low and variable probability 

of survival, i.e., survival rates close to 1/1000 from spawning to the end of larval stages (Juanes, 2007; 

Le Pape and Bonhommeau, 2015). The high sensitivity of larval survival to hydrodynamics and 

environmental conditions causes large variations in recruitment (Daewel et al., 2011) and largely 

explain the lack of significant stock-recruitment relationships for marine exploited fish (VertPre et al, 

2013; Cury et al., 2014; Szuwalski et al 2014). Indeed, most of the recruitment variability of marine 

fishes is explained by variations in larval survival rates (Levin and Stunz 2005; Houde 2008). 

The recruitment variability is lower in populations with large density-dependent effects at juvenile 

stage (Iles and Beverton 2000), in which case the capacity of nursery habitats has a significant effect 

(Johnson 2007). This is the case for pleuronectiforms (Archambault et al., 2014). However these 

species also have an r-oriented strategy at larval stages (an order of magnitude of 10-3 for survival 

rate at larval stages for various populations of pleuronectiforms, similar than for other marine fish 

orders; Le Pape and Bonhommeau, 2015) and their recruitment relies on processes generating high 

variability during their pelagic life, before metamorphosis and transfer to benthic habitats (van der 

Veer et al., 2000). The predictive power of the stock-recruitment relationship is very weak for flatfish 

and this weakness is partly linked to variability at larval stages (Archambault et al., 2014). 

With regards to their large influence on recruitment at settlement stages for flatfish, a better 

understanding of larval processes would help to estimate the number of larvae successfully reaching 

nursery grounds, to identify the factors generating the associated spatio-temporal variability and 
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their consequences for recruitment (Stige et al., 2013), as well as for population structure (Buckley et 

al., 2008; Wilber et al., 2013). 

However, as short term variations associated with mortality and advection are high, reliable in situ 

data are scarce and the use of larval drift model appears especially appropriate (Gallego et al., 2012). 

Indeed, larval drift individual based models (IBM) have proved useful to investigate the influence of 

hydrodynamics on ecology of flatfish larvae. They have been used to study the effects of spawning 

dynamics (Rochette et al., 2012), hydrodynamics and larval behaviour (Fox et al., 2006; Sentchev and 

Korotenko, 2007; Bolle et al., 2009), dispersal kernels (Koutsikopoulos et al., 1991; Sentchev and 

Korotenko, 2005) or connectivity within a population (Rochette et al., 2012) or a meta-population 

(Savina et al., 2010). However, most of these studies were conducted on relatively short periods of 

time and/or limited spatial scales. The use of numerical simulations over longer time series, at large 

scale covering several populations, could provide useful tools to study spatio-temporal variability in 

dispersal at larval stages and settlement success on suitable nursery habitats, and their consequences 

on recruitment dynamics and metapopulation structure. 

The common sole (Solea solea, L.) is an important commercial flatfish resource with a large range of 

distribution, from North Western Africa and Mediterranean Sea to the Baltic Sea (Wheeler, 1978). 

With variations along its latitudinal range, the common sole spawns from winter to spring, pelagic 

larvae dwell during several weeks (1-2 months; Rochette et al., 2012) and newly metamorphosed 

individuals settle in coastal and estuarine areas, which act as exclusive nursery grounds for about 2 

years, before sexual maturity (Dorel et al., 1991; Riou et al., 2001). Recruitment variability, although 

moderate with regard to many marine fish species, is high for the common sole (Le Pape et al., 2003), 

with a high influence of hydro-climate on larval transport and larval supply (Savina et al., 2010; 

Rochette et al., 2012). 



  ACCEPTED MANUSCRIPT  
 

To explore the potential effects of hydrodynamics from spawning to metamorphosis of sole larvae 

over nurseries and the associated large scale spatio-temporal variability, larval supply was simulated 

using a three dimensional hydrodynamic model. The aim was to simulate sole larval supply in 

coastal and estuarine nursery areas on a wide scale covering four fished sole stocks-populations 

(ICES, 2014ab), from the Bay of Biscay to the southern North Sea over a long period of time (1982- 

2007). An individual based particle-tracking module was used to simulate larval drift and survival 

under realistic biological processes from egg to benthic settlement on estuarine and coastal areas. 

Patterns of spawning, larval settlement success and dispersal, and sensitivity to hydrodynamics 

variability, were assessed at population scale, and the consequences on recruitment dynamics and 

metapopulation structure were analysed. 

 

 

2. Methods 
 

The approach combined a hydrodynamic model with a particle-tracking module including 

previously described eggs and larval behaviour to simulate spawning and hatching of eggs, larval 

drift, growth and settlement on coastal and estuarine nursery grounds under realistic hydro-climatic 

conditions. Particles were released according to the spawning season and spatial distribution of eggs. 

The development (growth), swimming behaviour, benthic settlement and survival of each particle 

were modelled in parallel with its transport in the hydrodynamic model. 

As the present model relies mainly on a previous approach on a restricted spatiotemporal scale in the 

Eastern English Channel (Rochette et al., 2012), the explanations about model structure and 

parametrization were summarised. Details are provided only when the model options have been 

modified, especially with regards to the extent of the study area and the input of new data. For 

further information please refer to the seminal approach of Rochette et al. (2012). 
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2.1. Hydrodynamic model 
 

The three dimensional (3D) ocean circulation model MARS (hydrodynamic Model for Application at 

Regional Scale; Lazure and Dumas, 2008) was used to simulate hydrodynamics from the Bay of 

Biscay to the southern North Sea (Fig. 1) during 26 years. The model used a 4 km horizontal 

resolution with 30 vertical generalized sigma layers. A time step of about 2 minutes allowed the 

model to solve the strong tidal currents occurring in many parts of the continental shelf of Western 

Europe, with respect to stability criteria. Atmospheric forcing was extracted from the NCEP-CFSR 

database (Saha et al., 2010). River discharges were upgraded from those in Huret et al. (2010) and 

Rochette et al. (2012), and interannual variability at open boundaries for temperature and salinity 

provided by a global circulation model solution ORCA from the OPA-NEMO model (Michel et al., 

2009). The simulation period 1982 – 2007 was the longest allowing for consistent available forcing 

conditions (river, open boundary and atmospheric). 

 

 
2.2. Larvae model 

 

A particle-tracking module was coupled on-line to the 3D hydrodynamic model as in Huret et al. 

(2010). This module simulates trajectories and life traits of released particles (Ayata et al., 2010), from 

spawning areas to nursery grounds (Rochette et al., 2012). A random walk is considered for vertical 

mixing following Visser (1997), using the vertical eddy diffusivity compiled by the hydrodynamic 

model and interpolated at the particle depth (see Huret et al., 2010 for additional details). 

The spatio-temporal variability of spawning and the larvae natural mortality were implemented in a 

post-treatment analysis by applying a posteriori weighting factors to released particles (Fox et al., 

2006): 

(1) Each particle released in a given point at a given date in a given year in the 3D model is a super- 

individual, representing a certain number of eggs having the same initial conditions. 
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(2) The model simulates, for each particle, a trajectory, as well as a survival probability for the egg 

stages. 

(3) The number of surviving larvae is then calculated (post-processed) by taking into account: the 

number of eggs corresponding to each particle released in the model (post-processed), the survival 

probability throughout the different eggs stages (simulated), the survival probability throughout 

larval stages (post-processed), and the final position of the particle (i.e., inside or outside a suitable 

nursery area, simulated). 

Initial conditions: spatial and temporal variability of egg release 
 

Patches of particles (i.e., super individual) covering the soft bottom grounds of the entire study area 

was released every 4 km and every 2 weeks (i.e., on the 10th and 25th of each month at 23:00) during 

the whole spawning season (in compliance with the preliminary testing carried out in Rochette et al. 

(2012) on the influence of frequency and number of particles released and the trade-off with the 

constraints of computing time). Given the eggs buoyancy (Koutsikopoulos et al. 1991), particles were 

released at 5 meters depth. Around 9000 particles were released for each year simulated. 

Each particle represented a number of eggs calculated on the basis of (i) the total number of eggs 

spawned each year and (ii) the spatio-temporal distribution of eggs within the year. For each stock 

(i.e., Bay of Biscay BoB, Western English Channel WC, Eastern English Channel EC, southern North 

Sea NS), the total number of eggs released each year (Fig. S1) was calculated from the number and 

age structure of adults in each population (ICES, 2014ab), accounting for the female fraction, the 

number of eggs at age per female and the proportion of mature females (Rochette et al., 2012). Each 

patch of particles released every 15 days along the spawning period represented a proportion of the 

total number of eggs spawned in a year by one population and was distributed in space. The spatio- 

temporal weighting factors were the combination of time and space weighting factors, standardized 

to a sum of 1, and then multiplied by the number of eggs spawned that year in this population. 
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Time weighting factor: In the EC, the sole spawning period is correlated to sea surface temperature 

(van der Land, 1991). For each year, a dome shaped curve of spawning temporal dynamics was 

defined from a previously established model (ICES, 1992) and fitted on the temperature simulated by 

the 3D numerical model (Rochette et al., 2012). Fincham et al. (2013) estimated the timing of 

spawning in sole and its interannual variability and trends, including the WC and EC and the NS 

populations. Based on their analysis, a similar dome shaped spawning curve was set for the WC (i.e., 

the spawning peak occurring 15 days earlier than in the EC) and the NC (the spawning peak 

occurring 31 days later, Fig. S2). In the BoB, the pattern of egg production is considered fixed, the 

deep spawning areas for this population (Arbault et al. 1986) being dramatically less subject to major 

interannual temperature changes. Data of daily egg production in the BoB (a dome shaped curve of 

spawning temporal dynamics was defined from January to May 1982; Arbault et al. 1986) were used 

to fit a model and calculate the daily egg production. 

Spatial weighting factor: The spatial weighting factors standing for the spatial distribution of eggs 

were considered constant over years but varied along the spawning season (Rochette et al., 2012). 

Monthly egg maps were derived from previous survey data (ICES (1992) for WC and EC, and 

Arbault et al. (1986) for BoB), by kriging. A classical kriging approach was used on log-transformed 

egg densities with a common exponential variogram (Matheron, 1963; Clark, 1979) and interpolations 

until a distance of 20 km. The kriged maps were used to weight the particles released at a given date 

in each of the four regions/stocks. As patches were released every 15 days in the model, particles of 

intermediate patches were weighted according to the average egg distribution of the previous and 

the following survey (Rochette et al., 2012). 

The spatial weighting applied for egg patches released in the southern North Sea is slightly different, 

since the area covered by the model represents only a part of the distribution area of the sole stock in 

the North Sea. Only the fraction of individuals (eggs) released in the southernmost part of the North 
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Sea were considered. Because stock assessments are carried out at the scale of the ICES Subdivision 

IV, the proportion of the total egg production released in these patches must be derived. This 

proportion fluctuates during the spawning season. Egg production models are fitted for each sub- 

area of the North Sea defined in ICES (1992). Then, the ratio of the production in the region located 

south from 52°N (in which egg patches are released, Fig.1) over the total egg production is derived. 

Previous analyses were conducted (Rochette et al., 2012) to validate the spatial distribution of eggs. 

Spawning distribution is supposed to fit the distribution of the adult population during the 

spawning season (Loots et al., 2009) hence with the related fisheries. Monthly distributions of the 

1991 egg survey (ICES, 1992) were compared to annual catches of professional fishermen during the 

spawning season. This demonstrated a good overlap in seasonal distribution and suggested the 

interannual steadiness of the monthly spawning distributions (Loots et al., 2009). 

Life history during larval drift 
 

The larval biology model is almost exactly the same as in Rochette et al. (2012); only a summary is 

given here together with a description of the few changes made to it. 

The particle status evolves during the drift through five successive development stages: passive 

transported eggs, passive transported larvae at development stage 1, vertical migrating larvae from 

stage 2 onward, larvae at metamorphosis and settled larvae (Table 1). 

Eggs -> Larvae 1: Four egg development stages were distinguished. Eggs were assumed to ascend to 

the surface during the first three development stages through buoyancy (as opposed to having a 

fixed ascension speed in Rochette et al 2012). The buoyancy model calculates the ascent velocity 

resulting from the difference between egg density and water density at the egg location in the water 

column, based on Stoke's formulation as described in Petitgas et al. (2006). The egg location results 

from the balance between buoyancy forces and vertical mixing applied through the random walk. 
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Larvae 1 -> Metamorphosis: Four larval stages were distinguished, as in Rochette et al. (2012). 

However, vertical diel migration are now triggered by luminosity thresholds (Blaxter 1969; Sundelof 

et Jonsson, 2012; Kunze et al, 2013), fitted on luminosity used as forcing variable in the 3D numerical 

model (they started and ended at fixed hours in Rochette et al, 2012). The modelled irradiance is used 

to derive luminosity. The length waves of the photoscopic (cone-based, as no rods are present, cf 

Blaxter 1969) light spectrum are used for the conversion from W.m-2 to lux. Luminosity thresholds 

were found in Blaxter (1969). 

The swimming speed (in Body length per second, 1BL/s) is now 1BL/s (ascent) and 0.5BL/s (descent) 

(Ryland 1963; Savina et al. 2010), rather than 1 BL/s at all time in Rochette et al (2012). The reason 

behind this choice is that, though the cruising speed is probably higher, the period of sustained 

swimming is rather short (max 40s observed by Ryland 1963). 

Larval mortality: The survival probability was calculated on the duration of the entire larval stage 

until metamorphosis, specific for each trajectory. Mortality was fixed at 0.09 day-1 according to 

previous estimates for sole (Koutsikopoulos et al., 1991; Horwood, 1993; Lund et al., 2008) and 

calibration, i.e., so that the average survival rate (i.e., number of settling larvae over the number of 

eggs spawned) was in the order of magnitude suggested in Le Pape and Bonhommeau (10-3, 2015). 

This “calibration objective” is the same as in Rochette et al (2012), the significant loss of larvae due to 

their drift out of the model domain (towards the NS) explains the lower mortality value found in 

their case. 

Larval settlement and end of simulations: To avoid the spurious simulation of larval behaviour over 

coastal areas, the model tested whether larvae reach the coastal strip before metamorphosis. Hence, 

the fine scale destination on the nursery grounds was not targeted and larval supply was estimated 

at the scale of each nursery area (Fig. 1). In the model, larvae at stage 2 or higher were transported 

until they reached suitable nursery ground, i.e., soft-bottomed coastal area within the 20-m isobath 
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(Riou et al, 2001; Lacroix et al, 2013; Fig. 1) or until they reached metamorphosis. If they reached a 

nursery at stage 2 or higher (before metamorphosis), they were considered to settle in this area, i.e., 

they were not transported anymore, but the larval mortality was still applied until metamorphosis. If 

they attained metamorphosis outside these coastal sectors, a 0% survival was applied. This 

procedure of stopping movements for larvae of stages 2 or higher deteriorates the spatial resolution 

at settlement to mesoscale nursery areas. However, it avoids having to account for any selective tidal 

stream transport in the model. 

 
 

2.3. Analysis of model outputs 
 

The primary aim of the present large scale study was to compare patterns in larval drift and 

settlement success at population and metapopulation scales. The results were therefore analysed at 

the regional-population scale, to estimate connectivity and potential metapopulation structure and 

compare recruitment dynamics at settlement. 

Interpopulations connectivity matrix 
 

The individual-based trajectories allowed the estimation of connectivity from spawning to nursery 

areas at population scale. For each population, successful larvae settled yearly on nursery grounds 

were considered as a single pool and contributions of larvae coming from spawning areas of each 

population were calculated (Savina et al., 2010). The connectivity matrices indicate, for each region- 

population, the proportion of larvae originating from the different spawning populations having 

reached a nursery of this region at the end of the simulation 

Sources of variability in spatio-temporal larval supply 
 

In the model, two factors acting at the population scale in the model impact the interannual 

variability of successful larval abundance: (i) the variability of the spawning peak and of the number 

of eggs released, (ii) larval mortality. 
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Link to spawning biomass: The correlation between the number of eggs spawned and the related 

amount of settled larvae for each year and each region was estimated from linear models. 

Interpopulation patterns and synchronicity in recruitment success: Patterns in survival from spawning 

to nursery areas inside each population were analysed separately. Linear models (LMs) using logit- 

transformed survival rates as response variables were used to analyse if there were significant 

differences in larval survival between the different populations studied. Then correlations in annual 

survival rate between populations were tested to examine possible spatial correlations (also with 

LMs using logit-transformed survival rates). 

Impact of the environment-on survival and spawning dynamics: To avoid spatial auto-correlation in 

observed patterns, the influence of large scale hydrographic conditions on survival success was 

analysed on two separate populations only, in the BoB and the EC. 

The North Atlantic Oscillation (NAO) index was used as the large scale proxy for climate conditions 

influencing both thermal regime and hydrodynamics circulation and drift (Straile and Stenseth, 

2007). The BoB and the EC time series were analysed separately: monthly values of the NAO index 

extracted from the NOAA National Weather Service website (NOAA, 2014) at the spawning peak 

period were used as covariate in correlation analysis using logit-transformed annual survival rate as 

response variable. 

Additional analysis concerned the influence of the freshwater inputs. A significant relationship 

between river discharges in winter-spring and the recruitment of sole was previously demonstrated 

in the BoB (Le Pape et al., 2003), but also in the Mediterranean Sea (Salen-Picard et al., 2002). The 

influence of trophic processes during the juvenile stages has been suggested to explain this 

correlation (Darnaude et al., 2004; Kostecki et al., 2010); however the influence of estuarine plume on 

larval supply to shallow estuarine suitable nursery habitats remains to be tested. Thus the potential 

effect of the river flow on sole larval settlement was analysed. Two rivers were considered: the 
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Vilaine River (considered as a proxy for the BoB) and the Seine river (i.e., proxy for the EC). The 

annual survival rate (logit-transformed, response variable) and the average river flow (covariate) 

from February to May (i.e., during the high river flow period influencing the period of larval drift 

and settlement; Le Pape et al., 2003) were used in correlation analysis. River flows were extracted 

from the French national database (http://www.hydro.eaufrance.fr/). 

 

 
3. Results 

 
 

3.1. Survival Patterns 
 

The larval survival is low (1-5 10-3 settling larvae per egg spawned; Table 2). This low survival is due 

to a) larval mortality (99.2 to 99.8 % of the total loss of larvae, Fig. 2), b) being outside nurseries at the 

time of the metamorphosis. The loss of larvae due to a drift out of the domain is insignificant (not 

shown). The abundance of larvae reaching metamorphosis in nurseries from other regions is 

generally extremely low (Fig. 2); from now on, the term survival will correspond to the survival of 

larvae in the region where the eggs were spawned. The survival rates are low in all regions (Fig. 3), 

with statistically significant differences between the BoB, the English Channel (WC and EC), and the 

NS. The BoB shows the lowest survival. In spite of a good survival at metamorphosis, the higher 

proportion of larvae being outside nurseries at the time of the metamorphosis (Fig. 2) leads to higher 

mortality. The BoB is also singled out as a region with a stronger variability in larval settlement 

(Table 2; Fig. 3), and by its asynchrony with the rest of the regions (Table 3). 

The number of settled larvae is significantly correlated to the total number of eggs spawned in the 

population in the NS and in the EC and WC. However, these correlations are moderate (e.g., 29% 

only in the EC; Fig. 4) and, for the BoB population, there is no correlation. 

http://www.hydro.eaufrance.fr/)
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3.2. Connectivity between populations 
 

The connectivity between the four regions is very low (Fig. 5). The BoB does not receive any larvae 

from the outside, and the proportion of larvae settling in the WC coming from the BoB reached 2 % at 

the maximum. The WC receives more regularly larvae coming from the EC (up to 10%), but the 

opposite is not true. Only exchanges between NS and EC occur in both directions, with, a higher 

input from the NS to the EC (up to 41% of the larvae settling in the EC coming from the NS in 1991) 

than the other way around (up to 24%). The inputs from the NS to the EC and from the EC to the WC 

were correlated (Fig. 5). Figures S3 and S4 provide examples of larvae distribution at the end of runs 

for contrasted years: 1991 and 2000 for the larvae spawned in the NS (Fig. S3) i.e., the maximum and 

minimum inputs of larvae from NS into EC respectively (Fig. 5); and 1995 and 2006 for the larvae 

spawned in the EC (Fig. S4) i.e., the minimum and maximum input of larvae from EC into NS 

respectively (Fig. 5). The penetration of larvae from NS into EC is maximum during the early 

spawning season, and tends to decrease later on (Fig. S3 and other years not shown) with slight 

variations between years. As a consequence, the date of the spawning peak significantly impacts this 

input of larvae from NS to EC (R2=20%, p<0.05). The pattern is less clear for the larvae spawned in EC 

(Fig. S4), but the penetration into NS seems to occur mid-season (e.g., April – May in 2006, Fig. S4). 

 

 
3.3. Impact of the environment on larval survival and dispersal 

 
Environmental impacts on survival 

 

In EC and WC, the survival rate was positively correlated to the date of spawning (EC: r2=55%, WC: 

r2=26%, p<0.05 in both cases). The lower survival associated with warmer winter and early spawning 

can be associated with longer exposure to transport and mortality: early spawning lead to a longer 

pelagic stage, as the temperature encountered by the larvae are colder than later in the season. Both 

overall mortality at larval stage (Fig. 3) and transport away from the nurseries and even away from 
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the local population (e.g., the year 1991 in EC; Fig. S4), are enhanced with larval stage duration, thus 

by an early spawning peak (Fig. S2). 

The North Atlantic Oscillation (NAO) is a large scale proxy of climate conditions influencing both 

thermal regime and hydrodynamics in the North Atlantic. In the EC (and also in the WC) the 

survival rate was positively correlated to the date of spawning, without relation to the NAO. On the 

contrary, the NAO index in February had a positive impact on survival in the BoB (Fig. 6): positive 

NAO increased the proportion of larvae reaching nursery before metamorphosis in the BoB. 

No impacts of river flows could be found on the larval survival rates in any of the two studied 

regions. 

Environmental impacts on larval exchanges between populations 
 

No influence of the tested environmental proxies (river flow, NAO index) on connectivity was 

detected. 

 

 
 

4. Discussion 

 
 

In the present study, we built upon previous knowledge and preliminary modelling approaches to 

simulate sole larval supply in coastal and estuarine nursery areas on a wide spatial scale covering 

four fished sole stocks-populations, from the BoB to the NS, over a long period of time (1982-2007). If 

similar modelling approaches were already developed on several flatfish populations (e.g., Sentchev 

and Korotenko, 2005; Bolle et al., 2009; Lacroix et al., 2013), this is to our best knowledge the first one 

with such a wide spatiotemporal scale. From the analysis of the model outputs, patterns of larval 

settlement success and dispersal, and sensitivity to climate-driven variability in hydrography were 

assessed at population scale, and the consequences on recruitment dynamics and metapopulation 

structure were analysed. 
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4.1. Data caveats linked to process errors in larval drift individual based models 
 

In this study, we used an individual-based larval transport model coupled online to a hydrodynamic 

model. This modelling approach is far from being the first contribution of numerical simulation 

models to investigate the processes underlying the variability of fish recruitment (Miller 2007; 

Hinrichsen et al., 2011). However, it is original for both its large spatial and temporal scales, which 

allowed us to assess metapopulations connectivity at larval stages, as well as the interannual and 

interpopulation variability of larval recruitment dynamics. 

This was possible to do for flatfish as their life cycle is characterized by a metamorphosis to benthic 

life (Gibson, 2005) ending the pelagic life stage. From metamorphosis, juveniles swim to shallow 

adjacent nursery grounds (Ramzi et al., 2001ab; Fox et al., 2006), using selective tidal stream transport 

(Rijnsdorp et al., 1985; Bergman et al., 1989; Grioche et al., 2000) enhancing their recruitment success 

in coastal nursery grounds (Ramzi et al., 2001b; Fox et al., 2006; Cowen et al, 2006). This behaviour 

maintains larvae over nursery sectors once areas are reached by stage 2+ larvae, which drastically 

simplifies the end of simulations under realistic hypotheses. Indeed, estimating larval supply at the 

scale of nurseries did not require knowing the exact final destination of larvae but only the nursery 

sector where settlement occurred (i.e., before selective tidal stream). The use of a quite large 

hydrodynamical model mesh grid (i.e., 4 km) allowed us to carry out simulations over several 

decades on several thousands of km range of latitude, at a metapopulation scale. 

The accuracy of the hydrodynamics model Mars 3D (Lazure and Dumas, 2008) to simulate currents 

and hydrology from the BoB (Lazure et al. 2009) to the NS (Bailly du Bois and Dumas, 2005) was 

previously assessed. In the seminal model on restricted spatial (i.e., the EC) and temporal scales 

(Rochette et al., 2012), the northern boundaries close to the northern limit of the EC led to caveats on 

the connectivity from EC to the NS population. The current model implementation (extended to a 
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dramatically wider scale) led to an increase in the reliability of simulation outputs, although they 

should still be considered as a first approach in the case of the southern NS (closer to the model 

boundaries). 

The higher input of larvae from the NS towards the EC than from the EC to the NS appeared counter- 

intuitive as it is generally accepted that Atlantic water flows into the North Sea through the English 

Channel on an annual basis (e.g., Bailly du Bois and Dumas, 2005 and ref. therein). However, the 

transport of sole larvae occurs only during a restricted part of the year; in the case of the EC and NS, 

most of the larvae are transported between the julian days 100 and 200 (see Fig. S2), during which the 

annual east drift into the north Atlantic is limited (Straile and Stenseth 2007), as its consequences on 

the hydrodynamics across the English Channel. It is also important to keep in mind that the 

occurrence of larvae spawned in region A and settling in region B is not only the result of the 

transport occurring between those two regions, but also of the distribution of the nursery areas along 

the larvae trajectories (high probability to reach a suitable nursery grounds for larvae entering the EC 

from the NC; Figures S3 and S4). 

Accordingly, the representation of the spatiotemporal patterns in spawning dynamics appears 

realistic. The relationship between the timing of spawning and the sea temperature was 

parametrized from previous knowledge (Rochette et al., 2012; Fincham et al., 2013). The monthly 

quantitative maps of spawning and total annual amount of eggs in each populations were extended 

from Rochette et al. (2012) from available data on eggs surveys (ICES, 1992) and spawning stock 

biomass estimates from stock assessment groups (ICES, 2014ab). The parental influence on early life 

history traits is here assessed from a conversion of annual spawning biomass in a number of eggs 

(Rochette et al., 2012). This roughly assessed conversion can lead to caveats in estimation of 

reproductive success for marine fish (Trippel et al., 2005; Wright and Trippel 2009), especially as it 
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does not account for fishing induced evolution in sole populations (Mollet et al., 2007). However, 

general patterns in spawning dynamics are represented from this approach. 

The larval IBM considers only hydrodynamic drivers; i.e., currents and temperature, leading to 

significant process error in parametrization of larval survival. For instance, larval food 

availabilty/deprivation and related behaviour and survival (Daewel et al., 2011), such as the 

variability in predation on larvae, are not accounted for in the IBM. This approach thus remains an 

approximation, excluding many trophic related sources of variability in larval survival (Moran et al, 

2011; Gallego et al 2012; Peck et Hufnagl 2012). However, it allows for the study of the combined 

effects on recruitment success of hydrodynamics (on the variability in transport of eggs and larvae 

(Bolle et al., 2009)) and of the spawning biomass (Rochette et al., 2012). 

 
 

4.2. High segregation at larval stages 
 

The previous smaller space-time scale approach (Rochette et al., 2012) showed limited larval 

dispersal inside one single population, with spawning areas feeding adjacent coastal and estuarine 

nursery grounds without significant exchanges with other sub-regions of the EC. At the population 

scale, the connectivity is even more limited and we observed very low exchanges between the 

different populations, with the single exception of the exchanges between the NS and the EC which, 

in the case of this study appear moderate to quite large (>40% of external larvae in the EC for some 

years). Previous studies (Savina et al, 2010, Lacroix et al, 2013) have identified larval exchanges 

between EC and NS, but with a higher input from EC towards NS than the other way around. They 

are difficult to compare with the results presented here however, as they describe the exchanges 

between the French coasts of northern EC and the Belgian coasts, while our results describe the 

exchanges between the whole EC and the whole NS. Zooming in our results, it appears that the 
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inputs of larvae from the NS to the EC are mostly driven by what happens along the coasts of 

England. 

In coastal marine organisms, long planktonic larval stages enable large dispersal (Pringle et al, 2014). 

The duration of the larval stages is lower than two months in the different populations of common 

sole, from the Mediterranean Sea (Morat et al., 2014) to the BoB and the NS (Rochette et al., 2012). 

Considering this relatively short duration of pelagic life for a long living fish, especially with regards 

to other flatfish such as common plaice (Nash and Geffen, 2012), the connectivity at larval stage is 

moderate (Gerber et al, 2014) and lead to very low exchanges of common sole larvae between 

populations. 

These segregation patterns are reinforced by natural barriers between populations: areas of pebbles 

and rocks forms large gaps between the EC, WC and BoB soft-bottomed spawning grounds 

(Eastwood et al., 2001). 

Associated with very moderate movements of sole at the juvenile (Coggan and Dando, 1988; Anon., 

1989; Le Pape and Cognez, in press) and adult (Kotthaus, 1963; Anon., 1965; Burt and Millner, 2008) 

stages, this very low connectivity at the larval stage suggests a high level of segregation between 

populations of sole, from the BoB to the NS. This segregation is partly confirmed from population 

genetics, with observed genetic structure segregating the BoB from the English Channel (WC and 

EC) and North Sea complex (Cuveliers et al., 2012). However, to our best knowledge, no genetic 

segregation has been demonstrated at a lower scale. 

 
 

4.3. Common patterns and discrepancies between populations linked to life history 
 

The larval survival is generally very low (10-3), and within the order of magnitude suggested in Le 

Pape and Bonhommeau (2015). However, estimates of survival are especially sensitive to the larval 

daily mortality rate (Rochette et al., 2012) and have to be considered with caution. Although the 
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survival rate depends on this poorly known parameter, the interannual fluctuations of the larval 

supply in the different populations were not sensitive to change in larval mortality. Larval mortality 

appeared as a scale factor (Rochette et al., 2012) thus spatial patterns and influence of both 

hydrodynamics and spawning biomass on larval recruitment success can be derived from relative 

variability in the survival and the amount of settled larvae. 

The eggs and larvae mortality (linked to the duration of those stages) corresponds to more than 98% 

of the loss of larvae (Fig. 2). The remaining loss is due to metamorphosis away from suitable areas, 

leading to a moderate decrease in larval survival rate. 

However, spatial contrasts suggest a different recruitment dynamic in the BoB compared to the 

English Channel (EC and WC)-NS complex: a more variable survival rate, together with a higher 

level of metamorphosis away from nursery grounds lead to the absence of correlation between the 

number of eggs spawned and the number of settled larvae. We explain these results by the different 

spatial configuration of the spawning grounds and nurseries in the BoB compared to the English 

Channel and NS. In the BoB, the spawning grounds are located offshore (Arbault et al., 1986). The 

eggs and larvae have to be advected towards the coast with extremely variable outcomes and a low 

rate of success, independently of the amount of eggs spawned. In the English Channel (EC and WC) 

and NC, spawning grounds are closer to the nurseries (Eastwood et al., 2001). Metamorphosis 

outside nursery areas is limited; larvae remain in the vicinity of the nurseries once they are spawned 

near the coast (Grioche et al., 2001). Such differences between populations in the distance and level of 

connection between spawning and nursery grounds have been observed for other flatfish species 

such as plaice in the same area (Fox et al. 2006, Bolle et al., 2009) but also winter flounder in the 

North West Atlantic (Buckley et al., 2008; Wilber et al., 2013). 
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4.4. Environmental factors influencing larval survival 
 

The abundance of settled larvae related only moderately to the amount of spawned eggs, and even 

not at all in the case of the BoB. During this quite short (<2 months) pelagic stage, the variability in 

larval survival hampers the identification of spawning products-larval recruitment relationships. 

This large variability, together with the additional stochastic factors linked to trophic processes at 

larval stages (Daewel et al., 2011; Moran et al, 2011; Peck et Hufnagl 2012), and the post settlement 

regulation linked to density dependent processes in nursery habitats (Iles and Beverton, 2000; Brown 

et al, 2005; Le Pape and Bonhommeau, 2015) blur stock recruitment relationships for sole 

populations, and more generally for flatfish (Iles, 1994; Archambault et al., 2014; Cury et al., 2014). 

For two separate populations, in the EC and the BoB (i.e., excluding autocorrelation in the English 

Channel-North Sea metapopulation complex), the present modelling approach suggests that 

different environmental processes control the larval recruitment. In the EC, shallow coastal spawning 

grounds (ICES, 1992; Eastwood et al., 2001; Grioche et al, 2001) allow for relatively low loss of larvae 

outside nursery areas at metamorphosis, thus moderate variability in survival rate, but for a 

significant influence of temperature on the spawning period (Fincham et al., 2013). However, the 

spawning period in the EC (spawning peak in April–May (van Beek, 1988; Rochette et al., 2012)) 

leads to a larval drift mainly focused in late spring. At this period, the NAO index, appropriate to 

synthetize winter conditions (Straile and Stenseth, 2007), is not accurately representing climate and 

hydrography conditions. Even if the influence of hydrodynamics on larval survival appears 

relatively limited, further analysis would be needed to analyse the potential influence of 

hydrodynamics on annual larval survival from the WC to the NS. On the contrary, in the BoB, the 

spawning grounds are offshore (Arbault et al., 1986) and quite deep which lead to a stability in the 

spawning process (Koutsikopoulos et al., 1991). These deep and less coastal spawning grounds lead 

to higher distance from spawning to nursery grounds and to higher stochasticity in larval drift 
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toward suitable nursery grounds, with important effects of hydrodynamics on larval survival. 

Positive NAO induces western currents in late winter (Straile and Stenseth, 2007) in the BoB (Puillat 

et al 2004), and therefore enhanced drift of sole larvae to coastal nursery grounds (located on the 

western coast; Fig. 1) before metamorphosis. Considering driving factors of larval survival in both 

BoB and EC thus leads to conclude that the impact of driving factors are not spatially consistent 

(Lacroix et al., 2013) at the population scale. 

For the two studied populations (BoB and EC), no detected effect of river flow on larvae survival rate 

was shown, whereas an effect of river flow on recruitment success at juvenile stages was previously 

demonstrated in the BoB (Le Pape et al., 2003abc). This tends to confirm that the effect of river flow 

on   juvenile abundance is due to its effects on the quality of the nursery habitat (i.e., supply of 

organic matter linked to freshwater input in their food supply chain; Darnaude et al., 2004; Leakey et 

al, 2008; Kostecki et al., 2010) rather than on the amount of settled larvae. 
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Figures legends 

 

Figure 1: Locations of the spawning sectors (streaked areas) and nursery sectors (grey polygons) 

within the area covered by the hydrodynamic model. The populations of interest are: the southern 

North Sea (NS), the Eastern English Channel (EC), the Western English Channel (WC), the Bay of 

Biscay (BoB). 

Figure 2: Average proportion (1982-2007) of eggs turning into larvae and reaching metamorphosis, 

settling in the same region as the population from which they were spawned, and settling in 

nurseries from other regions. BoB: Bay of Biscay, WC: Western Channel, NS: North Sea, and EC: 

Eastern Channel. 

Figure 3: Survival rates in the four populations: time series (solid lines) and averages (1982-2007, 

dotted lines). WC: Western Channel, NS: North Sea, EC: Eastern Channel, BoB: Bay of Biscay. 

Figure 4: Number of settled larvae per number of eggs spawned for each region. Variance explained 

(r2 of linear models): Eastern Channel 29 %, Western Channel : 63%, North Sea : 50%, p<0.01 for all 3. 

Not significant for Bay of Biscay. 

Figure 5: Proportion of the larvae settled in a given region (WC : Western Channel, NS : North Sea, 

BoB : Bay of Biscay, EC : Eastern Channel) coming from the four spawning regions (WC, NS, BoB, 

EC). 

Figure 6: Survival rate in the Bay of Biscay vs NAO index. Black dots: survival rate (i.e., settled larvae 

vs eggs spawned) plotted as a function of the NAO index values for the spawning peak month of the 

corresponding years. Red line: Linear model using the logit-transformed survival rates as response 

variable (p<0.05, r2 = 17%). 
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Table 1: Eggs and larvae development stages in the model and their characteristics. 
 

 
Stages Duration Vertical movements Mortality Ability to remain in 

nurseries 

Eggs 1 T° dependent Buoyancy Size and T° based  

Eggs 2 
 

Eggs 3 
 

Eggs 4 
 

Larvae 1 
 

Larvae 2 

T° dependent 

T° dependent 

T° dependent 

T° dependent 

T° dependent 

Buoyancy 

Buoyancy 

Passive 

Passive 

Vertical diel migration 

Size and T° based 

Size and T° based 

Size and T° based 

Fixed 

Fixed 

 

 

 

 

 

 

 

 

Yes 

Larvae 3 T° dependent Vertical diel migration Fixed Yes 

Larvae 4 Size dependent Vertical diel migration Fixed Yes 
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Table 2: Mean and variation coefficient (CV: Standard deviation/Mean) of annual larval survival rate 

(settling larvae per egg spawned) for each region. 

Populations All Bay of Biscay Western Channel Eastern Channel North Sea 

Mean 7.1E-3 9E-4 2.55E-3 2.58E-3 3.9E-3 

CV 0.20 59 0.25 0.34 0.30 
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Table 3: Pearson coefficients calculated on annual larval survival rate time series by pairs (ns: non 

 
significant)  

 

Bay of Biscay 

 

 

Western Channel 

 

 

Eastern Channel 

 

 

North Sea 

Bay of Biscay 

 

Western Channel 

1 

 

ns 

 

 

1 

  

Eastern Channel ns 0.83 1  

North Sea ns 0.73 0.72 1 
 



 

The following are the supplementary data related to this article. 

 
 

Fig. S1. Number of eggs spawned each year for the four regions (NS: southern North Sea, 
EC: Eastern English Channel, WC: Western English Channel, BoB: Bay of Biscay). 

 

 

Fig. S2. Dates of the spawning peak in the four regions (NS: southern North Sea, EC: 
Eastern English Channel, WC: Western English Channel, BoB: Bay of Biscay). 

 



 

Fig. S3. Distribution of the super particles released in the southern North Sea, at the end of 
each run, for 5 starting dates (out of 10) and 3 years of interest. The colour corresponds to 
the proportion of larvae represented by each super particle still alive at the end of the run. 
The nurseries are highlighted in light pink. 

 

 

 
Fig. S4. Distribution of the super particles released in the Eastern English Channel, at the 
end of each run, for 5 starting dates (out of 10) and 3 years of interest. The colour 
corresponds to the proportion of larvae represented by each super particle still alive at the 
end of the run. The nurseries are highlighted in light pink. 

 


