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Abstract:  
 

Estuaries and coastal waters are essential nursery habitats for many marine species, and especially 
for flatfishes. Thus, investigating how anthropogenic disturbances affect the quality of these habitats is 
of major importance to understand their consequences on the population renewal of marine species. 

The aim of the present study was to analyse the effects of estuarine habitat degradation on the 
population of the common sole in the Eastern Channel, a key species in the fish community and 
fisheries in this area. We especially focused on the drastic drop in the surface area and on the low 
water quality of the Seine estuary, the main river of the Eastern Channel. 

A geographic Information System (GIS) was used to develop quantitative maps of sole nursery 
habitats in the Eastern Channel by using a habitat suitability model based on bathymetry and 
sediment structure. This approach indicated that juvenile densities are low in the Seine estuary with 
regards to other nursery sectors. Then, thanks to historical maps of the Seine estuary, habitat 
suitability maps were built for key dates in the modifications of this estuary since 1850. This backward 
predictive approach suggests that habitat loss in the Seine estuary has led to a 42% decrease of its 
nursery capacity. As the density of juvenile sole in the Seine estuary is low in comparison to other 
sectors, this represents only a 3% loss at the sole population scale, in the Eastern Channel. However, 
when we assumed that prior to anthropogenic disturbance the juvenile density in the Seine estuary 
might have been equivalent to the current density of adjacent sectors with higher quality, the loss in 
abundance could be nearly 23% (8–36%). Results suggest that the loss in habitat surface combined 
with habitat degradation has led to an important loss in the contribution of the Seine estuary nursery to 
the whole sole population in the Eastern Channel. 

Keywords: Solea solea; Nursery; Habitat Mapping; Anthropogenic Disturbance; Seine Estuary; 
Recruitment 
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1. INTRODUCTION

Estuaries and coastal areas are essential fish habitat because they act as nursery grounds for 

various marine fish species (Miller et al., 1984; Beck et al., 2001; Able, 2005). Juvenile growth and 
survival are determined by both the capacity and quality of these nursery habitats (Rijnsdorp et al., 

1992;  Gibson,  1994;  Iles  and  Beverton,  2000).  The  increase  of  human  activities  along  rivers, 
estuaries and in coastal areas affects ecosystems, in particular by pollution and habitat destruction 

(Coleman et al., 2008; Diaz and Rosenberg, 2008; Halpern et al., 2008). Habitat degradation is one 
of the most serious threats for the recovery of fish stocks (Hall, 1998). Quantitative and qualitative 

factors related to anthropogenic disturbance  (Meng et al., 2000; Phelan et al., 2000) influence the 
quality of coastal and estuarine nurseries and thus recruitment and renewal of populations (Burke et 

al., 1993; Johnson et al., 1998; Cowan et al.,  2000; Peterson et al., 2000; Scharf, 2000; Ferber,  
2001; Thrush et al., 2008). 

The inshore waters of the Eastern Channel (ICES Division VIId; Fig. 1) support nursery areas 
for several commercially important species, especially the common sole (Solea solea, L.) (Riou et 

al., 2001). The Bay of Seine is the largest estuary in the Eastern Channel and is thereby a potentially 
important  nursery  ground.  However,  this  sector  is  highly  disturbed  through  channel  dredging, 

constructions of dikes and harbour extensions, which have  substantially reduced the estuary area 
and subsequently suitable juvenile fish habitats, such as shallow muddy areas (> 75 % decrease; 

(Lesueur,  1999)).  In addition,  concentrations  of organic chemical  contaminants  are  high in this 
estuary, it being among the most contaminated in Europe (Gilliers et al., 2006), with episodes of 

oxygen  depletion  (Billen  and  Poulin,  1999).  Thus,  human  disturbances  have  affected,  perhaps 
reduced the nursery function of this estuary (Le Pape et al., 2007): its contribution to the renewal of 

flatfish  stocks  in  the  Eastern  Channel  is  currently  low  (Riou  et  al.,  2001) and  fish  growth 
performance and population density are significantly lower than in other nursery areas (Gilliers et 

al., 2006). 
The present study aims to quantify the effects of human disturbance on sole nursery grounds in 

the Seine estuary and establish their consequences on the sole population of the Eastern Channel. A 
habitat suitability model, constructed for the recent period, was used in combination with historical 

habitat maps to provide backward projections of the potential juvenile sole densities. A two step 
approach was used: 1) A quantitative map of sole nursery habitats in the Eastern Channel during 

recent times was first developed in a Geographic Information System (GIS). A database was built  
by collating  trawl surveys undertaken throughout  the coastal  and estuarine  parts  of the Eastern 

Channel during the three last decades. A generalized linear model (GLM) was developed to identify 
key factors explaining variations of juvenile sole densities in various habitats, featured by different 

subregions, bathymetry and sediment structure. Using this GLM and a GIS, key sites for the early 
life-history stages of sole were identified.  2) Historical maps of the Seine estuary were used to 

construct habitat  suitability  maps for key dates in the modifications  of this  estuary since 1850. 
Combining  the  historical  suitability  maps  and the  GLM model  of  sole  densities,  the  historical 

productions of the Seine estuarine nursery were calculated and related to its contribution to the sole 
population.
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Fig. 1. Division of the Eastern Channel in 9 coastal and estuarine sectors. The dotted rectangle represents the 
internal Seine estuary. Points represent the position of the trawling stations,  generally repeated annually  
during the survey periods (Table 1).

2. MATERIAL AND METHODS

2.1. Survey data and numeric maps of physical habitat

2.1.1. Beam trawl survey data

From 1974 to 2007, different beam trawl surveys focused on juvenile flatfish species have been 
undertaken throughout the Eastern Channel coastal zone (Fig.1, Table 1). Riou et al. (2001) collated 

these survey data until 1998. Data used in the present study were for a large part identical to this 
database, with an upgrade with the surveys undertaken between 1999 and 2007 (UK surveys on the 

English coast, French surveys in the downstream of the Seine estuary and in the Bay of Somme). In 
2006, French estuaries and bays of the Eastern Channel (Bay of Veys, Orne, Seine, Somme, Canche 

and  Authie)  were  investigated  (Courrat  et  al.,  2009) in  the  context  of  the  European  Water 
Framework  Directive.  These  new  surveys  provided  additional  data  in  the  inner  part  of  these 

estuaries, until the upstream limit of freshwater. 
To standardize our approach, we selected the surveys that were carried out between the end of 

August and the beginning of October. This period covers the time between the settlement of soles 
on nursery grounds and their autumnal migration (Dorel et al., 1991). Low mobility and relatively 

fixed distribution pattern of juvenile sole at this season (Dorel et al., 1991) allow us to consider the 
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samples taken at this period as being representative of the distribution on nursery grounds.  This 

season is also the most documented (90 % of the scientific trawl hauls). The resulting database 
includs about 5300 trawl hauls (Table 1), spread between French and English coasts (Fig. 1).

During  the  surveys,  beam trawl  hauls  were  performed  only  in  daylight,  at  a  towing speed 
ranging from 1.5 to 3 knots;  5 different gears were used (Table 1). For each beam trawl, soles were 

collected and measured in order to determine their age and age groups (0, 1 or 2+) were validated 
from otolith reading. Densities of sole by age group were expressed as the number of fish caught 

per unit of trawled surface (1000 m2). Densities of the first cohort, young-of-the-year (YoY in the 
following), were selected for this study. 

Table 1. Sampling protocol in the different nursery sectors

Sector Number of hauls
Period of 

investigation
Gear

(BT = Beam Trawl)
Bay of Veys 119 1977-1981

2006

BT4
BT3
BT1

Bay of Seine 529 1977-1978; 1981 
1995-2002

2006

BT4
BT2a
BT3
BT1

Somme 1383 1977-1983
1987-2006

2006

BT4
BT2a
BT3
BT1

Boulogne 315 1977-1983
1987-2006

2006

BT4
BT3
BT1

RyeBay 1596 1974 ; 1981-2006 BT2b
South Downs 268 1974 ; 1981-1999 BT2b
Solent 1137 1974 ; 1981-1999 BT2b

2.1.2. Physical descriptors of nursery habitat at the Eastern Channel scale

Bathymetry and sediment structure are known to influence habitat suitability (Rijnsdorp et al., 
1992). Thus, these physical factors  have to be collected and linked to trawl data to estimate their 

influence on YoY habitat  suitability  and to develop habitat  maps. Digital  maps  of factors were 
collected in this aim:

- A map indicating  the coastline  and the bathymetry  (Loubrieu  et  al.,  2008),  available  as 
continuous numerical values on a grid (resolution = 500m).

-  A map for the sediment structure originally scanned from a paper map with a scale of  
1/500000, transformed to a grid with a resolution of 500m (Larsonneur et al., 1982). The 

sediment structure was simplified in three classes: mud (including mud and sandy mud), 
sand (including sand and muddy sand) and gravels (including all coarser sediments). Rocky 

sectors,  not  investigated  with  beam  trawl  surveys,  were  not  taken  into  account.  This 
description based on granulometry is parsimonious but complex enough to allow a good 

description of juvenile sole distribution (Riou et al., 2001). 

6



Other  factors  as  hydrodynamism or  coastal  morphology influence  larval  supply  and habitat 
suitability and thus the distribution of juvenile soles  (Riou et al.,  2001; Le Pape et al.,  2003b). 

These factors were synthesized in a “sector” effect. The Eastern Channel was divided in 9 sectors  
(Fig. 1): Solent, the coast of South Downs, the Bay of Rye, the coast near Boulogne, the area off the 

Somme estuary, the coast between Dieppe and Antifer, the Seine estuary, the coast of Calvados and 
the Bay of Veys.

Two of these coastal sectors, Calvados and Dieppe-Antifer, were previously shown as covered 
with rocky sediments and thus not significantly used as nursery grounds (Riou et al., 2001). Hence, 

there were not taken into account. 

2.1.3.  Historical evolution of the physical habitat in the Seine estuary

One aim of  the  study was to  map and evaluate  the  effects  of  habitat  destruction.  For  that 
purpose,  we focused on the Seine estuary,  which suffered from a decline  of its  area related to 

anthropogenic modifications during the last two centuries. During this period, about a third of the 
historical internal estuarine area became terrestrial, which led to a loss of 75% of muddy sediment 

(Lesueur,  1999) and  important  modifications  to  the  bathymetry.  Quantified  estimates  of  these 
evolutions  were  available  through  historical  maps  of  sediment  and  bathymetry  (Avoine,  1981; 

Garnaud, 2001); SHOM (Service Hydrographique et Océanographique de la Marine, Brest, France); 
Port of Rouen, France). We chose to work with maps representing key periods in changes of the  

internal estuary: 1850, 1910, 1980 and present (Fig 2). For the survey period, between 1980 and 
present, maps of bathymetry and sediment structure were available more frequently (one map for 

each decade). 

Fig. 2. Historical morphologic changes in the internal Seine estuary. (From Delsinne, 2005)
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2.2. Coupling trawl data survey to habitat descriptors

2.2.1.  Allocation of physical descriptors to survey data 

Physical descriptors (bathymetry and sediment structure) and coastal sectors were included in a 
GIS, which allowed different layers of data to be intersected and stratified on the basis of these 

three parameters. 
The Seine estuary received a particular attention. Because the morphology of this estuary has 

been strongly modified during the sampling period, the available decadal maps have been used to 
identify physical descriptors in this area. For the other sectors, we assumed modifications during the 

sampling period to be insignificant and thus, the spatial repartition of physical factors over the three 
decades to be constant. 

Information on physical and geographical factors was combined with survey data. The latter, 
identified from the mean position of the trawl haul were included in the GIS in order to associate 

bathymetry, sediment structure and geographic sector to each trawl. 

2.2.2.  Limit to the upstream extension of sole nursery grounds in estuaries

Maps of bathymetry and sediments were limited to the downstream part of the estuaries, where 
juvenile soles may live. We assumed oligohaline waters, i.e. lower than 5 PSS (Anon., 1959), to be 

exempt of juvenile soles since the entry of juvenile soles into estuaries is controlled by salinity 
(Gibson,  1994).  Fonds  (1975) showed  that  the  survival  range  of  salinity  for  young  soles  was 

between 6 and 60 PSS. Moreover, in our database, no juvenile soles were hauled for salinities under 
8 PSS. The mean limit  of 5 PSS was identified on maps, for the main estuaries of the Eastern 

Channel, thanks to Avoine (1981), Avoine et al. (1996) and salinities measured during surveys and 
completed  with  expert  knowledge  (S.  Duhamel  (CSLHN),  pers.  comm.).  Because  of  tidal 

movements and changes in rivers discharge, the limit of 5 PSS in estuaries does not correspond to a  
fixed  line.  However,  compared  to  the  Eastern  Channel  scale,  the  potential  error  due  to  the 

movement of this salinity limit appeared negligible. 

2.2.3. Intercalibration of beam trawl data

The trawl dataset was compiled from surveys using five types of beam trawl (BT) (Table 2). 
The abundance indices data were standardized to correct for the gear effects, accounting for the 

presence of tickler chain, the mesh size and the width of the trawl (Riou et al., 2001), three factors, 
which are known to influence the gear efficiency and selectivity. Thus, for each trawl raw data, the 

standardization of caught densities (YoYcaught) was corrected as follows:

YoYcorrected = FTickler chain × FMesh size × Fwidth × YoYcaught (1)

The  correction  for  the  presence  of  tickler  chain  was  calculated  from  field  intercalibration 
depending on age groups and sediment structure (Riou et al., 2001). Its effect was not significant on 

muddy sediments, thus the correction was applied for chainless trawls used on sandy sediments and 
on gravels only, by using Fno chain, sand = 4.85 (Riou et al., 2001).
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Table 2. Features of the beam trawls. See text for the method used to compute the standardization factor 
accounting for the mesh size (FM).

Gear Width (m) Mesh (mm) FM

BT1 1.6 15 0.88
BT2a 2 20 1
BT2b 2 6 0.84
BT3 2.9 20 1
BT4 4.4 25 1.19

The effect of the mesh size (FMesh size, noted FM) depends on the length distribution of fish. Thus, 

to intercalibrate catches, we calculated a correcting factor for each gear, depending on its mesh (M) 
(FM). The length-frequency distribution of YoY was available for about only 13% of hauls of the 

database, representing about 1600 fish lengths (L), equally distributed between surveys (if all the 
fish were measured during the surveys, for a large part of the hauls, data were archived in age 

structure after allocation from length distribution and otolith validation). However, the fish length 
data were not available for each different mesh size (M). Thus, a two-step approach was used to 

calculate each correcting factor (FM). 1) The theoretical length-frequency distribution of the original 
population (No(L)) was reconstructed on the basis of catches. 2)  The proportion of the theoretic 

population caught by each mesh size was calculated. 
The first  step of the approach was based on  Eq. (2).  A preliminary evaluation showed that 

spatial and annual variations of the mean length were low and had an influence lower than 5% on 
the estimates of correcting factors (FM).  Hence,  a unique population has been reconstructed,  of 

which the size structure was based on the largest available amount of measured YoY (1600) caught 
with different mesh sizes:

N o L =∑
M

N caught M  L 

S M  L 
(2)

where  No(L) is the recalculated amount of juveniles at length  L,  Ncaught(M)(L) is the amount of 

catches for the mesh size M at length L and SM(L) is the theoretic proportion of fish of length (L) 
caught by a trawl with a mesh size (M). The calculation of SM(L) is detailed in Table 3.
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Table 3. Calculation of the mesh-depending selectivity coefficients (SM(L)) for each 1cm body length class 
(L) from Dardignac and de Verdelhan. (1978).

Main equation

S M L =

exp [ 2⋅L50M⋅log3
M

⋅ L
L50 M

−1]
1exp [ 2⋅L50 M⋅log3

M
⋅ L

L50M

−1]
Parameters
L50M = α.M The 50% retention length depending on the species and the mesh size in cm. 

(α=3.3 for the common sole; Anon, 1978 ; 1998)
∆M = β.L50M The selectivity range representing the difference between L75M and  L25M, 

respectively  the  75%  and  the  25%  retention  lengths  and  considered 
common to every species (β=0.385; Anon., 1978 ; 1998)

Then, the total proportion of the theoretic population caught by each gear (PM), depending on 
the mesh size, was calculated (Eq. 3):

P M =

∑
L

N o  L . S M  L 

∑
L

N o  L
(3)

where No(L) is the amount of fish of length L of the previously reconstructed population.

This calculation allowed to estimate an intercalibration factor for each gear with mesh size M 
(FM) according to the mesh size used (Eq. 4), as if every hauls had been sampled with the same 

reference gear using a 20 mm mesh size (FM=20 = 1):

F M =
PM =20

PM (4)

The resulting multiplying factors (FM) are reported in Table 2.

The  influence  of  the  width  of  the  trawl  was  not  taken  into  account,  as  its  effect  was  not 
significant.  This effect depends on the ability  of fish to escape laterally,  hence depends on the 

length of juveniles.  Kuipers  (1975) showed a difference in catchability  of plaice between beam 
trawl of 2m and 4m. We used these results to conduct a preliminary sensitivity analysis on our 

dataset. This showed that our method was robust to the effect of trawl width, especially because 
both the difference between the width of BT1, BT2 and BT3, and the representation of BT4 (6%) in 

the data set were low. This conclusion was reinforced by examination of the influence of trawl 
width between BT2 (width = 2m) and BT3 (width = 2.9m) in the intercalibration data set of Riou et  

al.  (2001).  This  examination  showed  no  influence  of  the  width  of  the  trawl  while  comparing 
densities and length distribution profiles of juvenile catches between BT2 and BT3 having the same 

mesh size. The difference in trawl width between these two trawls is likely to be too small to detect  
any effect of lateral escape.
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2.2.4. The bathymetry, from a continuous descriptor to a class factor

Shallow waters are identified to be habitat for juvenile soles  (Koutsikopoulos et al., 1989; Le 
Pape  et  al.,  2003b).  Thus,  predictions  were  limited  to  waters  down to  20m.  Note  that  in  the 

database, no juvenile soles were caught in stations deeper than 21m. 
Furthermore, although it was available as a continuous variable, bathymetry was split in classes. 

This approach was justified by two arguments: 1) Hauls could only be associated to a range of 
bathymetry instead of a precise one. Indeed, the precision of the map used to attribute bathymetry 

(Loubrieu et al., 2008) was smaller than the length of trawl hauls. Actually, the resolution of the 
map  was  500m,  whereas  hauls  were  ranged  between  500  m and  2000  m long;  2)  Integrating 

bathymetry as a continuous variable would have been complicated as its effect on the distribution of 
juveniles  was  non-linear.  In  order  to  choose  the  range  of  classes,  generalized  additive  models 

(GAM) were  used  to  explore  the  relation  between  YoY  densities  and  continuous  bathymetry. 
Classes of bathymetry were identified from changes in slopes for densities of juveniles  against 

bathymetry. 
Bathymetry was split into 7 classes (Fig. 3) : [-8;-3[, [-3;0[, [0;3[, [3;5[, [5;8[, [8;13[ and [13;20] 

meters. This partition was consistent with the shape of evolution of the probability of presence (Fig. 
3a) and positive densities (Fig. 3b) with bathymetry. Moreover, it provided a way to distribute the 

data in the classes as equitably as possible (Fig. 3c).

Fig.  3.  GAMs prediction of the distribution of YoY survey data with regard to  bathymetry (line  is  the  
smoothed prediction):  (a)  probability  of  presence  of  YoY (b)  positive  densities  of  YoY.  Vertical  lines  
represents the chosen limits of classes. (c) Numbers of trawl hauls in each class of bathymetry.

11
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2.3. Habitat suitability model

Habitat  suitability  for  YoY  soles  was  defined  using  a  GLM  that  included  “Sector”, 

“Bathymetric class” and “Sediment structure” as descriptive factors; Riou et al.  (2001) previously 
showed the relevance  of using this  combination  of physical  and geographic factors  to  describe 

juvenile soles spatial distribution in this Eastern Channel. Abundance indices data are typical zero-
inflated data, characterized by an important proportion of zero values (67% of zero values in the 

present trawl survey dataset for YoY densities). This non-Gaussian data distribution prohibited the 
use of a classical statistical approach and a Delta model was used (Stefanson, 1996; Le Pape et al., 

2003b; Martin et al., 2005). The Delta model is a conditional approach coupling two sub-models: 1) 
A first model testing for the presence of YoY; 2) A second model explaining the variation of the 

densities in habitats where presence was recorded. Three steps are needed to build this model:

a.  In the first sub-model, the binary presence/absence of juvenile soles is used as a response 
variable. The model is built from a GLM based on a binomial distribution with a probability 

of presence (p0/1) that linearly depends upon factors through a logit link function: 

Logit(p0/1) = Constant + Sector + Bathymetry + Sediment (5)

b.  The second sub-model uses a Gaussian linear model on log-transformed positive densities 
to  normalize  the  skewed  distribution  of  the  data.  Preliminary  analyses  showed  that  a 

Gaussian distribution on log-transformed data was the best option to describe positive values 
(Le Pape et al., 2003): 

Log(YoY+) ~ Constant + Sector + Bathymetry + Sediment + ε (6)
with ε ~ N(0,σ res²)

c. Finally, for each site i, the predictions of these two sub-models are combined to obtain the 

habitat suitability indices for each combination of factors. This combination has to account 
for the correction of Laurent (1963) to obtain an unbiased point estimate from a linear model 

based on log-transformation for each habitat i:

HSI  i= p0/1  i⋅exp  log YoY+i ⋅exp1 /2⋅ res
2
 (7)

 It is worth noting that the effect of interannual variability was not taken into account for two 

reasons. First, the aim of the study was not to assess the interannual variations of the density but to  
build a mean habitat  suitability model standing for the recent period, then to provide backward 

projections of the mean potential densities based on historical habitat maps. Second, the sampling 
plan was non-regular (Table 1). Several sectors were not sampled all the years. So, accounting for a  

“year” effect in the model would have lead to confusion between “year” and “sector” effects that 
would have been difficult to hand with. In this analysis, all variations in YoY relative densities were 

attributed to habitat features.
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2.4. Coupling model and GIS

2.4.1. Mapping the present Eastern Channel nursery grounds

Results of the habitat suitability model were included in a GIS to calculate an index of juvenile 
abundance  based  on  estimated  densities  on  each  cell  of  the  grid  map  and  on  surface  of  the 

respective habitats. 
Maps of physical and geographic descriptors used to project the results were rasters based on a 

regular grid. At each point of the grid, a bathymetric class, a class of sediment and a sector were 
attributed, which gave the possibility to predict indices from the estimates of the habitat suitability  

model. Then, the combination of the raster grid (surface) with the habitat suitability model (density) 

allowed  to  calculate  a  juvenile  abundance  index  for  each  sector  (number  of  fish  =  surface  × 
density). It was then possible to estimate the potential contribution of the different nursery sectors to 
the total population in the Eastern Channel as a percentage of this abundance in the overall area 

(Riou et al., 2001; Le Pape et al., 2003b).

2.4.2.  Mapping historical Seine estuarine nursery

The model  has  been applied  to  estimate  previous  juvenile  abundances  in  the Seine estuary 
according to historical habitat maps for the last two centuries. However, a thorny problem remained 

with how to deal with the “sector” effect in the past centuries. Indeed, the potential of the Seine 
estuary as nursery ground with relation to water quality has certainly changed during the two last 

centuries but remained unknown. 
The following approach was used to circumvent this problem. In a first analysis, we directly 

applied the results of the habitat suitability model on historical maps and calculated abundance for 
each map, considering that only the variations in the habitat  surface and structure (bathymetry, 

sediment  type)  impacted  the  density.  In  this  configuration,  the  “sector”  effects  in  both  the 
presence/absence and the model for positive densities were considered constant between the current 

situation and the historical time. The Seine “sector” effect can be considered as the “average YoY 
sole density” in the Seine estuary, around which the estimate density vary with different bathymetry 

and sediment types. In this analysis, the “average density” was considered constant over time. 
In a second analysis, we assumed that two centuries ago, the quality of the Seine estuary and the 

related densities of juvenile sole were higher (Gilliers et al., 2006). To play this scenario, the mean 
densities in the Seine estuary in the 1850s were modified through a variation of the Seine “sector” 

effect  in  the  model.  Considering  the  increase  of  anthropogenic  pressure  along the  Seine  River 
during the last two centuries, the contamination level of its estuary in the 1850s cannot have been 

worse than nowadays. Indeed, at present, the mean level of pollution in the Seine estuary for the last 
20 years is the highest of French estuaries. By contrast, the Bay of Veys is one of the least polluted 

estuarine  systems  (Courrat  et  al.,  2009).  However,  other  factors  as  hydrodynamism,  and  their 
influence on larval supply, can have an effect on local densities of YoY (Pihl and van der Veer, 

1992).  Thus,  the  historical  situation  in  the  Seine  estuary  can  not  be  assessed  with  certainty. 
Therefore, we assessed the sensitivity of historical YoY abundances to different values of the Seine 

sector effect. To achieve this goal, nursery grounds were mapped on the basis of the numerical 
maps in the 1850s, but the ultimate number of YoY hosted in the Seine estuary were estimated with 

the “sector” effect successively set equal to gradually increasing “sector” effects within the range of 
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values  obtained  for  all  the  other  sectors  (min  sector  effect  =  S.  Downs;  max  sector  effect  = 

RyeBay). In this sensitivity analysis, the mean sector effect of the Bay of Veys was considered as 
the “reference” level for potential historical situation in the Seine estuary. Indeed, these two sectors 

are close each other (Fig. 1) and depend on the same spawning ground for their larval supply (Lee 
and Ramster,  1979).  It  is  therefore consistent  to consider  that  the huge difference  between the 

“sector  effects”  of  the  Seine  and the  Bay of  Veys is  related  to  habitat  and water  quality,  and 
especially to levels of contamination which are much higher in the Seine estuary. 

Results  were  first  used  to  estimate  the  consequences  of  habitat  degradation  on the  nursery 
capacity in the internal Seine estuary (Fig. 2). Then, the consequences at the scale of the Eastern 

Channel (Fig. 1) were estimated. In this way, habitat suitability maps were used to calculate an 
index of the amount of YoY hosted in each nursery sector and the same index was calculated in the 

Seine sector for the historical periods. This allowed the consequences of habitat loss on the YoY 
abundance in the Seine estuary and on the total amount of YoY in the Eastern Channel (population 

scale, (Riou et al., 2001)) to be estimated.  

3. RESULTS

3.1. Distribution of YoY in the Eastern Channel at the present time

All factors except the “sediment” had a significant effect in the two sub-models (Table 4). The 

“Sediment” effect was not significant (p=0.4) in the sub-model for positive densities (Table 4). This 
factor was then excluded from this sub-model. 

Table 4. Analysis of deviance for the two parts of the delta log-normal GLM
Added variables Binomial model (logit(p0/1)) Positive value model (YoY+)

Residual 
degrees 

of 
freedom

Explained 
deviance 

(%)
Significance

Residual 
degree of 
freedom

Explained 
deviance 

(%)
Significance

Null 5262 1677

YoY ~  Sector + Bathymetry + Sediment (Eq. 5 and 6)

Sector 5256 3.9 p<10-61 1671 6.1 p<10-19

Bathymetry 5250 10.0 p<10-125 1665 5.2 p<10-23

Sediment 5248 0.9 p<10-11 Non significant

When considering the effect of the different factors obtained from the delta model (Fig.  4), 

differences  between  sectors  are  markedly  pronounced  (Fig.  4a):  on  average,  the  highest  YoY 
densities (RyeBay) reached  5.2 times the smallest ones (South Downs). The differences are also 

important when considering bathymetry (Fig. 4b): on average, densities are 8.9 times higher in the 
second class ([-3;0[) compared to the last one ([13;25]). An optimum in the distribution of 0-group 

soles  appears  for  low  bathymetry  ([-3;0[).  Results  indicate  a  significant  preference  for  finer 
sediments  (mud),  but  the  differences  between “sediment”  effects  are  rather  weak (Fig.  4c):  on 

average, “Mud” effect is almost 1.8 times the “Gravels” effect. 
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Fig. 4. Prediction of the abundance indices of sole juveniles (YoY) obtained from the habitat suitability 
delta-GLM model:  (a)  average sector effect,  (b)  average effect  of  Bathymetry and (c)  average effect  of  
sediment. Average effects were obtained from the predictions of the delta-GLM (Eq. 7). For instance, the  
average Seine sector effect (panel (a)) was obtained from the following method: for each combination of the  
other factors bathymetry and sediment, a prediction of the abundance indices was obtained from Eq. (7). The 
predictions for each combination of factor were then averaged to get the mean Seine effect. Uncertainty was 
estimated by Monte Carlo sampling (5000 trials) in the estimation distribution of each parameters needed to 
compute the prediction in Eq. (7).

The combination between the delta model and the GIS (Fig. 5a) revealed that juveniles  are 

concentrated in limited coastal sectors close to the shore. Differences between YoY densities in the 
different nursery sectors are also well marked, particularly while considering rich (Rye Bay, Bay of 

Veys) and poor (South Downs, Seine) neighbor areas.
The contribution of the different sectors to the total  amount of YoY at the population scale 

appears much contrasted (Fig. 5b), with relation to the combined effect of both the surface of each 
sector and the “sector” effect. If we focus on the Seine sector, results highlight that, although the 

Seine is the single large river reaching the Eastern Channel, its estuary still represents only 17% of 
the nursery surface, less than the Somme, and contributes only 14% to the amount of YoY for the 

population. 
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Fig. 5. (a) Distribution of YoY soles abundance indices in the Eastern Channel based on predictions of the  
delta model for each cell of the grid map (§2.4.1). The grey scale represents densities from low to high. (b) 
Contribution of each nursery sector to the population (proportion in %).

3.2. Effect of two centuries of transformation in the Seine estuary

3.2.1. Loss in YoY production due to reduced nursery surface

Fig. 6a highlights the drop of the nursery surface in the internal Seine estuary due to successive 
steps in the construction of dikes and harbour’s enlargement (Fig. 2), and the subsequent changes in 

juveniles’ distribution. Modifications of the internal part of the Seine estuary transformed 33% of 
its  surface  of  potential  nursery  ground  to  terrestrial  area.  This  led  to  a  42% loss  of  juvenile 

production (Fig. 6b) because of surface loss and changes in bathymetry and sediment structure.
Considering that there were no historical changes in YoY densities, these modifications of the 

Seine estuary led to a 4% loss of the total number of juveniles at the population scale since 1850 
(Fig. 7a).
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Fig. 6. (a) Maps of projected abundance indices at different dates of historical changes in the internal Seine  
estuary. The darker is the grey, the more YoY abundance indices is high. (b) Relative amount of YoY in the  
internal Seine estuary by reference with 1850.

3.2.2. Loss in YoY production due to reduced nursery surface and habitat quality degradation 

The analysis of the consequences of historical changes in YoY densities in the Seine estuary 
considered the “sector” effects represented on fig. 4a. First, the adjacent Bay of Veys “sector” effect 

was considered as a supposed realistic situation of the average YoY density in the Seine estuary 

before massive disturbance of water quality. This was quite equivalent to double (×1.7) the current 

Seine  “sector”  effect  (Fig.  4a).  When  the  increase  in  the  estuarine  surface  and  this  simulated 
increase of the habitat quality were combined in the backward projections of YoY densities in the 

Seine estuary,  the contribution  of  the  Seine sector  raised  28.5% of  the amount  of  YoY in the 
Eastern Channel in the 1850s compared to 14% nowadays. Consequently, the estimated impact of 

the habitat  degradation in the Seine estuary consisted in a loss reaching  17% of the total  YoY 
production (Fig. 7b). This is a largely higher loss rate than the 4% calculated when considering the 

impact of reduction of the habitat surface only. 
These simulations were completed in a sensitivity analysis by setting successively the historical 

Seine “sector”  effect  at  the  level  of  the  Somme and the  Rye Bay (Fig.  4a).  This  consisted  in  
multiplying by 1.7 and  3.2 the current Seine “sector” effect. When considering these values, the 

contribution  of  the  Seine  sector  was  between  16% and  41% of  the  production  of  the  Eastern 
Channel in the 1850s and the impact of the habitat degradation in the Seine estuary led to a loss of 

15% to 32% of the total YoY production.
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Fig. 7. Trends in relative abundance of YoY sole in the Eastern Channel since 1850 assuming (a) only a loss 
in habitat surface in the Seine estuary, the quality in each sector remaining constant along time, (b) a loss in  
habitat surface in the Seine estuary combined with a drop in water quality. The quality of the estuary in 1850 
is assumed equivalent to the one of the Bay of Veys in the 2000s’. In dark grey, the contribution of the Seine 
estuary. In light grey, sum of other sectors’ contributions.

4. DISCUSSION

4.1. An approach based on several hypotheses: overview of possible bias

To model the effect of habitat degradation in the Seine estuary, a habitat suitability model based 
on scientific surveys undertaken during the past 30 years was coupled with a GIS that incorporated 

actual  and historical  maps.  Several  methodological  points  could  be  discussed  and improved in 
future research. 

4.1.1. Habitat suitability models, bias and source of non explained variability

Our approach was based on robust parsimonious models for habitat modelling and historical 

projections. Although historical approaches can provide notable results, they may also face large 
uncertainty  because  these  habitat  suitability  models  are  based  on  few  descriptive  factors,  and 

explained only a low part of the variability in YoY densities. 
The meso-scale physical descriptors combined with trawl survey data did not account for small-

scale variability that occurs in juvenile flatfish distribution  (Rogers, 1992; Allen and Baltz, 1997; 
Nicolas  et  al.,  2007;  Stoner  et  al.,  2007;  Vinagre  et  al.,  2009).  Other  descriptors  could  surely 

significantly  increase the part  of the variability  explained by nursery habitat  models.  However, 
descriptors cannot be used for mapping if they are not themselves available as maps (Le Pape et al., 

2003b). For instance, accounting for benthic macrofauna would certainly improve the description of 
sole nursery habitat  (Vinagre et al., 2006; Nicolas et al., 2007) but the lack of maps of benthic 

invertebrates at the Eastern Channel scale prevented to use this factor for nursery mapping. This 
conclusion is reinforced for such historical approach, as historical maps are very scarce and only 

available for few physical descriptors when considering the two last centuries.
Interannual variability of YoY densities was not included in the models. The habitat model was 

averaged over the last three decades in order to estimate the effect of mesoscale habitat variables 
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and to use these effects for historical backward estimations. In fact, considering a “year” effect in 

the model would not have been possible as the sampling plan was not regular over sectors and 
years. However, averaging over several years is consistent with the concept of effective habitats 

(Dahlgren et al., 2006). This approach also fits with the use of historical maps of sediment and 
bathymetry that represent the situation over an extended period of time, rather than a precise year. 

Moreover, there were no historical surveys to tune a “year” effect for the last two centuries.
Hence, the lack of survey data and the limited availability of descriptors for the past periods 

mean that the historical approach faces important uncertainties. Nevertheless, the approach provides 
a way to quantify the historical consequences of anthropogenic disturbances.

4.1.2.   Are changes in the Seine estuary the single ones in the Eastern Channel?

We considered the variations of the YoY production due to modifications in the Seine estuarine 

nursery  only,  without  taking  into  account  possible  habitat  modifications  in  other  coastal  and 
estuarine nursery grounds. 

Clearly,  habitat  degradations occurred in other nursery sectors since the 1850s. The Eastern 
channel is characterised by substantial urban and industrial development, resulting in heavy inputs 

of  chemical  contaminants,  as  well  as  significant  loss  or  alteration  of  marine  habitat  in  some 
locations (Amara et al., 2007). Several important harbours are located along this coastline and other 

sectors of the Eastern Channel have also faced, to a lesser extent, harbours extension, piers and 
dikes building and channel dredging. Moreover, no significant restoration-monitoring program has 

been led in this area, except for recent limited experiments in the Seine estuary.
However, although no precise quantitative estimations of changes in other sectors exist, some 

expertise allows considering that modifications have not been as important as in the Seine estuary. 
Thus, our analysis enables to capture an important part of the production loss due to the habitat 

reduction and degradation at the scale of the Eastern Channel. Because habitat loss and degradation 
also  occurred  elsewhere,  the  present  results  provide  a  lower  bound  for  the  consequences  of 

anthropogenic disturbance at the scale of the Eastern Channel. 

4.2. The negative effect of habitat degradation on estuarine capacity

The  contribution  of  each  nursery  sector  to  the  Eastern  Channel  population  depends  on  its 
geographical  situation  and its  capacity  to  offer  an  adequate  environment  (Gibson,  1994).  Both 

habitat  size  and quality  influence  juvenile  production  in  nursery grounds,  and thus  recruitment 
strength (Gibson, 1997). The combined influences of the loss in habitat surface and quality of the 

Seine estuary were considered in this analysis. 

4.2.1. Consequences of loss in surface of estuarine habitat

Quantitative mapping provides useful tool to determine the area of juvenile  habitats  from a 
Geographic Information  System (GIS),  and their  respective  contribution  to the  total  production 

(GIS area × density derived from the model; (Riou et al., 2001; Le Pape et al., 2003b). As historical 

maps of the descriptors were available,  this  tool allowed an assessment of the consequences of 

habitat loss. 
With such an approach, we observed the impact of habitat loss in the Seine estuary on the YoY 

sole production. The loss in surface of nursery habitat explained a 42% drop of the nursery capacity  
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in the internal part of the Seine estuary, with regards to pre-industrial period. This reduction of the 

nursery capacity alone led to a loss of 4% of the total juvenile production in the Eastern Channel. 
However, the current configuration of the Seine estuary suggests that the river flow is now 

stronger than in the past. This channelled estuary probably prevents a large number of juveniles to 
go up to the inner estuary, on highly productive grounds. Hence, this probable effect, which cannot 

be calculated because of a lack of maps and field data, is likely to be low compared to the important 
loss of habitat in the Seine estuary and insignificant at the scale of the Eastern Channel.

4.2.2. Combination of loss in habitat surface and quality

Given its bio-geographical features, the potential nursery function of the Seine estuary should 

have been greater in the past, before anthropogenic disturbance  (Riou et al., 2001; Gilliers et al., 
2006; Le Pape et  al.,  2007). The Seine is the single large river in the Eastern Channel and the 

potential nursery function of its estuary should have been higher than exposed coasts  (Le Pape et 
al., 2003b, 2003), at least in the same range as other estuaries of the Eastern Channel. As the present 

results confirmed that YoY densities are especially low in the Seine estuary, the effect of the habitat 
surface loss combined with hypothesis on habitat degradation were assessed in a second part of the 

historical  approach.  In  this  scenario,  the  average  densities  of  the  other  sectors  of  the  Eastern 
Channel were considered as indices for the average past densities in the Seine estuary. The density 

of sole in pristine conditions is unknown, but this sensitivity analysis gave a likely range of the 
possible level of the historical Seine production. This hypothesis led to increase YoY densities in 

the Seine estuary from  1.7 to  3.2 times the current  one.  This  led to  an estimated  loss  ranging 
between 15% and 32% of the total Eastern Channel production between the 1850s and nowadays. 

The current  level  of  YoY densities  in  the Bay of  Veys is  considered  to  represent  the  best 
approximation of the historical production of the Seine estuary. Indeed,  the density of juvenile in 

the coastal zone results from 2 controlling factors  (Le Pape et al., 2003b): (1) Larval supply: all 
coastal sectors do not receive the same number of sole larvae. (2) Habitat quality and suitability. 

The Bay of Veys is an adjacent nursery of the Bay of Seine. The geographical  position of the 
spawning area (Lee and Ramster, 1979) and the relative protection of both these sectors from the 

high  currents  existing  in  the  Eastern  Channel  (Hoch and Garreau,  1998) suggest  that  they  are 
supplied with a comparable level of larvae. On the contrary, the other sectors, chosen as references 

for the sensitivity analysis, are located at the eastern part of the Eastern Channel. They may have a 
higher larval supply as 1-day eggs densities are 5 times higher in this area compared to the common 

spawning area for Bay of Veys – Seine  (Anon., 1986). Estimating the potential past densities of 
YoY in the  Seine estuary by considering the  Bay of  Veys as a  reference  for the past  average 

densities enabled to approximate the effect of habitat degradation to a loss of 23% of the Eastern 
Channel population.  

The Bay of Veys is one of the less polluted sector in the Eastern Channel (Courrat et al., 2009), 
in contrast to the Seine estuary which is the most polluted one. The difference in average densities 

between these two sectors does not seem to be related to larval supply, but is likely to be due to the 
lower habitat  quality in the Seine estuary caused by intense anthropogenic pressure. In fact, the 

Seine estuary is known to be highly contaminated and habitat degradation is known to have a strong 
negative impact. Several human related factors like eutrophication (Eby et al., 2005; Shimps et al., 

2005; Diaz and Rosenberg, 2008), chemical contamination  (Johnson et al., 1998; Peterson et al., 
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2003) lead to a disturbed nursery function (Able et al., 1999; Coasta and Cabral, 1999; Jones et al., 

2002; Whitfield and Elliot, 2002; Coates et al., 2007). Gilliers et al. (2006) and Amara et al. (2007) 
focused on these negative consequences of low water quality on residual sole nursery habitats: in 

the Seine estuary, juvenile sole are in lower density, grow slower and are in a lesser condition than 
in preserved nursery sectors. Thus, low ecological performance of the Seine estuary as sole nursery 

ground was probably due to its low quality, and especially oxygen depletion  (Billen and Poulin, 
1999) and chemical contamination (Gilliers et al., 2006; Amara et al., 2007; Courrat et al., 2009). 

4.3. The effect of human disturbance on estuarine systems for marine resources

As described  in  the  concentration  hypothesis  (Iles  and Beverton,  2000),  nursery  dependent 

species  possess  a  high  degree  of  compensation  caused  by  damping  density-dependent  effects 
(DingSor et al., 2007) related to nursery habitat capacity. This is especially verified for flatfish (van 

der Veer et al., 2000) and specifically for the common sole (Le Pape et al., 2003a). The population 
renewal is therefore directly limited by the capacity (size and quality) of available nursery areas 

(Rooper et al., 2004). 
As illustrated in the present study consequences of habitat loss on nursery capacity combined 

with decrease of water quality appear of general concern on coastal  and estuarine essential  fish 
habitats  worldwide.  First,  estuarine  and  coastal  transformations  have  dramatically  accelerated 

worldwide over the past 150 to 300 years  (Lotze et al., 2006) and this trend is not slowing down 
(Coleman et al., 2008). Such habitat losses affect nursery size and, as demonstrated in the present 

study, recruitment of marine population. This conclusion about muddy areas on estuaries can be 
generalized as degradation of coastal and estuarine fish habitats is verified on estuarine systems 

(van Dyke and Wasson, 2005) but also on seagrass  (Pihl et al.,  2006), mangroves  (Faunce and 
Serafy,  2006;  Kavanagh,  2007) and  coral  reefs  (Hoegh-Guldberg,  2006;  Mumby et  al.,  2007). 

Second,  impact  of  habitat  degradation  and  lower  quality  of  nursery  also  affect  marine  fish 
recruitment.  Sole  and  other  species  that  use  estuaries  and  coastal  waters  as  nurseries  are  of 

particular  concern.  Densities  and species richness  of marine juvenile  fishes using estuarine and 
coastal nursery grounds appeared to be strongly and negatively correlated to habitat quality (Courrat 

et  al.,  2009).  Thus,  human disturbances,  and the  related  degradation  of  the  quality  of  residual 
habitats, impact the nursery function of estuaries. 

The  present  study  hence  provides  insights  for  the  assessment  of  the  consequences  of 
anthropogenic disturbance on estuarine dependent marine fish species (Miller et al., 1984; Lenanton 

and Potter, 1987; Gibson, 1994; Elliott and Dewailly, 1995; Elliott et al., 2007; Franco et al., 2008). 
Estuarine  habitat  degradation  may  drastically  impact  the  sustainability  of  marine  resources. 

Important related fisheries  (Peterson, 2003; Fodrie and Mendoza, 2006) are affected. Hence, it is 
essential to maintain habitat size and quality of estuarine nursery habitats to preserve sustainable 

resources and fisheries. 
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