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Including juvenile phase in Beukhof dataset for some fish  

 

 

Tableau 1: Traits included in the dataset classified as either continuous or categorical traits (extracted from Beukhof et al. 

2020) 

 

Initial database: trait investigated for juvenile stage 

      Trait unrelated to growth phase 

 

In our dataset, eight species have been recorded at a juvenile stage:  

Herring (Clupea harengus), Sea Bass (Dicentrarchus labrax), Dab (Limanda limanda), Whiting 

(Merlangius merlangus), Flounder (Platychthys flesus), Plaice (Pleuronectes platessa), Sole (Solea 

solea) and Sprat (Sprattus sprattus).  

 

Trophic level 

Trophic level in the dataset is obtained using the values in fishbase (see 

https://www.fishbase.de/manual/English/fishbasethe_food_items_table.htm). Diet for juvenile stage 

is not available for all species. We used the relationship given in fishbase.de (see figure below) to 

approximate based on the maximal length that each species could reach at the two stags recorded 

(G0: young of the year, and G1: individuals of 1 year). We established that trophic level for juvenile 

would be lower than the one for the adult stage. The latter is represented with blue lines on the figure 

below. All species except the whiting fall in the same interval, [3.0;3.5[, and 3 is the minimal possible 

value in the regression, hence juvenile and adult shared the same trophic level. For the whiting, 

individulas were classified in the [3.5; 4[ interval, using the slope for first order carnivores.  



 

 

https://www.fishbase.de/manual/English/fishbasethe_food_items_table.htm 

 

Caudal fin aspect ratio 

It is defined in Beukhof et al. (2019) as:  

« The caudal fin aspect ratio is the squared height of the caudal fin divided by the surface area of the  

caudal fin.  It is  known  to  correlate  with  fish  swimming  speed,  activity,  metabolism  and  food  

consumption”. 

There are very few literatures on the subject and the value in fishbase is based on the analysis of one 

picture. Juvenile and adult phases will have the same values.  

 

Maximum length 

Values extracted from the NOURSEINE dataset.  

Species Max. length G0 (cm) Max. length G1 (cm) 

Herring 11 21 

Sea bass 11 21 

Dab 10 22 

Whiting 20 27 

Flounder  12 20 

Plaice 17 27 

Sole 14 22 

Sprat 14 / 

 

Habitat 

Herring, Dab 
Sea bass 

Whiting 

Plaice, Sole 

Sprat 

Adult trophic 

level 

Maximum size G0  G1 

Trophic level 

interval 



For all species, except herring, the review of the literature did not lead to any changes of the habitat, 

as categories in the Beukhof dataset are quite general. For the herring however, changes were made 

to consider it as a pelagic species rather than a demersal one, with literature supporting it 

(https://repository.library.noaa.gov/view/noaa/3101)  

Feeding mode 

The Beukhof dataset gives a choice between: 

· Herbivorous (algae) 

· Benthivorous (benthos) 

· Planktivorous (plankton) 

· Piscivorous (fish) 

· Generalist (2 or more, assigned when major food type comprised no more than 

approximately 2/3 diet) 

 

Species/C

ohort 

Main 

food type 

Source Feeding 

mode 

Herring G0 Zooplank

ton 

https://link.springer.com/article/10.1007/s10530-012-0336-4 Planktivo

rous 

Herring G1 Zooplank

ton 

https://link.springer.com/article/10.1007/s10530-012-0336-4 Planktivo

rous 

Sea bass 

G0 

Zooplank

ton +  

Mollusca, 

ploychae

te 

https://link.springer.com/article/10.1007/s12237-020-00823-z 

 
https://onlinelibrary.wiley.com/doi/pdf/10.1111/j.1439-0426.2007.01049.x  

Generalis

t 

Bar G1  https://link.springer.com/article/10.1007/s12237-020-00823-z 

 
https://onlinelibrary.wiley.com/doi/pdf/10.1111/j.1439-0426.2007.01049.x  

 

Sole G0 Polychae

ta + 

harpactic

oida 

https://onlinelibrary.wiley.com/doi/pdf/10.1111/j.1439-0426.2007.01049.x  Benthivor

ous 

Sole G1 Polychae

ta 

https://onlinelibrary.wiley.com/doi/pdf/10.1111/j.1439-0426.2007.01049.x  Benthivor

ous 

Whiting 

G0 

Copepod 

june / 

Crangon 

and 

decapods 

after 

https://onlinelibrary.wiley.com/doi/pdf/10.1111/j.1095-8649.2011.02997.x Planktivo

rous or 

benthivor

ous -> 

generalis

t 

Whiting 

G1 

Fishes  Generalis

t 

Plaice G0 Benthos https://onlinelibrary.wiley.com/doi/pdf/10.1111/j.1095-

8649.2001.tb00531.x?casa_token=sgJV1YaucAQAAAAA:Vw44c6BSEIWScAiamK6QoTMSGz5C8rj5AkI5EWMFAH2

qI4ZkyDd6nJpZhkrHKSJzu_6QyWnT9Zsk3pQ 

Benthivor

ous 

Plaice G1 Benthos https://onlinelibrary.wiley.com/doi/pdf/10.1111/j.1095-

8649.2001.tb00531.x?casa_token=sgJV1YaucAQAAAAA:Vw44c6BSEIWScAiamK6QoTMSGz5C8rj5AkI5EWMFAH2

qI4ZkyDd6nJpZhkrHKSJzu_6QyWnT9Zsk3pQ 

Benthivor

ous 



Flounder 

G0 

Corophiu

m 

volutator 

The diet and feeding behaviour of the flounder Platichthys flesus (L.) in the Ythan estuary, Aberdeenshire, 

Scotland 
Benthivor

ous 

Flounder 

G1 

Benthos  Benthivor

ous 

 

 

Diet for dab was considered to be benthivorous, as per all flatfish juveniles, as sprat diet to be 

equivalent to herring juveniles.   
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community and associated benthic 
fauna of the Seine estuary nursery 
grounds
Thibault Cariou  , Laurent Dubroca   & Camille Vogel  

ecologists motivated by early life stages of commercial species or by the impact of human disturbances, 

Monitoring programs for ecological purposes provide valuable information. !eir interest increases as time series 
lengthen over the years. Marine ecosystems currently undergo significant alterations because of human activities. 
As such, ecological monitoring is key to assess anthropogenic impacts on marine resources and habitats. Marine 
historical ecology, which relies on the resulting datasets, is becoming popular1. !e discipline expands in marine 
conservation and in fisheries management, promoting policies that consider ecosystems as a whole2.

!e Seine estuary is located on the French coast of the eastern Channel. It is a very dynamic environment, 
where two contrasting backgrounds coexist and shape the ecosystem: intense human pressure on the one hand, 
and crucial ecological function on the other. Today, the Seine watershed supports an important part of the French 
industrial development and agricultural activity. With the presence of Paris and Rouen, the Seine River also 
undergoes significant demographic pressure. Human pressure has profoundly impacted the estuary’s and river’s 
biological communities. !e Seine River was declared as “dead” in the 1960s3, before national measures for water 
quality were considered in the 1970s. For instance, the Paris Convention in 1974 aimed at protecting the ocean 
from land based pollution, especially substances like heavy metals and PCBs. Despite these regulations, the Seine 
estuary still recorded one of the highest concentrations of PCBs in mussels4 in 2006 compared to other regions of 
the globe. !e Seine estuary is also a historical fishing ground for brown shrimp (Crangon crangon) and flatfishes, 
such as sole (Solea solea) and plaice (Pleuronectes platessa). An extensive fleet of fishing boats under 12 m in length 
was historically located in the nearby harbours of Le Havre, Honfleur, Ouistreham and Trouville. However, the 
industrialization pushed the estuarine system further offshore (modifications in salinity gradient and tide cycles) 
relocating fishing activities5.

!e Seine estuary is a nursery area for fish. It was first described in the literature by Duval in the 1980s6,7. It 
plays a core role in the life cycle of many demersal and benthic fish8,9 and marine invertebrates10,11, among them 
are fish species of commercial interest. Duval focused his work on describing the size and distribution of two flat-
fish species, sole (Solea solea) and dab (Limanda limanda) as well as one round fish species, pouting (Trisopterus 
luscus). !e concept of nursery is under constant revision; the current definition is attributed to the work of 
Beck and collaborators12. Associated with shallow waters, reduced wave exposure and physical protection such 
as intertidal mud flats, the nursery environment must favor protection from predation13, growth and survival of 

DATA DESCRIPTOR

OPEN



2SCIENTIFIC DATA |           (2020) 7:229  | 

www.nature.com/scientificdatawww.nature.com/scientificdata/

juveniles. By definition, juvenile stages include all developmental stages before the first maturation, until the first 
reproduction. Enhanced growth depends on the quantity and quality of food ressources8. Estuaries o%en qualify 
as nursery because their high productivity14 potentially drives high availability and diversity of trophic resources, 
which benefits juveniles’ growth rate. To date, there is a debate on whether nurseries regularly reach their maxi-
mum hosting capacity based on available trophic resources. When overpassed, juveniles would display reduced 
fitness parameters such as growth and survival, which would in turn regulate their abundance in a retro-control 
loop15,16. Once they reach sexual maturity, individuals tend to leave the nursery for more suitable ecosystems.

Human activities in estuaries affect the development of juvenile individuals and their survivability by impact-
ing the nursery function17,18. IFREMER (the French Institute for the Exploitation of the Sea) implemented scien-
tific cruises on coastal nursery grounds off the French coast of the Channel in the early 1990’s. !e surveys aim 
at describing the juvenile fish population and giving an insight into ecosystems functioning in these areas19. !e 
NOURSEINE survey20 came to existence in this context, with a first occurrence in 1995. !e dataset collected 
from 1995 to 2019 is described in this paper. It consists primarily of density values for several taxa collected in the 
Seine estuary using a beam trawl for sampling. !e dataset allows the exploration of changes at a community or 
population level in time and space. It can help understanding how the nursery function may change through time 
and how it is impacted by human disturbances. Scientific exploitation of earlier versions of the dataset already 
identified such impacts at the community level21 and for the sole population22.

Methods
Data collection takes place in the Seine estuary sector extending from Ouistreham (Coordinates in projection 
world geodesic system 1984 or WGS84, 49°17′N 0°16′W) to Antifer (49°40′20″N 0°11′21″E) and from the Pont de 
Normandie (49°26′09″N 0°16′28″E) to roughly 20 meter-depth offshore to the west (Fig. 1). !is 20 meter-depth 
limit delimitates the area considered as part of the nursery grounds23. !e survey follows a fixed stratified sam-
pling design. !e stratification is based on bathymetry and distance to the mouth estuary. In total, 47 hauls are 
distributed across 12 sectors. Haul positions are randomly drawn in each sector. Due to rocky outcrop and the 
presence of many shipwrecks in the area, hauls’ locations are later assessed based on recommendations from pro-
fessional fishers operating in the area and adjusted where needed. Morin and Schlaich23 provided a standardized 

Fig. 1 Geographical extent and sectors of the NOURSEINE survey displaying the position of hauls performed 
across all years. Sectors are originally established from the distance to the estuary and the bathymetry.



3SCIENTIFIC DATA |           (2020) 7:229  | 

www.nature.com/scientificdatawww.nature.com/scientificdata/

sampling protocol for nursery zones from 1995 to 2017. In 2018, the protocol was updated in order to obtain a 
standardized sampling protocol on a national scale and to comply with the French Marine Strategy Framework 
Directive (MSFD) survey plan19. Differences in the two protocols for this particular survey are highlighted where 
needed. Sampling occurred once a year from 1995 to 2002, then from 2008 to 2010 and from 2017 to 2019. !e 
two first periods strictly follow the first protocol. Only the last years are susceptible to changes due to protocol 
updates.

Sampling is carried out with a 20 mm mesh size beam trawl of 2 or 3 m wide depending on the sectors, with a 
0.50 m vertical opening. !e beam trawl is equipped with ground chains. Each haul lasts 15 minutes and is done 
against the tide at speed between 2.5 to 2.8 knots. From 2018 onward, a length of 7 minutes for the 2 m beam trawl 
was applied, in line with the updated national protocol. Shooting and hauling coordinates, times and depths of 
each haul are systematically noted. Using two different fishing gear may cause differences in the catchability of 
individuals, leading to differences in population characteristics estimates. An intercalibration exercise was imple-
mented and results are presented in Riou’s work24. Data on flounder and sole captures were used to draw the com-
parison. Briefly, they showed that there were no differences in the mean density nor in the size structure for these 
two species. !erefore, the density values are considered comparable no matter the gear used in this protocol.

Total capture

Weight of total capture

Fish and cephalopds
and large jellyfish

Benthic fauna

Total weight of benthic fauna

Sorting by 

taxa

Sorting by 

taxa

Sorting

Weight before subsample

Subsampling by 

taxa

Fish

Cephalopods

Benthic

fauna

Jellyfish

Protocol survey « Nurseries »
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Fig. 2 Sketch of the capture sorting process used during the NOURSEINE surveys (adapted from19).
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!e period of reference for sampling is at the end of summer or beginning of autumn. Sampling dates scope 
from August 25 to September 30 over the time series. !e juvenile stages here regroup individuals of age 1 and 
age 0. !e latter corresponds to individuals who settled in the estuary on the year of the survey. Fish from age 0 
group had their first period of growth over the summer. Sampling in late summer or early autumn ensures good 
catchability by the 20 mm mesh size beam trawl providing an accurate image of the fish distribution and abun-
dance. Each survey day, 12 to 15 trawl stations are performed. In total, 40 to 47 stations are sampled each year. In 
1996, 63 stations were surveyed as replicates were done. Hauls of a given station locate themselves relatively close 
to each other throughout the surveys.

A%er each haul, the content of the trawl is emptied on deck, and a total or partial sorting is carried out 
depending on the volume and homogeneity of the capture. All taxa, both fish and benthos, are sorted, identified, 
counted and weighted. Fishes of commercial value and all others flatfish are measured. Otoliths are collected on 
the main commercial fish species (sole, plaice, flounder, dab, pouting, large whiting and European bass) for later 
age group determination in the laboratory. In 1999, the sampling was incomplete and only commercial fish and 

Taxa name Taxa clustered

Acanthocardia spp Acanthocardia echinata

Ammodytes spp
Ammodytes sp.

Ammodytes tobianus

Ensis spp
Ensis magnus

Ensis directus

Gobiidae
Gobius niger

Gobiidae

Liocarcinus spp

Liocarcinus sp.

Liocarcinus depurator

Liocarcinus holsatus

Liocarcinus marmoreus

Liocarcinus vernalis

Mactra spp
Mactra sp.

Mactra stultorum

Mya spp

Mya sp.

Mya arenaria

Mya arenaria

Mya truncata

Ophiuridae

Ophiura sp.

Ophiura albida

Ophiura ophiura

Ophiuridae

Spisula spp
Spisula solida

Spisula subtruncata

Inachinae

Macropodia longirostris

Macropodia linaresi

Macropodia rostrata

Macropodia sp.

Inachus sp.

Inachus dorsettensis

Paguroidea

Pagurus bernhardus

Diogenes sp.

Paguroidea

Pagurus prideaux

Pagurus cuanensis

Anapagurus hyndmanni

Euspira spp
Euspira nitida

Euspira catena

Cottidae Taurulus

Chlamys spp
Aequipecten opercularis

Mimachlamys varia

Doris spp Doris pseudoargus

Table 1. Outcome of the clustering process applied to homogenize the dataset. !e le% column contains the 
taxa names as they are found in the dataset and the right column the scientific names clustered.
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invertebrates (King scallop and lobster) were sampled. !e year was kept in the dataset to ensure continuity for 
these taxa.

Sorting the capture can be separated into three different steps (Fig. 2):

 1. Total capture weighting: when the hauls are emptied on the deck, the whole capture is distributed in several 
baskets/box in order to weight it.

 2. Fish and large taxa sorting: All fish and large taxa of invertebrates easily identified (edible crab, common 
spider crab, large cephalopods) are sorted, identified, numbered, measured (for fish) and weighted (total 
weight per taxa). Depending on the size of the capture, subsampling might be necessary. Operations are 
performed on the subsample in such a case. If visual identification is too difficult (for instance due to a 
large mud proportion), the capture is washed using a 5 mm sieve. !e weight ratio between the total cap-
ture and the subsample form a “division” variable that allows the calculation of density. Another subsam-
pling may be needed if a taxon has a high abundance. In that case, for practical reasons, only a subsample 
of the individuals are numbered, measured and weighted.

 3. Benthic fauna sorting: What is le% from the second step is weighted before the sorting operation. All taxa 
constituting benthic fauna are sorted, identified, numbered and weighted (total weight per taxa). Some 
taxa may be measured (whelk, scallop). As for step 2, a subsample might be necessary before sorting ac-
cording to the quantity of benthic fauna.

All observations are manually recorded on fieldwork paper books before being checked and registered in the 
NOURSEINE database.

!e NOURSEINE database consists of all information on fish and benthic taxa collected in a given haul, 
together with haul and survey information. !roughout the survey period, some changes on the level of iden-
tification are observed: while all fish taxa were normally considered and processed, sampling was reduced to 
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commercial taxa solely during the 1999 survey. Changes in human operators may lead to mis-identifications and 
irregular records of a same taxa through the dataset. To provide a readily exploitable dataset, taxa clustering was 
applied to keep a homogenous record in the time series. Changes were mostly applied to benthic taxa (Table 1). 
In hauls where several taxa were clustered, abundance and weight were summed to calculate taxa density accord-
ingly. Out of the 161 taxa initially recorded in the database, 138 remained a%er clustering.

As only raw abundance is available first-hand, taxa densities are calculated based on trawled surface but also 
takes into account if the haul has been partially sorted or not. !e formula to calculate the density of individuals 
per surface unit is:

=
∗ ∗

Density
Raw abundance Division Coefficient

Trawled surface

( )

where Division is a factor used to elevate the abundance if the whole haul was not sorted. !e same formula with 
abundance replaced by the capture’s weight gives the captured weight per surface unit.

!e database is reworked and corrected in an R script before being provided here. !e coordinates of each 
haul are given at the beginning and the end of the fishing operation in degrees, minutes and seconds. !ey are 
converted in decimal degrees. It is in this R script that the taxa density is calculated, along with the mean weight 
of the capture, and that taxa clustering happens.

Efforts have been made to detect and correct any typos that potentially slipped through the first correction 
when data are entered in the database.

Data Records
!e data represents the densities of the different taxa encountered at hauled stations across the 14-year period 
where the NOURSEINE survey took place. !e table contains 22435 rows and 25 columns. Following the sam-
pling protocol prescriptions, one row corresponds either to the density of a taxa when it is only counted, or to the 
density of individuals of the same size within a taxa when it is counted and measured. !e associated haul infor-
mation is reported for each row to ensure uniqueness of the record. !e community observations are published 
on the data depository Zenodo (https://doi.org/10.5281/zenodo.3824354)25.

Technical Validation
!e taxa diversity is inspected to see the effect of different identification degrees across the survey. One hundred 
and thirty-eight taxa were recorded in this database (Fig. 3) mainly Chordata, where targeted taxa belong (i.e. flat 
teleostean fish). !e taxa diversity is distributed mainly across three phyla: arthropods (16%), chordates (41%) 
and molluscs (27%). !ese proportions between phyla are quite stable across the period of surveys. However, 
there is an increase in the number of benthic fauna taxa recorded through time due to further effort put on their 
identification. For instance, the number of annelids taxa recorded during the surveys increased from 1.63 ± 0.80 
(s.d.) from 1995 to 2002, to 3.8 ± 1.44 (s.d.) from 2008 to 2019. Likewise for the same periods of survey, the num-
ber of molluscs taxa increased from 15.56 ± 2.18 (s.d.) to 20.75 ± 2.52 (s.d.) respectively.

Looking at the number of taxa per haul, the distribution of all taxa is not even across the different sectors, and 
the richness variability is different (Fig. 4). !e sectors located at the mouth of the estuary display the highest 
richness, whereas the sectors north and south of the navigation channel are the poorest. !e majority of taxa 
identified and reported for the first time in the second half of the campaign (2008–2019) are benthic fauna taxa. 
Overall, the clustering appears to smooth the diversity enough to hide the differences in richness across the years 
(See figure in supplementary materials).

Age, inferred from otolith readings and extrapolated through length correlation of the sampled population, 
is available for nine species across the period, all being taxa of commercial interest (Fig. 5). Age can be used to 
investigate the early life stages of those species. It indicates that the gear employed to catch fish is indeed adapted 
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for the survey of juveniles in this nursery. Most of the individuals measured belong to the “G0” age group, which 
corresponds to fish that settled in the estuary on the year of the survey. For some taxa, later life stages are not 
recorded in the hauls because adults tend to leave this environment to go offshore. !e data is heterogeneous 
and possesses two levels of detail according to the period considered. From 1995 to 2002, juveniles are identified 
and aged, but life stages a%er them are regrouped (Age group “G2+” or “G1+” for Clupea harengus). Since 2008, 
ages are determined for all individuals. !e lack of adult individuals for some taxa makes this heterogeneity less 
inconvenient as the data themselves are scarce.

Code availability
All figures have been produced using R (3.5.1) and RStudio (version 1.1.463). !is script can be accessed by 
contacting either !ibault Cariou (thibault.cariou@gmail.com) or Camille Vogel (camille.vogel@ifremer.fr).
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Comparison!of!the!spatiotemporal!distribution!of!three!"at#sh!species!in!
the!Seine!estuary!nursery!grounds!
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A B S T R A C T ! !

Nurseries!are!crucial!habitats!that!play!an!important!role!for!many!marine!#sh!species;!which!rely!on!them!to!
complete!their!life!cycle.!Juvenile!stages!of!dab!(Limanda!limanda),!plaice!(Pleuronectes!platessa)!and!sole!(Solea!
solea)!present!in!the!English!Channel!are!common!in!the!Seine!estuary!nursery!grounds.!To!further!explore!the!
estuary’s! nursery! function,! we! investigated! the! heterogeneity! in! spatial! distribution! patterns! of! these! three!
"at#sh!at!their!juvenile!stage,!between!1996!and!2019.!We!used!geostatistical!indices!and!multivariate!analyses!
to!demonstrate!species!speci#c!spatiotemporal!dynamic.!Sole!favoured!the!most!upstream!part!of!the!nursery,!
dab!was!found!in!the!most!marine!areas,!and!plaice!preferred!the!southern!coast.!We!then!performed!clusters!
analysis! based! on! spatial! indices! and! spatial! patterns! extracted! from! a!Minimum/Maximum!Autocorrelation!
Factor!(MAF).!We!showed!that!the!average!positions!of!the!three!"at#sh!species!were!stable!across!time.!Each!
"at#sh!appeared!to!have!its!own!spatial!preference! inside!the!nursery.!No!temporal!variability! in!the!spatial!
pattern!nor!trend!was!found!that!would!correspond!to!the!major!stress!imposed!on!the!community!by!harbour!
development!within!the!2000–2005!period.!We!conclude!that!segregation!of!the!juveniles!of!the!three!species!
within!the!nursery!may!re"ect!different!ecological!needs!and!underlying!mechanisms!to!minimise!interspeci#c!
competition.!!!

1. Introduction!

In!addition!to!the!natural!variability!of!environmental!conditions,!
coastal!ecosystems!undergo!constant!modi#cations!and!disturbances!as!
human!activities!keep!increasing!(Cloern!et!al.,!2016).!A!thorough!un-
derstanding!of!the!functioning!of!these!ecosystems!is!needed!to!ensure!
the! sustainable! coexistence! of! human! activities! and! of! the! valuable!
ecological!services!they!provide!(Costanza!et!al.,!2014).!Estuaries!are!
particularly! exposed! to! human! pressure! often! leading! to! detrimental!
consequences!on!the!ecosystem’s!functioning!(Courrat!et!al.,!2009).!A!
function!of!estuaries!is!as!nursery!grounds!for!many!#sh!species!(Vinagre!
et! al.,! 2008).! They! are! characterised!by! larger! biomasses! of! juvenile!
individuals!in!comparison!to!other!habitats!(Beck!et!al.,!2001)!and!are!
key!habitat!for!benthic!invertebrates!(Etherington!and!Eggleston,!2000)!
which!provide!abundant!food!resources!to!sustain!juvenile!#sh!growth!
(Seitz!et!al.,!2005).!Trophic!resources!combined!with!protection!against!
predation! from! shallow! depth! (Gibson! et! al.,! 2002),! large! "uvial!
discharge!increasing!food!availability!and!growth!(Le!Pape!et!al.,!2003),!
and!high!productivity!strengthening!recruitment!(Correll,!1978)!make!

estuaries!favourable.!
Most! "at#shes! found! along! the! French! coasts! are! of! commercial!

value! (Hermant! et! al.,! 2010)!or! can!be!used! as! indicators! of! habitat!
quality!(Amara!et!al.,!2009).!The!Seine!estuary,!located!in!the!eastern!
English!Channel,!is!a!nursery!for!at!least!ten!species,!including!the!three!
species!of!"at#sh!in!this!study!(Duval,!1985).!This!area!is!also!considered!
as!one!of! the!most!polluted!estuaries! in!France,!recording!one!of! the!
highest!concentrations!of!PCBs!in!mussels!for!2006,!compared!to!other!
regions!of!the!globe!(Minier!et!al.,!2006).!It!has!been!the!site!for!several!
harbour!developments!during!the!20th!century,!with!the!most!recent!– 

Port!2000,!le!Havre!– ending!in!2005!(Dauvin!et!al.,!2010).!These!de-
velopments! led! to! the! loss!of!nursery! function!effectiveness! (Le!Pape!
et! al.,! 2007),! which! for! sole! (Solea! solea)!was! evaluated! to! a! 42%!
decrease!of!its!capacity!(Rochette!et!al.,!2010).!

Understanding! the! impact! of! human! development! on! the! estuary!
nursery!function!for!"at#shes!has!generated!abundant!literature!(Riou!
et! al.,! 2001;!Amara! et! al.,! 2007;!Rochette! et! al.,! 2010;!Archambault!
et!al.,!2018).!Most!of! the!cited! literature!did!not!address! spatial!het-
erogeneity!although!#ne-scale!differences!in!trophic!functioning!have!
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been!described!(Tecchio!et!al.,!2015).!By!modelling!food!webs! in!six!
spatial!compartments,!they!found!functional!distinctions!in!the!different!
habitats!and!pointed!out!that!the!estuary!was!spatially!more!complex!
than! previously! thought.! Moreover,! it! is! demonstrated! in! another!
temperate!estuary!that!competition!for!speci#c!food!resources!is!one!of!
the!main!drivers!of!juveniles’ distribution!(Tableau!et!al.,!2016).!These!
#ndings!motivate! further!work!on! small! scale!nursery!usage!and!po-
tential! biotic! interactions! between! different! "at#sh! species! (Amara!
et!al.,!2001;!Rooper!et!al.,!2006).!

Previously,!general!additive!models!(GAMs)!were!applied!to!build!
habitat!suitability!models!of!"at#sh!in!the!Baltic!sea!(Florin!et!al.,!2009)!
and! for! sole! in! the! Seine! estuary! (Rochette! et! al.,! 2010).! However,!
geostatistical! methods! are! increasingly! being! considered! in! spatial!
ecology! as! a! tool! to! improve! the! management! of! marine! resources!
(Ciannelli! et!al.,!2008)!and!account!explicitly! for!autocorrelation!be-
tween! observations.! Spatial! eigenfunctions! were! applied! to! analyse!
spatiotemporal! processes.! These! spatial! eigenfunctions! proposed! by!
Grif#th!and!Peres-Neto!(2006)!include!methods!that!use!eigenvectors!of!
spatial!matrices.!A!geostatistical!version!of!spatial!eigenfunctions!is!the!
Minimum/Maximum!Autocorrelation! Factors! (MAFs)! and!was! devel-
oped!by!Switzer!and!Green!(1984).!It!was!previously!applied!to!#sheries!
to! analyse! spatiotemporal! data! on! sardine! eggs! in! the! Bay! of! Biscay!
(Petitgas!et!al.,!2020).!Although!geostatistics!address!spatial!autocor-
relation! in! the! data,! they! may! not! explain! species-environment!

relationships!(Ciannelli!et!al.,!2008).!Observed!spatial!patterns!are!the!
manifestations!of!underlying!ecological!relationships.!This!property!of!
ecological!spatial!patterns!allows!us!to! focus!on!the!spatial!processes!
alone,!leaving!aside!the!environmental!parameters.!

The!present!study!focused!on!the!quanti#cation!of!the!spatial!pro-
cesses!at!work!in!the!Seine!nursery!for!juveniles!of!three!"at#sh!species,!
dab! (Limanda! limanda),! plaice! (Pleuronectes! platessa)! and! sole,! over!
thirteen!non-consecutive!years.!Using!MAFs!and!geostatistical!indices,!
we!studied!these!species!distributions!in!the!nursery!and!if!they!changed!
following!harbour! development.!Restoring! the!quality! of! the! nursery!
would!require!a!better!comprehension!of!the!ecosystem!and!the!different!
pressures!that!weigh!on!it.!We!discussed!our!results!on!the!key!charac-
teristics!of!both!spatial!patterns!and!temporal!variability!of!juveniles’ 
distributions!in!the!Seine!estuary!in!relation!to!biological!traits!of!the!
species!and!to!ecological!processes.!

2. Material!and!methods!

2.1. Data!collection!

The!analyses!focused!on!the!NOURSEINE!scienti#c!surveys!dataset!
(Cariou!et!al.,!2020a).!The!surveys!aimed!at!describing!the!juvenile!#sh!
populations!and!exploring! the!Seine!estuary’s!ecosystem! functioning.!
They!took!place!over!13!non-continuous!years!(1995–2002,!2008–2010!

Fig.!1. Study!area!of!the!NOURSEINE!survey!displaying!the!mean!position!of!hauls!that!have!been!performed!each!year.!Sectors!were!originally!established!with!the!
distance!to!the!estuary!and!the!bathymetry.!Rivers!are!in!bold!font,!cities!and!locations!named!in!the!article!are!shown.!Coordinates!are!in!decimal!degree!(DD).!
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and!2017–2019).!The!sampling!area!extended!from!Ouistreham!(WGS84!
49◦17′N,!0◦16′W)!to!Antifer!(49◦40′20′′N,!0◦11′21′′E)!and!from!the!Pont!
de! Normandie! (49◦26′09′′N,! 0◦16′28′′E)! to! roughly! a! 20! m-depth!
offshore! to! the!west! (Fig.!1).! This!20!m-depth! limit!de#nes! the! area!
considered!as!the!nursery!grounds.!The!sampling!protocol!is!described!in!
Cariou! et! al.! (2020b)! and! the! data! supporting! this! study! are! freely!
available!on!the!Zenodo!repository!10.18142/244!(Cariou!et!al.,!2020a).!

Dab,!plaice!and!sole!were!selected!for!this!study!due!to!their!eco-
nomic!importance!and!the!availability!of!data!to!ensure!robust!analyses.!
Only!records!of!the!G0!(young-of-the-year)!age!group!were!kept,!cor-
responding!to!dab!of!10!cm!or!less,!plaice!of!17!cm!or!less!and!sole!of!14!
cm!or!less.!These!limits!were!de#ned!using!the!size!distribution!of!G0!
juveniles,!with!further!age!determination!obtained!from!otolith!readings!
on!a!sub-sample!of!each!species.!We!assumed!that!the!G0’s!movement!is!
limited.!This!ensures!that!the!patterns!examined!re"ect!their!distribu-
tion!of!the!nursery.!

Sample!locations!that!were!close!together!among!years!were!aver-
aged!to!get!a!spatially!consistent!time!series!of!observations!(Table!A1).!
This!eventually!led!to!32!points!that!were!sampled!systematically!over!
the!study!periods!(Fig.!1).!The!1995!survey!was!removed!as!its!sampling!
area!was!reduced!and!would!only!have!21!sampling!sites.!

2.2. Geostatistical!indices!

Summary! spatial! statistics! were! used! to! describe! the! temporal!
changes! in! spatial! distributions.! Four! commonly! used! indices! were!
applied!in!this!study:!the!centre!of!gravity,!the!inertia,!the!global!index!of!
collocation!and!the!local!index!of!collocation!(Bez!and!Rivoirard,!2001;!
Woillez,!2007).!

The!centre!of!gravity!(CG)!is!the!mean!position!of!a!population!and!
the!inertia!describes!the!spreading!of!the!population!around!it.!These!
statistics!were!estimated!by!discrete! summations!over! sampling! loca-
tions!with!areas!of!in"uences!used!as!a!weighting!factor.!The!area!of!
in"uence!of!each!sample!was!de#ned!by!all!the!pixels!that!were!closer!to!
them!than!to!other!samples.!For!the!sample!i,!let!si!be!the!area!of!in-
"uence,!xi!its!geographical!coordinates!and!zi!its!#sh!density.!The!centre!
of!gravity!and!the!inertia!were!estimated!by:!

CG=

∑

ixisizi
∑

isizi

(1)!!

I =

∑

i(xi − CG)2
sizi

∑

isizi

(2)!

The!inertia!was!then!decomposed!into!two!principal!axes!orthogonal!
to!each!other,!one!for!the!maximum!inertia!(Imax)!and!the!other!for!the!
minimum!(Imin).!It!was!graphically!represented!by!an!ellipse!centred!on!
the!centre!of!gravity!with!axes!equal!to!the!principal!axes!of!inertia.!The!
isotropy!index!ranged!between!0!(anisotropy)!and!1!(isotropy)!and!was!
calculated!by:!

Isotropy=

̅̅̅̅̅̅̅̅

Imin

Imax

√

(3)!

For! each! species,! the! global! (GIC)! and! the! local! (LIC)! index! of!
collocation!(Bez!and!Rivoirard,!2001)!measured!the!similarities!in!the!
spatial!distributions!between!pairs!of!years.!The!GIC!measures!how!two!
distributions!were!spatially!close!to!each!other!by!considering!the!dis-
tance!between!their!CG!relatively!to!their!associated!inertia:!

GIC = 1 −
ΔCG2

ΔCG2 + I1 + I2

(4)!

When! the!GIC!equalled!0,!populations!are!both!concentrated! in!a!
single!point!(I1!= I2!= 0)!at!different!locations!(ΔCG2>0).!When!CG!were!
located!at! the!same! location,! the!GIC!equalled!1.!Between! those! two!
extremes,!the!GIC!measured!the!overlap!between!ellipses,!summarising!
the!two!distributions.!However,!a!GIC!closer!to!1!did!not!mean!that!the!

distributions!were!the!same.!Instead,!it!meant!that!the!mean!positions!
were!very!close!despite!their!inertia.!Therefore,!GIC!quanti#ed!global!
changes!of!spatial!distributions!between!two!selected!years!for!a!given!
species.!

The! LIC! complements! the! GIC! with! station-by-station! pairwise!
comparisons.!Denoting!z1i!and!z2i!the!#sh!densities!observed!at!sample!i!
in!two!different!years!respectively,!it!was!estimated!as:!

LIC=

∑

isiz1iz2i
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

isiz1i
2

√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

isiz2i
2

√ (5)!

A!LIC!equal!to!0!indicated!that!the!two!populations!never!occur!at!the!
same!sampling!locations,!while!a!LIC!equal!to!1!meant!that!the!rank!of!
the!densities!in!both!years!are!similarly!distributed.!In!between!these!
limits,! the! LIC! was! used! to! evaluate! the! similarity! of! the! densities!
(observed!at!the!same!station)!for!a!given!species!between!two!different!
years!(not!necessarily!consecutive!ones).!

Calculation! of! GIC/LIC! indices! for! all! pairs! of! surveys! generated!
square!similarity!matrices,!opening!the!possibility!to!analyse!them!as!
networks!of!years.!For!each!species,!the!choice!was!made!to!consider!
multiplex!networks! (Mucha!et!al.,!2010)!based!on! their!GIC!and!LIC!
values.!Whereas!simple!network!links!nodes!according!to!their!relation!
from!a!given!variable,!a!multiplex!network! is!a!multivariate!version,!
accounting!for!the!relation!given!by!more!than!one!variable.!Both!GIC!
and!LIC!indices!were!then!combined!to!cluster!years.!Years!(nodes)!were!
clustered! using! the! Louvain! algorithm! (Blondel! et! al.,! 2008)! that!
searches!for!the!partition!that!maximises!the!modularity!of!the!parti-
tioned!graph.!The!modularity!(Newman!and!Girvan,!2004)!is!based!on!
the!difference!between!the!fraction!of!connections!that!effectively!con-
nect! groups! and! the! fraction! expected!under! random! connexions! be-
tween!groups.!To!emphasise!the!information!in!the!networks,!only!the!
50%!most!values! edges! are!displayed!on!each! layer!of! the!multiplex!
network,!values!being!given!by!the!GIC!and!LIC!indices.!

2.3. Spatio-temporal!decompositions!(Minimum/Maximum!
Autocorrelation!Factor!-!MAF)!

Principal!component!analyses!(PCA)!generally!produce!uncorrelated!
variables! (also! called! factors)!by! the! linear!combination!of! the! input!
variables!and!then!select!a!reduced!number!of!factors!that!explain!as!
much! as! possible! of! the! initial! variability.! In! spatial! statistics,!MAFs!
(Switzer!and!Green,!1984)!proceed!similarly!but!work!on!spatial!dis-
tributions!rather!than!variables.!A!MAF!procedure!aims!thus!to!explain!a!
time!series!of!spatial!distributions!by!a!small!number!of!uncorrelated!
spatial!distributions! (also! called! factors!produced!by! linear! combina-
tions!of! the! input!spatial!distributions).!Each!one!of! the!uncorrelated!
factors!is!a!linear!combination!of!the!input!spatial!distributions.!As!in!
PCA,! there! are! as! many! factors! as! input! spatial! distributions,! with!
decreasing!contribution!to!the!overall!spatial!pattern.!For!a!given!spe-
cies,!this!led!to!the!following!framework:!

zi,t =mt +
∑

13

k=1

ck,tχk,i , ∀ t = 1,…, 13, ∀ i = 1,…, 32 (6)!!

zi,t!denotes!the!#sh!density!at!sample!i!and!year!t,!for!i = 1,…,32!and!t =
1,…,13.!χk,i,!k = 1,…,13!are!the!factors!of!the!MAF!decomposition,!i.e.!

spatial! distributions! that! are!mutually! uncorrelated! (at! least! at! short!

distance).!mt!represents!the!mean!density!of!tth!survey!and!ck,t!represents!

the! score!of! the!kth! MAF! in! the! tth! survey.!Each!MAF!being!a! spatial!
factor,!it!is!possible!to!build!the!variogram!associated!with!the!structure.!
The!second!step!of!the!MAF!decomposition!allowed!selecting!only!the!
most! important! factors! to! remove! those! associated! with! pure! noise.!
Structures!of!the!variograms!were!investigated!only!to!keep!those!dis-
playing!the!most!explicit!spatial!structure.!This!led!to!the!selection!of!the!
#rst!three!MAFs!for!each!species!(see!�result’ section)!so!that!the!MAF!
decomposition!was!#nally!de#ned!as:!
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zi,t =mt +
∑

3

k=1

ck,tχk,i + εi,t, ∀ t = 1,…, 13, ∀ i = 1,…, 32 (7)!!

where!εi,t!represents!an!uncorrelated!random!variable!with!0!mean!(pure!
noise).!

The!inference!of!such!a!model!was!described!in!details!in!the!liter-
ature!(Switzer!and!Green,!1984;!Desbarats!and!Dimitrakopoulos,!2000;!
Woillez!et!al.,!2009;!Petitgas!et!al.,!2020).!

Each!survey!could!then!be!positioned!in!3-dimensional!space;!with!
“coordinates” equal!to!their!scores!in!the!MAF!decomposition.!Yearly!
distributions’ scores!on!the!selected!MAFs!were!used!to!cluster!surveys!
with!similar!spatial!patterns.!Clustering!was!based!on!Ward’s!algorithm.!
Simple!Structure!Index!(SSI)!was!used!afterwards!to!optimise!clusters!
de#nition!with!regards!to!their!intra!and!inter-cluster!variances.!

All!analyses!were!performed!using!the!R!software,!version!3.5.3!(R!
Core! Team,! 2020).! Geostatistical! analysis! were! made! in! RGeostats!
version!12.0.1!(MINES!ParisTech/ARMINES,!2020);!#gures!were!made!
with!ggplot2!version!3.3.0! (Wickham,!2016);!graphs!were!built!with!
ggraph!version!2.0.2! (Pedersen,! 2020a),! igraph!version!1.2.5! (Csardi!
and! Nepusz,! 2006)! and! tidygraph! version! 1.2.0! (Pedersen,! 2020b);!
clustering!used!the!ggdendro!package!version!0.1.22!(Vries!and!Ripley,!
2020)! and! the! SSI! index! was! extracted! from! vegan! version! 2.5–6!
(Oksanen! et! al.,! 2019).! Clustering! with! hclust! used! the! “ward.D2” 

method! to!use! the!ward!criterion!(Murtagh!and!Legendre,!2014).!All!
codes!are!available!on!a!GitHub!repository!(https://github.com/Thibau!
ltCariou/CG_MAF_Flat#shSeine).!

3. Results!

3.1. Mean!statistics!and!distribution!

The!G0!juveniles!of!each!species!within!the!"at#sh!assemblage!had!
different!distributions!patterns!and!abundance!(Table!1).!Dab!and!plaice!
were!found!across!more!than!half!of!the!total!hauls.!While!occurring!in!a!
little!more!than!a!third!of!the!hauls!(35%),!sole!had!the!highest!mean!
density.! Map! of! mean! distributions! (Fig.! 2)! showed! species-speci#c!
patterns.! Dab!was! found! at! least! once! in! every! station,!while! plaice!
and!sole!were!absent!in!some!areas!during!the!entire!sampling!period.!

3.2. Spatial!variation!

Over!the!last!25!years,!the!mean!position!of!the!G0!juveniles!changed!
for!each!species!while!remaining!distinct!between!species!(Fig.!3).!The!
centres!of!gravity!for!dab!distributions!spread!in!the!north-western!part!
of!the!estuary!relative!to!plaice!and!sole,!except!for!the!1996!centre!of!
gravity,!which!was!located!in!the!southernmost!part!of!the!estuary.!The!
centres!of!gravity!of!plaice!spread!along!the!southern!coast.!However,!
two!groups!of!ellipsis!were!identi#ed!at!a!closer!look!at!their!distribu-
tion.!One!coincided!with!the!centres!of!gravity!of!sole!while!the!other!
was!closer!to!the!Orne!estuary!(Years!of!each!CG!noted!in!#gure!A4).!
Sole!was!mostly!concentrated!at!the!mouth!of!the!Seine!estuary!and!had!
the! smallest! inertia! on! average! across! species.! In! most! cases,! the!
dispersion!of!individuals!around!the!centres!of!gravity!is!not!isotropic,!as!
shown!by!the!low!isotropy!index.!

All!species!displayed!an!average!isotropy!index!of!around!0.4,!indi-
cating!anisotropy.!The!inertia!ellipsis!showed!that!the!direction!of!this!
anisotropy!was! species! speci#c,! and! similar! across! years! for! a! given!
species.! The! coastline! affected! the! inertia! along! the! southern! coast!
(mainly!for!plaice).!The!main!axis!of!inertia!for!dab!was!aligned!with!the!
isobaths!in!most!cases.!No!temporal!pattern!emerged!from!the!inertia!or!
isotropy! results.! However,! the! inertia! seemed! to! increase! when! the!
isotropy!index!decreased!for!plaice!(Pearson’s!r:!t!= -4.78,!df!= 11,!p-!
value!= 0.00057,! cor!= -0.82.!Normality! checked!with!Shapiro-Wilk!
normality!test).!The!inertia!of!plaice!and!dab!were!similar,!while!those!
of! sole! were! signi#cantly! smaller! as! re"ected! by! the! small! ellipsis,!
showing! a! smaller! spread! of! the! distribution! around! the! centres! of!
gravity!(Fig.!3).!The!mean!GIC!for!the!three!species!were!large!(above!
0.8,!Fig.!4!and!A.1),!indicating!reasonable!temporal!stability!of!the!mean!
location!for!these!species!in!the!Seine!estuary,!relative!to!their!spreads.!
For!the!three!species,!GIC!values!were!higher!than!the!LIC!index.!Hence,!
each!"at#sh!population!was!on!average!observed!at!the!same!places!in!
the! Seine! estuary.!However,! the! distribution! of! individuals! is!mostly!
different!in!time.!Sole!had!the!highest!contrast!between!high!GIC!and!
low!LIC!values.!Although!the!centres!of!gravity!were!very!close!to!one!
another!(except!for!2019),!the!densities!distribution!between!the!years!
was!very!different,!with!varying!hotspots’ locations!through!time.!

The!Louvain!clustering!detected!two!main!clusters!for!each!species.!
Dab!and!sole!have!highly!connected!GIC!nodes,!and!clusters!were!more!
distinct!on!the!LIC!layer!of!their!respective!networks.!Conversely,!the!
two!clusters!were!easily!identi#able!on!the!plaice!GIC!layer.!No!temporal!
similarity! was! found! between! the! three! clustering! results! in! each!
network.!The!distributions!of!dab!in!1996,!2001,!2009!and!2017!had!low!
values!of!LIC,!and!1996!and!2001!also!having!low!GIC!values.!The!lack!of!
edge!connecting!these!years!to!the!others!indicated!that!they!displayed!a!
distinct! distribution.!The!LIC! layer! showed! that! sole! exhibited! a! few!
different!yet!repeating!patterns!despite!the!overall!LIC!values!being!low.!
Four!pairs!of!years!had!very!high!LIC!values!(above!0.8)!showing!high!
spatial! correlations! in! the! densities! these! years.!However,! the! global!
signal!of!the!LIC!layer!shows!that!the!densities!distributions!were!quite!
variable,!with!only!1997!being!well!connected.!It!is!notable!as!well!that!
2019!is!isolated!in!the!GIC!network.!

The!two!clusters!on!the!plaice!network!were!distinguishable!on!both!
the!GIC!and!the!LIC!layers.!They!represent!the!two!patches!of!centres!of!
gravity!described!in!Fig.!3!and!A.4.!The!1996/1999/2000/2002/2017!
cluster!matches!the!centres!of!gravity!closer!to!the!Orne!estuary,!while!
the!other!contains!the!centres!of!gravity!near!the!mouth!of!the!Seine!
river.!

3.3. Spatial!structures!

Based!on!the!eigenvalues!and!the!shape!of!each!MAF!variogram,!only!
the!#rst!three!MAFs!were!considered!(Fig.!5).!The!variograms!indicated!
clear!structure!until!the!third!MAF,!where!they!started!to!present!a!large!
nugget!component.!After!the!third!MAF,!the!orthogonality!at!short!dis-
tances! was! also! not! veri#ed! anymore.! These! three! MAFs! displayed!
spatial!patterns!at!the!estuary!scale,!as!shown!by!the!MAF!scores!shown!
on!the!map!in!#gure!A2.!

The! SSI! index! discerned! 5! clusters! for! each! species! (Fig.! 6).! The!
clusters!of!each!species!did!not!display!clear!temporal!continuity.!Dab’s!
clusters! displayed! three! singletons! (1996/1997/2001)! whereas! most!
sole’s!clusters!had!group!membership!of!two!or!three!years.!As!seen!in!
the! GIC/LIC! clustering,! the! temporal! dynamics! for! each! "at#sh!was!
different.!However,!for!dab!and!plaice,!the!most!recent!years!tended!to!
be!grouped!together!(2017/2018!for!dab!and!2018/2019!for!plaice).!

4. Discussion!

4.1. Methods!

In!this!study,!spatial!indices!and!multivariate!analyses!were!used!to!

Table!1!
Mean!frequency!of!occurrence!and!density!of!three!"at#sh!populations!surveyed!
in!the!Seine!estuary!during!the!13!years!of!sampling.!C.V!is!the!coef#cient!of!
variation.!!

Species! Occurrence!in!all!hauls!(%)! Density!(individuals!per!hectare)!when!
excluding!absence!!!

Mean!(ind/ha)! C.V.!(%)!
Dab! 56.2! 36.7! 158!
Plaice! 53.6! 25.1! 160!
Sole! 35.4! 43.6! 176!!
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describe! quantitative! spatial! patterns! and! to! evaluate! their! temporal!
variation.! Both!methods!were!well! suited! to! deal!with! the! temporal!
discontinuity! existing! in! the!dataset.!The! spatial! indices!provided! in-
formation!on!how!a!population!was!distributed!or!how!the!distributions!
of!the!two!populations!looked!alike.!A!missing!year!would!only!result!in!
not!having!the!information!on!the!distribution!and!not!introduce!any!
bias.!MAFs!were!a!k-table!analysis,!a! table!being!the!densities!of! the!
three!"at#shes! for!one!survey.!These!tables!could!be!switched!in!the!
analysis!without!changing!the!results!as!the!PCAs!were!not!affected!by!
the! relative! order! of! the! values.! Therefore,! thirteen! years! of! surveys!
provided!a!non-continuous!yet!informative!dataset!on!G0!juvenile!"at-
#sh!distributions!in!the!Seine!estuary.!However,!the!temporal!disconti-
nuity!may!have!altered!our!ability!to!detect!any!dynamic!trend!in!spatial!
patterns.!

Here,! the! combination! of! spatial!methods! and! the! comparison! of!
their!results!allowed!us!to!better!read!the!spatial!patterns!existing!in!the!
estuary.!On!one!hand,!the!considered!spatial!indices!acted!as!indicators,!
numerically!summarising!distributions.!On!the!other!hand,!MAFs!were!
closer!to!a!model!of!the!actual!distribution,!removing!noise!in!the!spatial!

patterns!(Petitgas!et!al.,!2020).!Temporal!variations!in!"at#shes’ dis-
tribution!in!the!Seine!estuary!existed!but!may!be!too!faint!to!be!rendered!
correctly!by!spatial!indices.!CG,!inertia!and!indices!of!collocation!were!
global!statistics,!which!smoothed!the!temporal!aspect!of!the!distribution.!
In!this!study,!they!tracked!major!changes!but!were!less!able!to!render!
short!term!variations.!Only!the!LIC!layer!of!the!multiplex!network!gave!
an!insight!into!annual!variability,!based!on!the!Louvain!clustering!al-
gorithm.!This!algorithm!was!selected!because!of!its!widespread!use!and!
appropriate! properties! (Traag! et! al.,! 2019),! which! were! considered!
suf#cient! for! the! objective! of! this! study:! interspeci#c! comparison! of!
spatiotemporal!distribution.!Strictly!speaking,!LIC!is!not!a!spatial!sta-
tistic!as!it!is!unchanged!by!a!geographical!permutation!of!the!observa-
tion.!Clusters!of!years!based!on!the!GIC/LIC,!and!the!clusters!extracted!
from!the!spatial!analysis!based!on!the!MAF!decompositions!were!not!
similar.!For!instance,!the!year!1996!for!dab!would!instinctively!be!iso-
lated!from!the!clusters!detected!when!based!on!the!LIC,!but!this!was!not!
the!case!with!the!Louvain!clustering.!It!was!considered!that!MAFs!were!
better!suited!to!track!temporal!changes!in!spatial!distributions:!spatial!
indices! summarised! the! spatiotemporal! variations! in! a! single! value,!

Fig.!2. Mean!density!of!dab,!plaice!and!soles!across!all!surveys!and!hauls,!between!1995!and!2017.!Density!is!expressed!in!individuals!per!hectares.!Coordinates!are!
in!decimal!degree!(DD).!

Fig.!3. (Left)!Position!of!the!centres!of!gravity!across!years!for!dab!(violet),!plaice!(turquoise)!and!sole!(yellow).!The!ellipsis!represent!inertia!associated!with!the!
centre!of!gravity.!(Right)!Boxplot!and!annual!isotropy!index!for!the!three!species!of!"at#shes.!The!size!of!the!symbol!for!the!annual!isotropy!is!proportional!to!the!
inertia.!Coordinates!are!in!decimal!degree!(DD).!(For!interpretation!of!the!references!to!colour!in!this!#gure!legend,!the!reader!is!referred!to!the!Web!version!of!
this!article.)!
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while!scores!of!the!orthogonal!factors!for!each!year!could!group!them!
according!to!coherent!spatial!structure.!Tableau!et!al.!(2016)!used!part!
of! the! analytical! tools! of! this! study! (GIC! and! variogram)! to! link! the!
distributions!of!preys!and!#shes! in!an!estuary!without!describing!the!
spatial!use!of!the!environment!at!the!species!level.!

4.2. Distinct!usage!of!the!nursery!in!spatial!patterns!

The!Seine!nursery!is!a!key!habitat!in!the!life!cycle!of!the!three!"at#sh!
species.!It!is!under!pressure!from!human!activities!that!undermine!its!
role!as!a!nursery!(Le!Pape!et!al.,!2007).!So!far,!associated!studies!mostly!

focused!on!sole!population!(Amara!et!al.,!2007;!Rochette!et!al.,!2010),!
and! to! a! lesser! extent! on! "ounder! (Platichthys! "esus)! and! dab! as! in-
dicators!of!pollution! levels! (Amara!et!al.,!2009;!Dévier!et!al.,!2013).!
Plaice!was!studied!in!the!Seine!estuary!in!Riou!et!al.!(2001)!and!most!
recently!in!Day!et!al.!(2020)!who!analysed!the!feeding!habitat!of!plaice!
and! sole! juveniles.! Our! study! was,! to! our! best! knowledge,! the! #rst!
attempt!to!look!for!different!spatial!patterns!in!the!Seine!estuary’s!"at-
#sh!assemblage.!Although!only! three! species!were!considered! in! this!
study,!the!spatial!indices!and!the!MAF!all!pointed!out!segregation!of!the!
distribution!of!the!juvenile!"at#sh.!It!showed!a!distinct!species-speci#c!
usage!of!the!nursery!area.!Similar!results!were!obtained!by!Piet!et!al.!

Fig.!4. Global!index!of!collocation!(GIC)!and!
Local! Index! of! collocation! (LIC)! calculated!
for! any! pair! of! years! for! the! three! "at#sh!
species.! A! community! is! a! synonym! for! a!
cluster.!Node!clusters!are!obtained! through!
the! Louvain! algorithm,! optimising! the!
modularity! of! the! multilevel! network.! The!
edges’ thickness! of! the! network! is! propor-
tional!to!the!value!of!the!GIC!or!LIC!index.!
On!each!layer,!only!the!edges!whose!weight!
are!greater!than!the!median!of!all!values!are!
shown!(50%!of!edges!are!removed!from!each!
layer).!!!
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(1998),!who!worked!not!only!on!juveniles!but!on!all!size!classes.!They!
found!a!difference!in!spatial!distribution!between!dab,!plaice!and!sole!
that!were!signi#cantly!more!distinct!for!the!smallest!size!class!than!the!
largest!ones!found!in!the!southern!North!Sea.!They!linked!this!segre-
gation!to!several!hypotheses!revolving!around!trophic!resources.!Several!
studies!conducted!on!"at#shes!in!the!Seine!estuary!showed!a!resource!
partitioning!in!their!diets!(Amara!et!al.,!2001;!Dauvin!et!al.,!2012;!Day!
et!al.,!2020).!They!tended!to!indicate!that!trophic!competition!between!
dab,! sole! and!plaice!was!minimal.!A! comparison!of! the! gut! contents!
between!sole!and!plaice!in!2017!demonstrates!a!high!site!#delity!within!
nursery!habitats!for!both!species!(Day!et!al.,!2020),!which!is!consistent!
with!our!results!on!the!relative!stability!of!distributions’ mean!position!
across! the! years.!As! each! species! has! environmental! preferences,! the!
spatial!pattern!we!highlighted!in!the!estuary!may!be!related!to!different!
nursery!environments!(Peterson!et!al.,!2011).!

Dab! juveniles! in! the! Seine! estuary! are! recurrently! found! in! the!
furthest!western!and!northern!parts!(Fig.!2).!The!literature!on!this!spe-
cies!in!other!ecosystems!and!the!English!Channel!showed!that!dab!ju-
veniles! did! not! just! use! the! shallow! and! estuarine! areas! as! nursery!
grounds!but!may!use!deeper!waters!as!well! (Bolle!et! al.,!1994;!Hen-
derson,!1998;!Martin!et!al.,!2010).!This!was!consistent!with!our!results!
showing!the!mean!distribution! location! in!deeper!water!compared! to!
plaice!and!sole.!This!behaviour!might!help!reduce!interspeci#c!compe-
tition.!The!bathymetry!on!the!French!side!of!the!eastern!English!Channel!
dropped!off!steeply!past!20!m!deep,!except!for!the!Seine!and!Somme!
estuaries.!Hence,!optimal!habitat!(suitable!and!free!of!competition)!for!
dab!may! be! limited! in! other! locations! on! the! French! coast! as! other!
"at#sh!occupied!the!coastal!fringe.!

The!juveniles!of!plaice!had!a!wide!distribution!along!the!southern!
coastline,!up!to!the!Seine!estuary’s!mouth,!and!two!clusters!could!be!
drawn! from! the! centres! of! gravity.!These! clusters! could!also!be! seen!
highlighted!on!the!#rst!MAF!(Figure!A2).!The!G0!juveniles!of!plaice!tend!
to!distribute!and! feed! in! intertidal!areas! (Beyst!et!al.,!2002).!Coastal!
in"uence!is!central!to!their!distribution,!as!described!by!Duval!(1982).!
Clusters!identi#ed!in!our!analysis!may!distinguish!years!when!the!Seine!
had!a!larger!in"uence!on!their!distribution!potentially!linked!with!the!

river!"ow!and!benthic!productivity.!The!“Banc!du!Ratier” is!a!pile!of!
rocks!and!rubbles!that!was!landscaped!as!a!small!arti#cial!island!during!
Le!Havre!harbour!development!of!Le!Havre! in!2002–2005;! it!created!
new! intertidal! beaches! potentially! favourable! to! plaice! settlement.!
Autumn,!when! sampling! took!place,! corresponds! to! the!migration!of!
juvenile!plaice!from!the!intertidal!area!to!deeper!waters!of!around!5!m!
depth,!increasing!their!catchability!(Gibson!et!al.!2002,!2011).!Although!
the! intertidal! area!was! not! surveyed! and! the! use! of! this! part! of! the!
nursery!was! not! be! evaluated,!we! believe! that! our! sampling! scheme!
provided!a!fair!representation!of!the!distribution!of!juvenile!plaice.!

Sole! is! the!species! for!which! literature!on!nurseries!was! the!most!
abundant,!whether! in! the! Seine! (Rochette! et! al.,! 2010;! Archambault!
et!al.,!2018),!in!the!Channel!(Eastwood!et!al.,!2003)!or!on!the!French!
coast!(Le!Pape!et!al.,!2003;!Nicolas!et!al.,!2007;!Kostecki!et!al.,!2010).!
Juveniles!of!sole!were!constantly!found!at!the!Seine!estuary.!However,!
the!very!low!LIC!index!indicates!that!high!densities!were!rarely!seen!at!
the!same! location,!showing!a!high! local!heterogeneity! in! their!distri-
bution! patterns.! Depth! and! temperature! affected! the! juvenile! sole’s!
distribution!which!is!true!for!the!juveniles!of!most!"at#shes!(Eastwood!
et!al.,!2003).!However,!some!literature!shows!that!river!"ow!and!salinity!
affected!sole!more!than!dab!or!plaice,!perhaps!because!these!factors!have!
been!studied!more!often!with!sole!(Le!Pape!et!al.,!2003;!Kostecki!et!al.,!
2010).!River!input!brings!essential!nutrients!to!the!ecosystem!that!enter!
the!trophic!chain!and!affect!food!availability!for!the!juveniles.!As!it!has!
been! seen! in! other! estuaries,! sole! tolerates! a!wider! range! of! salinity!
(Power!et!al.,!2000)!compared!to!plaice!and!dab.!Sole!could!then!access!
resources!not!exploited!by!the!two!other!species.!

4.3. Temporal!variation!of!spatial!pattern!

Juveniles’ abundance! was! linked! to! habitat! availability! for! their!
development!(Parsons!et!al.,!2014).!Low!densities!may!be!the!source!of!
highly!variable!patterns.!When!abundance!was!low,!it!was!expected!that!
the!pattern!might!vary!from!year!to!year!as!the!habitable!area!is!pro-
portionally! large.!Hotspots!of!density!were!then!expected!to!occur!at!
different!locations!over!the!years!and!within!the!nursery!area.!Following!

Fig.!5. Empirical!variograms!of!each!MAF!for!the!three!species!of!"at#sh.!!
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the!decrease!in!"at#sh!abundance!by!harbour!development!in!the!area!
(Rochette! et! al.,! 2010),! spatial! patterns! were! expected! to! be! highly!
variable!(Figure!A.3).!Changes!in!the!benthic!communities!in!the!Seine!
estuary! were! observed! before! and! after! the! harbour! development!
(Dauvin!et!al.,!2010;!Dauvin!and!Pezy,!2013).!However,!our!results!did!
not!point!to!harbour!development!being!the!source!of!major!changes!in!
juveniles!repartition! in! the!nursery!area.! Instead,!mean!spatial!distri-
butions!were!stable!despite!known!and!extensive!degradation!(Le!Pape!
et!al.,!2007).!Two!hypotheses!could!explain!our!results.!First,!it!could!be!
that!there!is!no!room!for!heterogeneity.!Spatial!patterns!were!restricted!
because! the!area!available! to!settlement!within! the!nursery!has!been!
reduced!and!biotic!pressures!were!exerted!by!the!co-occurrence!of!other!
"at#sh!species!at!the!same!time.!These!pressures!constrained!the!dis-
tribution! patterns! of! each! population! and! the! temporal! variability!
observed.!Second,!the!geostatistical!methods!used!in!this!study!did!not!
directly!take!into!consideration!the!raw!densities!but!their!standardised!
version,!i.e.!densities!relative!to!their!standard!deviation.!This!method!
may! have! hidden! larger! differences! in! patterns! before! and! after! the!
harbour!development.!The!state!of!juvenile!"at#sh!in!the!Seine!estuary!

was! impacted!by!anthropogenic!disturbances,!as!observed!by!Gilliers!
et!al.!(2006).!One!clear!example!is!the!trend!in!juveniles’ density!(See!
#gure!A.3).!Although!the!dataset!seems!to!show!changes!in!abundance,!
the! dynamic! described! in! spatial! patterns! did! not! correlate!with! the!
disturbances.! Hence,! a! distinction! can! be! made! between! the! pop-
ulation’s! response! in! spatial! distributions! and!demography! to! distur-
bances.!However,!the!standardisation!was!necessary!due!to!the!variance!
in! the! data.! The! low! densities! induced! a! high! variability! on! spatial!
patterns! that!may! have!masked! an! anthropogenic! signal.! These! low!
densities!coupled!with!the!high!heterogeneity!of!benthic!assemblage!at!
the!mouth!of!the!estuary!(Ghertsos!et!al.,!2001)!may!explain!the!high!
variability!in!juveniles’ distribution.!

Some!singletons!detected!by!the!MAF!clustering!could!however!be!
explained! by! particular! hydrodynamic! conditions.! River! "ow! is! an!
environmental! driver! often! essential! in!"at#sh! nursery! as! it! controls!
habitat!availability! through!salinity!(Bos!and!Thiel,!2006)!or!benthic!
production!(Le!Pape!et!al.,!2003).!As!pointed!out!in!Dauvin!and!Pezy!
(2013),!2001!was!the!year!with!the!maximum!mean!"ow!for!the!period!
of!1990–2012.!This!was!highlighted!in!the!dab!clusterings!where!2001!is!

Fig.!6. Dendrograms!built!using!Ward’s!criteria!for!each!species!based!on!scores!of!the!#rst!three!MAF!and!displaying!the!number!of!groups!indicated!on!simple!
structure!index.!The!coloured!set!of!branches!indicates!the!clustering!results!for!each!species!(a!clustering!is!performed!for!each!species,!so!cluster!4!of!one!species!is!
not!the!same!as!cluster!4!of!the!other!two!species).!Dashed!lines!are!branches!not!related!to!a!single!cluster.!
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one!of!the!singletons!on!the!MAF!dendrogram!and!on!the!GIC!network!
being!only!connected!to!2008!by!one!edge.!This!potentially!re"ected!a!
higher!in"uence!of!freshwater!input!on!this!species!distribution!than!on!
sole!or!plaice.!

Seasonal! movements! cannot! be! evaluated! in! the! current! study!
because!of!the!yearly!survey.!However,!Brind’Amour!et!al.!(2018)!pre-
viously!identi#ed!that!all!three!species’ juveniles!displayed!an!identical!
seasonal!migration!pattern,!moving!out!of!the!estuary!in!summer!and!
coming! back! in! autumn.! If! all! three! species! globally! had! the! same!
movement,! it! is!possible! that! segregation,!as! it!was!observed!here! in!
autumn,!may!be!constant!in!time.!

4.4. Conclusion!and!perspectives!

The!investigation!of!spatial!patterns!in!the!nursery!showed!that!even!
though!relatively!small!areas!are!used!for!a!single!species,! the!whole!
space!considered!as!a!nursery!was!used!due!to!ecological!constraints.!
Segregation!in!the!spatial!distribution!was!recurrent,!but!spatial!patterns!
themselves! are! unstable,! partly! because! of! the! nursery! degradation.!
Further!studies!should!emphasise!the!characteristics!of!the!eastern!Bay!
of!the!Seine!ecosystem!to!understand!how!environmental!variables!can!
affect!the!spatial!distribution!of!communities!during!the!juvenile!phase.!
Putting! together! the! spatial! knowledge! of! this! study! and! abiotic! pa-
rameters!will!give!a!better!understanding!of!species/environment!rela-
tionship! in! a! disturbed! nursery! (Peterson,! 2003).! The! use! of! spatial!
indices!has!been!reviewed!and!encouraged!in!Ru#no!et!al.! (2018)! to!
create!the!most!ef#cient!management!for!a!given!species.!These!man-
agement!methods!need!to!integrate!as!much!as!possible!the!ecological!
knowledge!to!maximise!survival!during!the!juvenile!phase!that!is!crucial!
to!exploited!populations.!
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A B S T R A C T

Human induced-disturbances have increasingly modified estuarine communities. In the Seine estuary,

they have been linked to decrease the nursery function. However, little literature described how

fish communities in the estuary responded to the disturbances. We used taxonomical and functional

analysis to characterise trends in the organisation of fish communities and to investigate their responses

to human disturbances. Ordination and clustering have led to the construction of four taxonomic

assemblages and five functional groups. The assemblages are spatially distinct but the juveniles-rich

assemblage have declined over time. Functionally, planktivorous feeders are less abundant. All other

functional groups have not significantly declined or have been stable through time. Turbidity and

chlorophyll a are the environmental parameters that best explain changes in the fish community of the

Seine estuary.

1. Introduction

At the interface between marine and freshwater ecosys-

tems, estuarine systems are characterised by their high

environmental variability (Cloern et al., 2017). Variations

can be seasonal (Uncles et al., 2018), annual (Ross et al.,

2015) or due to extreme events (James et al., 2020). On

top of these natural variations, estuaries undergo significant

human-made disturbances (Cloern et al., 2016). Therefore,

there is a need to characterize and monitor the dynamic of

estuaries’ biological communities in response to these natu-

ral and human-induced factors. In this framework, biological

communities are intermediate between population dynamic

and ecosystem functioning. Literature on the dynamic of

biological communities in estuaries is quite abundant and

all compartments have been investigated, ranging from

planktonic communities (Murrell and Lores, 2004), to ben-

thic (Teixeira et al., 2008), fish (Cabral et al., 2001) and

bird communities (Ysebaert et al., 2000). Studies use this

biological level to either directly study ecosystem processes

(Mazancourt et al., 2013), associated environmental changes

(Warwick et al., 2002) or characterise different estuaries

altogether Lefran et al. (2021). Among these, fish communi-

ties reflect the state of estuarine ecosystems, being sensitive

indicators of anthropogenic stress and are better appreciated

in ecosystem management (Whitfield and Elliott, 2002). Fish

communities respond to global changes (Genner et al., 2004;

Pasquaud et al., 2012) and human-induced changes, whether

degradation (Araújo et al., 2017) or restoration (Castro et al.,

2016).

Classically, studies on fish communities focus on tax-

onomical changes and link the observed changes to the
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species ecology. However, taxonomical diversity in a highly

variable ecosystem such as an estuary may not measure

changes as wished. Elliott and Quintino (2007) developed

this idea called “Estuarine Quality Paradox" that can be

resumed as follows: the natural variability of an estuary

may hide that induced by anthropogenic activities. While it

may explain the lack of human impact on fish communities

where expected (Valenti et al., 2017), the main conclusion is

that other indicators should be used to reflect the processes

happening in an estuary. Mouillot et al. (2006) tackled

the question and concluded that functional diversity and

functional groups were the best way to answer the problem

of taxonomic changes in transitional waters. Functional

ecology for fish communities is relatively new (Villéger

et al., 2017). It is based on the study of functional traits

which can be defined as “any morphological physiolog-

ical or phenological feature measurable at the individual

level” which “impacts fitness indirectly via its effects on

growth, reproduction and survival” (Violle et al., 2007).

Using biological life traits has different usages. One of the

most obvious is regrouping species into groups of similar

functions, diminishing the dataset’s dimension (Pecuchet

et al., 2017). In the North Sea, (McLean et al., 2019a) have

observed divergent results between a taxonomical and a

functional approach. Their study is an example of getting

further insights into the different processes occurring in an

ecosystem (here, a trait homogenisation while communities

diverge). While fishing pressure has been linked to size

reduction and faster growth rates (Brown et al., 2008),

ecosystem functioning has yet to be linked to and interpreted

using life traits variations.

The Seine estuary has a long history of successive dis-

turbances, whether pollution, habitat destruction or climate

change (Meybeck et al., 2018). These disturbances have

been linked to the decrease of functional effectiveness of the

nursery (Le Pape et al., 2007), and harbour developments

T. Cariou et al.: Preprint submitted to Elsevier Page 1 of 13
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have changed structuring environmental gradients such as

salinity and turbidity (Grasso and Le Hir, 2019). Although

these changes are well documented, the fish communities’

response to them is less investigated. The only studies in

the literature at the community scale investigate freshwater

communities (Belliard et al., 1997, 2020). In Rochet et al.

(2005), trends indicators showed that marine fish commu-

nities had not undergone significant changes, although their

state was referred to as degraded. In other French estuaries,

communities’ succession following marinization has been

documented Chevillot et al. (2016) and functional changes

linked to climate change (McLean et al., 2019b). We aim

to describe taxonomical and functional changes in the fish

community of a highly disturbed coastal nursery: the Seine

estuary. The dynamic of fish communities at the mouth of the

estuary will be investigated using a long-term scientific sur-

vey of the benthic fish communities, well suited to investi-

gate communities’ variation (Collins et al., 2000). Anthropic

disturbances were reported to have an impact on benthic

communities (Dauvin and Pezy, 2013) and it is hypothe-

sised that fish communities also displayed changes over 20

years. Although estuaries are overall taxonomically richer

and more redundant functionally (Teichert et al., 2017),

human disturbances decreasing this redundancy will even-

tually lead to a decline of the resilience to change of these

ecosystems (Teichert et al., 2018). This study fills the gap

on fish communities’ knowledge of the Seine estuary, using

taxonomical and functional analysis, and investigates how

resilient these communities are to environmental changes.

2. Material and methods

2.1. Bottom trawl survey
The NOURSEINE survey dataset describes the fish and

partial benthic communities composition in the flatfish nurs-

ery habitat of the Seine estuary and eastern bay of Seine.

Data was collected using a 20 mm mesh-size and 3 m wide

beam trawl throughout three periods from 1995 to 2019. The

surveys happened at the start of autumn to maximize the

catchability of juvenile fish. The beam trawl targeted mainly

benthic and demersal species over 600 square kilometres of

the study area. The dataset provided densities of 161 species

for 634 hauls performed at around 40 stations each year. The

community observations are published on the data depos-

itory Zenodo (https://doi.org/10.5281/zenodo.3824354). A

detailed description of the sampling protocol, the surveys

and the related data are available in Cariou et al. (2020).

Cohorts were distinguished for the species where the

age was regularly measured for eight species (Clupea haren-

gus Dicentrarchus labrax, Merlangius merlangus, Limanda

limanda, Platichthys flesus, Pleuronectes platessa, Solea

solea and Sprattus sprattus). However, individuals whose

size was not reported were left out of the analysis. The three

cohorts were labelled G0 (young-of-the-year), G1 (1-year

individuals) and G2p (individuals of 2 years and more).

2.2. Community analysis
Biodiversity was investigated through the Shannon (or

Shannon-Wiener) H and Pielou’s evenness J indices. They

are calculated as follows:

H =
∑

i

piln(pi) and J =
H

ln(S)
(1)

with pi the proportional abundance of species i and S the

number of species in the sample. While the Shannon index

measured the species richness, Pielou’s evenness ranged

between 0 and 1 and informed on how a given sample was

structured. If a species accounts for 90% of the abundance

of a given sample, the index was close to 0 and the sample

was said to be highly structured.

The link between abundance and time was explored

through a Spearman correlation for each species. It was

used to avoid the assumption of a parametric test and han-

dle the discontinuous time series. It summarised the main

trends in population dynamics in the Seine estuary. Only

the significant correlations were described in the results.

Community composition was analysed through principal

component analysis (PCA). Only the Actinopterygii class

and Elasmobranchii subclass were kept. In the end, the

community matrix included 634 stations (rows) and 68

taxa (columns). The Hellinger’s transformation was applied

beforehand to standardise the data as advised by Legendre

and Gallagher (2001). Ordination was followed by a hierar-

chical ascendant clustering (HAC) of the samples based on

their coordinates in the newly created space. This clustering

resulted in the creation of assemblages: samples with close

species structure. As Hellinger transformation produced a

Euclidean distance, so the clustering used the Euclidean

distance with the Ward algorithm. This algorithm minimises

the inertia within a cluster (within-inertia) while maximising

the one between clusters (between-inertia). The number of

clusters is defined according to a criterion based on the

between-inertia. The criterion is:

ΔQ

ΔQ + 1
(2)

where Q is the number of clusters and ΔQ the between-

inertia increase moving from Q − 1 to Q clusters. The final

number of clusters minimises this criterion. The number of

clusters determined with this criterion was also compared

with other indices computed with the NbClust package

(Charrad et al., 2014).

2.3. Trait analysis
The functional diversity was based on the dataset pro-

vided by Beukhof et al. (2019), which synthesized the avail-

able literature on bentho-demersal species life-history traits

in the North-East Atlantic. It included 14 traits, 9 contin-

uous ones and 5 categorical ones. As the dataset is based

upon bottom-trawl surveys, most species in the NOUR-

SEINE dataset were included in Beukhof et al. (2019). Only

Hippocamus sp. and Liza sp. could not be assigned trait

values. To better reflect the nursery aspect of the Seine
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estuary, juvenile cohorts were added for the species where

data were available, changing trait modalities where neces-

sary (see Appendix). After removing species with missing

traits (mainly rays and skates), 58 taxa remained out of

the 68 taxa in the community matrix. Functional groups

were created using the same methodology as the community

assemblages. First, continuous traits were transformed into

semi-quantitative variables. Then, the species-trait matrix

was used in a multiple correspondence analysis (MCA) to

compare the traits composition. Again, the coordinates of the

species in this new space were used in a HAC using Ward’s

criterion. The functional groups created were described us-

ing a set of functional indexes developed by Villéger et al.

(2008) and (Laliberté and Legendre, 2010): functional rich-

ness (FRic) reflected the “functional space” occupied by a

community and functional evenness (FEve) described how

the abundance was distributed in the functional trait space;

functional dispersion (FDis) completed the FRic index by

accounting for relative abundances of each species, which

FRic was not built for. FDis allowed describing functional

richness without the bias of rare species with uncommon

traits. On top of these indices, the functional redundancy was

measured to evaluate the potential stability of the function-

ality (Ricotta et al., 2016). As for taxa, trends in functional

traits were also investigated using Spearman correlation

between their community-weighted mean (CWM) and the

years. CWM values are traits weighted by the species abun-

dance and are used to link the prevalence of a trait with

environmental variables (McWilliam et al., 2020).

2.4. Environmental data
Satellite, physical and meteorological observations ob-

servations provided the environmental context in which

communities evolved. The satellite observation of sea sur-

face temperature, chlorophyll a concentration and turbid-

ity were extracted from the Copernicus data portal for

marine science (https://marine.copernicus.eu/), using the

longest time series available for the study area. Sea sur-

face temperature extended from 1982 to 2018, chlorophyll

a concentration from 1998 to 2017 and turbidity from

1998 to 2018. The Seine flow measurements in two sta-

tions (in Poissy from 1995 to 2009 and in Vernon from

2010 to 2019) were extracted from the French national

river flow database http://www.hydro.eaufrance.fr/. Be-

cause of the challenges faced with the spatial represen-

tation of the influence of the river flow on the estuarine

ecosystem, only temporal series were analysed. The North

Atlantic Oscillation index (NAO) was also considered in

the analysis to quantify the effect of medium and large

scale meteorological influences on the Seine ecosystem..

Monthly values extracted from https://www.cpc.ncep.noaa.

gov/products/precip/CWlink/pna/nao.shtml, were averaged

to yearly values. The BIOENV procedure (Clarke and

Ainsworth, 1993) was applied to discriminate the envi-

ronmental variables that best explained the changes in the

community matrix. It is based on a rank correlation between

the Euclidean distance of scaled environmental variables and

the community dissimilarity matrix.

All analyses were performed using the R software (Team,

2013). PCA, MCA and clustering were done with the fac-

tomineR package (Lê et al., 2008). Biodiversity indices and

BIOENV were computed with the vegan library (Oksanen

et al., 2015). Functional indices and CWM were calculated

with the FD package (Laliberté et al., 2014). All codes

are available on a GitHub repository (https://github.com/

ThibaultCariou/Seine_fishcom).

3. Results

3.1. Biodiversity and main abundance changes
Temporal variations of the Shannon and Pielou indices

were explored with yearly anomalies between the mean on

the time series and a given year, but no significant trends

were detected (Figure 1). Fish densities in the estuary have

been decreasing since 2009, the trend being more distinct on

the juveniles. The Seine estuary was spatially contrasted in

its species richness and structure (Figure 2). The estuary’s

mouth included the taxonomically richest sectors (D, E, M)

and the less structured (F and D).

Figure 1: Anomalies of the Shannon and Pielou biodiversity
indices and of the annual densities of all the communities
and all the young-of-the-year juveniles from 1995 to 2019
(positive values in yellow, negative values in purple). Density
and Juveniles are given in individuals per m²

The northern area (sector A) and the sectors located

below the estuary’s mouth were amongst the poorest and

highly structured except for sector L, located on the coast

closest to the Orne estuary. Juvenile’s densities were mainly

distributed in the estuary and the coastal sectors, while

sectors D, H and K had the most fish densities. While not

structured and with a relatively high richness, sector F (north

entrance of the Seine) had one of the lowest mean densities.

Out of the 68 species in the community table, 15 had

a significant relationship between their abundance and time

(Table 1). Most values reflected a negative relationship be-

tween abundance and time. For the three species C. haren-

gus, L. limanda and P. flesus, such a signal was identified for

all cohorts (in accordance with the drop of juvenile densities

observed in figure 1).
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Figure 2: Averaged (1995 to 2009) spatial structure of the
Shannon and Pielou biodiversity indices and of the total density
and the young-of-the-year juveniles. Spatial sector are labelled
according the Cariou et al. (2020)

Table 1

Spearman’s � for taxa whose correlation between annual mean
density and time was significant (p-value<0.05).

Taxa Spearman’s �

Platichthys flesus G2p -0.85
Trisopterus luscus -0.83
Platichthys flesus G1 -0.82
Clupea harengus G0 -0.79
Limanda limanda G0 -0.78
Clupea harengus G1 -0.77
Limanda limanda G1 -0.76
Platichthys flesus G0 -0.75
Anguilla anguilla -0.58
Ciliata mustela -0.54

Pleuronectes platessa G2p 0.56
Scophtalamus rhombrus 0.66
Arnoglossus spp. 0.70
Hippocampus spp. 0.80
Spondyliodoma cantharus 0.81

3.2. Communities composition
The first three axes of the PCA explained 51.2% of the

total variation altogether, respectively distributed as 28.5%,

13.8% and 9% (Figure 3). Two taxa structured the fish

communities in the Seine estuary: the common dragonet

(Callyonimus lyra) and the Gobiidae, which were respec-

tively discriminated on the first and the second principal

components. These two taxa represented 50% of the total

biomass in the NOURSEINE surveys (Figure 8). The third

axis separated “pelagic” assemblages, with species like C.

harengus or S. sprattus from more “benthic” ones with S.

solea or Trisopterus luscus. Although all cohorts measured

were present for the mentioned species, the young-of-the-

year was the most explained on those 3 axes.

Figure 3: Principal component analysis (PCA) of the com-
munity matrix with a Hellinger standardisation. The first row
represents the projection of the ten variables with the highest
contributions to the total variance in the bi-dimensional space
defined by the first and the second principal component (on
the left), and by the first and the third principal components
(on the right). The second row represents the distribution of
the individuals with the clustering results (in the same bi-
dmensional space defined before). Colours and point shapes
correspond to each assemblage described in the results.

The clustering of the PCA coordinates resulted in 4

coherent units in terms of fish assemblage. Results of the

NbClust package showed that there were as many indices

indicating 3 groups (5 indices) as there were indicating 4

groups. We chose to proceed with the 4-groups clustering to

reflect better the diversity of the assemblages encountered

(9). These groups were distinguished on the axes couple 1/3,

and they seemed to match the description of the assemblages

formed on the first three axes of the PCA (Table 4). The

first cluster was heavily structured by C. lyra (Figures 3

and 10), later on designed as “dragonet assemblage”. This

assemblage was the most present throughout the survey.

It was mostly encountered in the sectors where species

richness was poor (mean species number S = 8.5), meaning

C. lyra was the species structuring these stations. Three

species of flatfish were also recurrent in this assemblage L.

limanda, Arnoglossus spp. and Buglossidium luteum. The

second cluster was characterised by the Gobiidae family and

named “Gobiidae assemblage”. Stations belonging to this

assemblage were, for the most part, in the Seine’s mouth or

along the southern shore (S = 9.8). In 1999, this assemblage

was not present because only species with an economic

interest were identified and numbered. The third cluster

regrouped mostly round pelagic fish as well as the sea bass

(D. labrax) and was named “pelagic-like assemblage” (S =

11). The last one regrouped benthic or demersal fishes and

was named “benthic-like assemblage” (S = 12.5). Those

last two assemblages shared the same estuary sectors in the

Seine’s mouth, with a maximum of the pelagic one in 2001.

However, they also shared the same temporal trend. There is

a negative correlation between the Gobiidae assemblage and

the pelagic-like and benthic-like ones as stations belonging
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to the latter were replaced by the Gobiidae assemblage,

mostly in recent years (Figure 4). Kruskal-Wallis and ad-

hoc Wilcoxon-Mann-Whitney showed that species richness

was significantly different from one assemblage to another.

(Kruskal: �2 = 98.401, p − value < 0.001, Wilcoxon

dragonet/Gobiidae: W = 15877, p = 0.001, Wilcoxon

pelagic-like/Gobiidae: W = 6120, p < 0.01, pelagic-

like/benthic-like: W = 7184, p < 0.01)

Figure 4: Temporal variations of the relative densities of
each species assemblages. The black line represents the total
captured density.

3.3. Functional groups compositions
The differences in assemblages in terms of relative func-

tional groups were first detailed with multivariate indices

(Figure 5). The variation in these indices was tested for sig-

nificance with a Kruskal-Wallis rank-sum test. As expected

by the low species richness, the dragonet assemblage also

had a lower global functional diversity than the three oth-

ers. However, the Gobiidae assemblage behaved differently,

with a FEve similar to the pelagic and benthic assemblages

but a FRic intermediate between the dragonet and pelagic

assemblages. The Gobiidae assemblage may have included

“rare” species that increased FRic. However, FDis showed

that accounting for species relative abundance hinted at

a functional diversity lower compared to the benthic-like

and pelagic-like assemblages. These assemblages had the

highest values for all indices. Functional redundancy was

overall high but slightly greater in the Gobiidae and dragonet

assemblages.

The hierarchical clustering of the species based on the

coordinates in the space created with the MCA led to the for-

mation of 5 functional groups (see supplementary materials

figures 11 and 12). The table 2 resumed the traits which char-

acterised the most each functional group. Based on these re-

sults, the 5 functional groups were called "sharks", "flatfish",

"guarder fish and strategy r", "benthopelagic generalist" and

"pelagic planktivorous". The species deleted in the analytical

process had no important weight in the communities; hence

no further investigations were conducted to complete the

Figure 5: Boxplot of the multivariate indices (functional disper-
sion: FDis, functional evenness: Feve, functional richness: FRic
and functional redundancy: Redun) calculated for each fish
assemblage. Differences in these indices between assemablages
were tested with a Kruskal-Wallis test and ad-hoc Wilcoxon.
Values indicated are p-values.

missing trait. The major functional group in each assemblage

was coherent with the species describing the assemblage:

planktivorous pelagic fishes were mainly in the pelagic-like

assemblage (56%), demersal benthivorous fishes dominate

in the Gobiidae and dragonet assemblages (respectively 91

and 94%). Two groups were predominant in the benthic-like

assemblage: benthivorous demersal (61%) and to a lesser

extent benthopelagic generalists (35%). C. lyra and Gobiidae

both being classed in the demersal benthivorous species, this

functional group dominated the biomass in the Seine estuary

throughout the period (Figure 6). Benthopelagic generalist

and pelagic planktivorous, although quite represented in the

1995-2001 period, have seen their densities dropped, reflect-

ing the trend in the pelagic-like and benthic-like assemblages

described figure 4.

Figure 6: Temporal variations of the relative density for each
functional group.

T. Cariou et al.: Preprint submitted to Elsevier Page 5 of 13



Community dynamics and functional resilience

Table 2

Characterisation of the functional groups obtained with clustering. The first 4 columns present the traits best describing the group. Modality
presence is the percentage of taxa sharing the modality in a given group. The V-statistic is the comparison between the prevalence of the trait
in the group and the prevalence in all taxa. If V>0, the trait is more represented in the group. The p-value gives the statistical significance of
the V-statistics, if it is different from 0. The fifth gives the species that best represented the functional groups and the last 4 columns describe
the distribution of these functional groups in proportion (percentage) of the fish assemblages obtained with the PCA on the community matrix.

Trait Modality V p-value Representative Proportion in assemblages
presence (%) statistic taxa Dragonet Gobiidae Pelagic-like Benthic-like

Fecundity=[0,100[ 100 3.43 6.05−4 Mustelus asterias <1 <1 <1 <1
Fin shape=heteroceral 100 3.43 6.05−4 Scylorhinus canicula

Age max=[5,10[ 100 2.61 9.07−03

Offspring size=[24,50[ 100 2.05 0.04

Body shape=flat 100 7.93 2.22−15 Platichthys flesus 23 16 13 45
Fin shape=rounded 100 5.72 1.04−08 Limanda limanda

Feeding=benthivorous 100 5.72 1.04−08 Buglossidium luteum

Habitat=demersal 100 4.57 4.90−06

Fecundity=[100,10000[ 60 4.14 3.43−05 Bleniidae 71 75 17 14
Spawning=guarder 40 3.48 4.95−04 Spinachia spinachia

Fin shape=rounded 90 2.96 3.11−03 Syngnathus

Age maturity=[1,2[ 40 2.72 6.46−03 Agonus cataphractus

Fin shape=truncate 100 6.46 1.02−10 Gadus morhua 3 5 13 37
Feeding=generalist 100 5.26 1.41−07 Pollachius pollachius

Fecundity=[15,19] 100 3.42 6.15−05 Merlangius merlangus

Habitat=benthopelagic 58 3.41 6.36−05

Fin shape=forked 94 7.22 5.38−13 Zeus faber 2 4 57 4
Habitat=pelagic 68 5.62 1.92−08 Belone belone

Feeding=planktivorous 56 4.88 1.07−06 Sprattus sprattus

Fecundity=[14,15] 69 4.29 1.79−05 Clupea harengus

Table 3

Spearman’s � of trait whose correlation between time and
CWM values is significant (p-value<0.05).

Taxa Spearman’s �

Aspect ratio [2;3[ -0.73
Age [15;20[ -0.70

Trophic level [3.5;4[ -0.70
Planktivorous -0.68

Caudal fin forked -0.67

Growth [2;2.5[ 0.55
Spawning bearer 0.58

Eel-like 0.58
Maturity [4;5[ 0.64
Compressiform 0.68

According to CWM values, ten traits have seen their

dominance change in time (Table 3). Three traits that saw a

decrease in time were linked with the planktivorous pelagic

group. Other traits increasing were closely linked to taxa

which have seen their abundance increased significantly

(Compressiform with S. cantharus and eel-like, bearer with

Syngnathidae).

3.4. Environmental variables
Environmental trends were represented using anomalies

built on the mean of the parameter on its time series (Figure

7). Nearly all parameters displayed apparent yearly varia-

tions. The turbidity and chlorophyll a concentration followed

the same pattern, with a significant decrease from 2001 to

2010 and values below the time series mean respectively

since 2010 and 2004. Sea surface temperature has increased

steadily reaching mean values 0.5°C above the time series

mean for the last 5 years. The Seine flow followed a more

contrasted trend, oscillating between dry years (1996-1998

and 2003-2007) and years with stronger flow (1995, 1999-

2002) reaching its maximum in 2001. The second part of the

time series has no clear trend, however the Seine flow was

more often under its time series mean. The NAO index also

does not display a any temporal trend.

The BIOENV procedure between environmental vari-

ables and fish abundance discriminated the combination of

chlorophyll a and turbidity to have the highest correlation

(0.50) with the dissimilarity matrix (Table 5). In this proce-

dure, SST and NAO were also introduced with comparison

between the community and the variable the previous year,

hence a 1-year gap. The NAO index was the last variable

integrated by the procedure.
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Figure 7: Anomalies of selected environmental parameters in
the Seine estuary on their available time series (positive values
in yellow, negative values in purple). Chlorophyll a is given in
mg.m−3, flow in m3.s−1, NAO has no unit, SST is in celsius
and turbidity is based on the diffuse attenuation coefficient (no
unit).

4. Discussion

Although changes in the Seine estuary on benthic com-

munities were already documented (Dauvin et al., 2010;

Dauvin and Pezy, 2013), fish communities were not as

well studied. A study on French coastal fish communities

acknowledged that the Seine estuary was well impacted

by fishing activities as soon as 1995 (Rochet et al., 2005).

However, it had no information on how fish communities in

the nursery reacted to such changes or how they shifted in

time, only that the condition of the estuary did not improve

nor decline. Using the NOURSEINE survey discontinuous

available over 20 years, we have described and documented

taxonomic and functional changes in fish communities in the

Seine estuary.

4.1. Spatial patterns
The NOURSEINE survey provided a dataset that spanned

the largest area from the Seine’s mouth to the 20 meters

depth limit. More often, surveys on fish communities fo-

cused on the Seine estuary without venturing far offshore

(Rybarczyk and Elkaım, 2003; Day et al., 2021). The fish

assemblages were mostly structured on an inshore-offshore

gradient, with the sectors closest to the estuary being tax-

onomically richer than the others. This pattern is quite

common and found in other estuaries of the Eastern English-

French Channel, such as the Bay of Somme (McLean et al.,

2019b). This coastal gradient also described the distribution

of juveniles in the Seine estuary. Coastal areas enhance

juveniles’ growth and survival, explaining their distribution

(?). However, mean densities showed a pattern that did not

follow the structure of fish-specific richness. Densities were

low in the Seine’s channels (sector F and M) while the

highest were on the sectors between 5 and 10 meters deep

(D, H, K) whether species richness was high (D) or low (H

and K).

Fish assemblages were quite distinct in space, and previ-

ous studies support these characteristic space occupancies.

The dragonet assemblage included species like B. luteum or

L. limanda that generally prefer saline waters (Henderson,

1998; Amara et al., 2004). Although no literature exists on

the salinity tolerance of the dragonet, we hypothesised that

it also avoided estuarine waters. Gobiidae assemblage had a

coastal presence in the estuary’s channels and out and was

occasionally seen in the offshore sectors. The main species

encountered on the French coast of the eastern English-

French Channel is Pomatoschistus microps. The literature on

the ecology of this species showed a species that preferred

coastal waters (Selleslagh et al., 2009) and tolerated less

marine waters (Leitão et al., 2006). The occurrence of this

assemblage on offshore stations may be explained by the

presence of the other species representing it, such as Scoph-

thalmus rhombus or Chelidonichthys lucerna that do not

visit shallow water regularly (Vinagre et al., 2011; McCarthy

and Marriott, 2018). The pelagic-like assemblage was not

found on the deepest hauls but rather with the benthic-

like assemblage in the Seine’s mouth. In coastal waters,

the significant presence of juveniles in those two assem-

blages characterised their localisation as highly productive

areas. Planktivorous fishes in the Seine estuary find marine

zooplanktonic species (Mouny and Dauvin, 2002) while

the diversity of benthic communities sustain benthivorous

species (Baffreau et al., 2017). The fish species richness

reflected by the Shannon index associated and this benthic

richness characterised by Baffreau et al. (2017) demonstrate

that this part of the study area is the most productive.

4.2. Environmental changes and temporal trends

on fish populations
The Seine estuary underwent major changes with human

development (Lesourd et al., 2001) which impacted biolog-

ical communities (Rochet et al., 2005; Dauvin et al., 2010).

Nearly all the chosen environmental parameters displayed a

trend that reflected some of these changes. Several factors

may explain the decrease of the chlorophyll a concentration

in the estuary however one of the significant changes is the

decrease of phosphorus following the new regulation on

washing powders (Aissa-Grouz et al., 2018). This regulation

developed in the 2000s corresponded to the time when

the chlorophyll a concentration switched from positive to

negative anomalies. Correlatively, turbidity also switched to

negative anomalies in the 2000s, but for different reasons.

The morphological changes in the Seine estuary were the

main driver of its trend as the river flow. Models developed

on sediment dynamics showed that the estuarine turbidity

maximum moved upstream, especially during low river

flow (Grasso and Le Hir, 2019). The morphological trends

also caused the marinization of the most upstream part of

the study area as shown in salinity outputs of Grasso and

Le Hir (2019). The northern sector especially has seen its

salinity increase which may be the cause of the decrease
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of P. flesus in the survey. The species which seemingly

saw its population drop might have moved to more suitable

habitats as this species develops in low salinity environments

(O’Neill et al., 2011).

One biological indicator that correlated well with the

chlorophyll a concentration and the turbidity trend was the

total density of fish and the juveniles’ densities. Such a link

was already described in an estuarine environment in the

USA, where there was a positive link between turbidity and

marine fish abundance (Peterson and Ross, 1991) for marine

fishes in general. The presence of juveniles on more turbid

waters is often related to protection from predation (Cyrus

and Blaber, 1987). The reduction of juvenile abundance in

the Seine estuary was linked to the variability in the benthic

and pelagic assemblages, which included many young-of-

the-year cohorts. Among the juveniles, many pelagic species

like C. harengus (and S. sprattus although the Spearman

correlation was not significant) saw their densities drop.

Turbidity acting as a protection to predation for these species

(De Robertis et al., 2003), it may be possible that the de-

crease of turbidity had strengthened the predation pressure.

However, turbidity is not the only factor at play. C

harengus is a cold-water species, and the Seine estuary has

seen its temperature increase since a minimum in 1985.

Other parts of the English-French Channel have documented

this warming, whether in Plymouth (Hawkins et al., 2003)

or in the Bay of Somme (Auber et al., 2017). Both these

studies also linked the warming of the Channel to the

decline of small pelagic species like C. harengus and S.

sprattus. The dab (L. limanda) and demersal species like

the bib (T. luscus) or the whiting (Merlangius merlangus)

also preferring colder water (dab: Henderson (1998), bib

and whiting: Poulard and Blanchard (2005)) may have

decreased because of the temperature, which was a result

also seen in Auber et al. (2017). The only species they found

increased with the seawater temperature was Arnoglossus

spp. which also increased significantly in the Seine estuary.

However, population dynamics are often more complex than

it appears, and other factors may modify the relationship

between variables. For example, while S. sprattus decreased

in density in the English-French Channel, in the Bay of

Biscay, densities of the same taxa have increased, which was

also significantly correlated with the temperature (Pasquaud

et al., 2012).

Recent studies showed that in terms of habitat in a nurs-

ery, the structure of said habitat was more important than its

type (Bradley et al., 2019). The Seine estuary has drastically

changed, losing some of its ecological functions (Le Pape

et al., 2007). Sediment evolution showed fast evolution from

a mud dominated facies to a sand facies (Lesourd et al.,

2016). These environments were not as optimal for demersal

species and may have accelerated their declines in density as

seen in other parts of the North Sea (Reubens et al., 2013).

When looking at the trend of the taxa that composed the

benthopelagic group in the Bay of Seine, they seem to follow

the same trend described in the Seine estuary, meaning that

their decrease in density may have factors unrelated to the

estuary’s condition (Figure 13).

4.3. Changes in taxonomy and functionality
4.3.1. Comparison of both approach

Using both taxonomical and functional analyses in com-

munity ecology allow to cross-information to best describe

fish communities but can generate divergent results (Villéger

et al., 2010; McLean et al., 2019a). In our results, both

methods displayed many similarities in the changes they

described. On one side, fish assemblages of pelagic-like

taxa were highly variable in density and were not spatially

dominant in the estuary. On the other side, pelagic plank-

tivorous fishes saw their density decreasing. Variation of C.

harengus has already been discussed previously and previ-

ous studies have shown that these phenomena are expected

for this species and other small pelagic species (Alheit and

Hagen, 1997). However, the functional analysis shows that

herring are not replaced by sardines in the Seine estuary,

decreasing the presence of pelagic and planktivorous traits.

One explanation could be that the quality of the estuary

has decreased for these fishes, with the decrease of the

chlorophyll a concentration. Even if this parameter has no

direct link to the spatial distribution of planktivorous fishes,

it can be used as a proxy of zooplankton abundance, their

primary prey (Giannoulaki et al., 2011; Denis et al., 2016).

Based on this relation, the Seine estuary may have become

a less valuable habitat for these taxa at a juvenile stage.

The decrease of the chlorophyll a concentration observed

in our results is also true for the English Channel and the

explanation for this trend are yet to be clarified (Gohin et al.,

2019).

The changes in the benthic-like assemblage illustrate the

contribution of the functional approach in our result. This

assemblage was composed of two functional groups being

the demersal benthivorous (61%) and benthopelagic gener-

alist (35%). While the representation of the benthopelagic

decreased after 2002, the assemblage remained important

(25% of the total density in 2010, 2017 and 2019), and none

of the traits characterising the functional group decreased

significantly. The relative closeness of the two demersal

groups (demersal and benthopelagic) may be related to

functional traits that are shared between these two groups,

counterbalancing the decrease of the benthopelagic fishes.

However, a study on trophic networks in the Seine estuary

presents results corroborating the change seen with ben-

thopelagic generalists (Tecchio et al., 2016). The authors

found a diminution in piscivorous fishes biomass and in

transfer efficiency around the trophic level 4 in both the

northern and southern channel (sectors F and M). The

transfer of biomass from these higher levels is hypothesised

to be linked to harbour development between 2002 and 2005.
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4.3.2. Anthropogenic disturbances effects

Even though the most represented assemblages are the

two poorest in terms of functional richness, the global func-

tional richness of the Seine estuary did not decrease. The

resilience of the functional state of an ecosystem is often

linked to the redundancy of said traits. In Portugal, Baptista

et al. (2021) found nearshore fish communities resilient with

high species richness and functional redundancy. Our results

explored resiliency with the functional indices. This func-

tional redundancy and dispersion are expected to decrease

when disturbances grow, and contrary to the functional

richness, they react to even minor disturbances (Mouillot

et al., 2013). In the Seine estuary, the dragonet and Gobiidae

assemblages possessed the highest redundancy and the low-

est functional richness and dispersion. These assemblages

illustrate a functional homogeneity where most taxa share

the same traits. The dragonet assemblage, the poorest and

most structured, stayed mainly stable through the years. In

term of resilience, this assemblage maintains the benthiv-

orous function but represents a low value on a biodiversity

point of view. The benthic-like and pelagic-like assemblages

have high functional and specific richness. Their distribution

in the estuary puts them at the forefront of the potential

disturbances generated by the harbour development. Within

these assemblages, the functional indices did not display a

trend reflecting said disturbances (i.e. decrease in functional

dispersion and redundancy). However, the figure 10 illus-

trate that their occurrences fluctuate after the 2002 survey,

with years like 2008, 2009 and 2018 where they are not

abundant. Instead of losing functional redundancy, the Seine

estuary rich functional group seems to be slowly fading with

time.

5. Conclusion

This study described the changes in the fish communities

of the Seine estuary over 13 discontinuous years using

taxonomical and functional methodologies. Both methods

provided similar results, pointing towards a decline of small

pelagic fishes in the Seine estuary and changes in the de-

mersal assemblage. These changes were best explained by

the changes of the turbidity and the chlorophyll a con-

centration in the estuary, both of which have been altered

following human activities. The results followed conclusions

of previous studies, such as the reduction of the nursery

quality (Le Pape et al., 2007) with the decrease of juvenile

biomass. Apart from the pelagic fishes, other assemblages

have been relatively resilient to environmental and anthro-

pogenic changes. Resilience in estuary communities have

been documented already (James et al., 2018), and while it

may indicate that some of the changes are not irreversible,

management measures are necessary before a threshold is

trespassed and other ecological functions are threatened. The

spatially contrasted distribution of the assemblage should

help focus the effort on the area where richness is still

high. Understanding how species use the nursery surface

is necessary to implement effective restoration measures

(Bradley et al., 2019). Further studies should then emphasize

on investigating this spatial segregation in fish assemblages

and see if it is purely environmental variables at play or if

other factors are also constrain the Seine estuary’s spatial

organisation.

A. Appendix

Figure 8: Relative proportion (in %) of the total density of the
15 most represented taxa in the NOURSEINE survey.

Figure 9: Dendrogram representing the clustering’s result of
the coordinates of each taxa in the geometric space of the
ordination of the community matrix. Ward’s criteria is used to
perform the clustering. Colors indicate the four assemblages
defined by the optimal number of groups obtained with
NbClust R library (Charrad et al., 2014).
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