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Abstract

Estuarine and coastal ecosystems fulfil a nursery function for brempic anddemersal fish species.
These nursergdependant specigmncentrate at the juvenile stage in thegatially limitedhabitats
resulting in densitydependent regulation affecting growth and surviaetording tothe carrying
capacity of estuarine and coastal nursekiesvever, the underlying mechanisthat dive this capacity

are still poorly understood and the limitation of the food supply on the juvenile fish remains a pending
issue Previous studies commonly tested the trophic limitation over the entire nursery (subtidal part) and
at an annual scalkloweve, biological processes leading to trophic limitatierg(competition) can act

on finer spatialand temporalscales.A first hypothesis woulgostulatethat competition is stronger
following the arrival ofindividuals, generally in spring, while secondhypothesis woulgostulate
stronger competition at the end of the summer season, after the period of high production of trophic
resourcesn spring From a spab-temporalpoint of view, some less productive habitats may be a place

of trophic limitation, while others €.g. intertidal areas) may provide a significant amount of food
resourcesat a given momenirhus, it would be relevant to test the hypothesis of trophic limitation at

these spatial and temporal scales.

The estuary and eastern bay $éine (Eastern English Channel) is a nursery compbgeskveral
habitats offering diverse food resources. Over ls decades, important anthropogenic activities
significantly reduced the surface, especially of mudflékisly decreasinghe gross praatction of this
ecosystemA recently developethioenergeticdhased approacallows theestimaion the exploitation
efficiency (EE),.e.the part of thesecondaryproduction consumed by bentltemersal juvenile fish. In
thisthesis, this approackas appkedto habitats within the Seine nursery atdwo important periods
of their juvenile stage: the pesettlement period (early spring) and the end ofgitwevth season (late

summer).

I n order to spatialize juvenile fish consumpt.
contribution to juvenile fish diet need to be estimated. Indeednderlying question related to the
assumptions of the model in the thesi®isheck if fsh feed on their habitat of collection. This question

is addressed in the first chapter, in a context of identification of essential feeding habitats within nursery

for juvenile fish, using trophic tracers (stomach contents and stable isotopes) to dharifytribution

of each habitat to juvenile fish diet. This is addressed, thankalte ssotopes mixing modelwith

primary consumers as sources in each habftf@ary consumers have isotopic compositionse

stable over tim¢écompared to primargroducers usually chosen as sources in this type of study) and, in

this case, spatially distinct.

In the second chapter, estimates of E& {he part of the production consumed by the juvendeshe

habitat scale and at the beginning and the end of the growth season in the alloserg better



understanding of the processes responsitii@phic competition and potential limitation. Nine bentho
demersal fish species are included in thielgtand represent more than 80% of the total biomass of the
benthedemersal community of the Seine nursery. Prey production is estimated using benthic
invertebrates from macrofauna community (spring and autumn) and harpacticoids copepods (spring).
The endof the growth season (autumn) when benthic resources for juvenile fish are less abundant,
individual fish energetic needs are higher (as fish are larger) and a potential higher interspecific
competition (due to the presence of all species in the nurgmrg thus constitute a period wbphic

limitation.

The last chapter tests the trophic limitation in estuarine and coastal nuisarigtsne series of predator
(juvenile fish densitiesandprey (prey production) data. To do sm, index of benthic pyeproduction

is beforehand created and validated by compatatg punctually collecteloly grabs a classic sampler

for macrobenthic community studies with data franestific beam trawl surveyst the same periods.
Quantile regressions between this iwdad the juveniles densities estimated over the time series suggest
thatproductionof benthic preys a limiting factor in the nursery function

Finally, this thesis challenges the scales at which to address thefissymhic limitation in coastal and
estuarine nurseries amtovides elements supportitigis hypothesis. Habitat and season scales seem
relevant to study juvenile fish nursery functioning. This thesé® provides technical solutiofigr
spatially and monthly adaptations of thimenergdts-based approacheveloped at larger scales.
Moreover, he knowledge acquired fihe scales can baore easily transferreid managers of coastal
and estuarine areas whemnflictsfor spatial use with human activities are present and where protection

and conservation of the nursery function is then essential



Chapitre 1.

Introduction générale

lllustration : L. Fleury






1.1 Estuaireset baies cfieres: des milieux productifs a préserver

1.1.1 Estuaires et baies cotiéres

Le terme estuaire vient du lagestuariurmgui signifie «lieu ou le flux pénétre . A | interface
mer, le fleuve et la terre, ses limites mouvantes ont conduit de hombreux scientifiques a proposer des
définitions de cet écotoned. zone de transitigrElliott and McLusky, 2002Potter et al., 2010Dans

leur revue Whitfield and Elliott (2011)définissent un estuaire commeire masse d'eau cétiere semi

fermée reliée a la mer de fagon permanente ou périodique, qui a une salinité différente de celle de la
haute mer adjacente emison des apports d'eau douce etagticaractérisé pam bioteparticulier».
L’estuaire est donc | e | i eu udnee rneanscsoen tdr’ee aeun tdroeu cde
bassin versant et .luestalorsoamisaeeocthbrenaguadients natutelenme

par exemple legradiens de salinité, de profondeou encorale températute

Certains estuaires se jettent dans | a mer au n
correspond a une intrusion de la mer dans te.ddne baie cétiére peut accueillir un ou plusieurs

estuaires, c¢c'est |l e cas par exemple de | a Baie d

Manche (Royaume Uni).
1.1.2 Des milieux productifs soutenant un réseau trophigue complexe

Les estuairest les baies coétiéres sont souvent catégorisés parmi les écosystémes les plus productifs de

la planétgSchelske and Odum, 1961; Costaeral, 1997; Kennish, 2002).es apports terrigénes et

les conditions physiques favorables (faible profondeur qui laisse la lumiére pénétrer et température plus

€l evée entre | e pri nt e mpter une tfortel productioro primairg pap e u v e r
photosynthéséHeip et al, 1995; Gléet al, 2008) La production primaire des écosystémes cotiers et
estuariens est assurée par divers producteurs primaires tels que le phytoplancton, les macroalgues, les
herbiers marins, le microphytobenthos ou les ptamtesculaires des marais (Montagna et al., 2013).
Notonsque les niveaux de production peuvent vdgéong du gradient estuarien. Par exemple, la zone

de turbidité maximale (ou bouchon vaseux) rédui
condt i ons (Marehano,X1998; Dauvin and Desroy, 2Q05)

Le phytoplancton marin et d'eau douce est alors soit directement consommeé par les zooplanctivores
(consommateurs primaires), soit sédimente. Une fois sédimenté, il peut entrer dans le réseau trophique
par des voies détritiques ou étre utilisé par des s filtreurs (Cloern, 2001 ; Montagna et al.,

2013). Les faibles profondeurs des écosystemes estuariens et cotiers renforcent le couplage bentho
pélagique et permet aux filtreurs et aux dépositivores benthiques de s'appuyer sur plusieurs sources

primaires, pélagiques et benthiques (Guarini et al., 2004 ; Perissinotto et al., 2003). Ainsi, les



producteurs

supérieurs :

Tabl eau

pri
terrestre, alimentent les réseaux trophiques cotiers. giéndrcule ensuite vers les niveaux trophigues

et a l

maires assimilent | es nutri ments

les invertébrés carnivores, les poissons adultes ou juvéniles, etc. (Pasquaud et al., 2008 ;

2016) . Cette description simpl.@

écosystemes cotiers et estuariens décrit les principaux processus allant des nutriments et de la matiere

organique aux juvéniles de poissons (Fig. 1).
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,.f’“ NN
‘R\m;

““\,:::'

e G T e e o SEER S
ot ST

Detritus
productlon

Top carnivores
L | 4
Planktivores

X
f"::;f?ﬁ

‘ Bottom feeders
B Export to ocean -—>

Nematodes

Figure 1: Exempl e

Le

doéun r @ddue @aosystemeo gstharian utypique montrantles liens
d'alimentation entre les principaux groupes trophiques. Les fleches noires indiquent le flux de nourriture
de la source au consommateuFigure extraite de (Day et al, 2013)

1.1.3 Des milieuxfortement anthropisés a préserver

|l ittor al

a

été occupé tres tot

p dlLotze| 2606) pop ul

Il concentre les activités humaines avec 60% gmfalation mondiale vivant & moins de 100 km des

cbtes(Vitousek, 1997) Les nombreuses activités humaines impactent directement (industrialisation,

activités portuaires, péche, extraction de granulats, etc.) ou indirectement (impact induit par le

changement climatige:

-

C

réchauffement de | " océan, acidificat

(Kennish, 2002; Lotze, 2006 es espaces sont également les déversoirs des bassins versants drainant

t o
A

ut es

titre

es substances et particules issues des

d" exempl e, | e bassi n remétrapditain framtas. Celi L oi r

de la Seine, plus petit est occupé par 30% de la population francaise.

Ce

tte concentration d’activit éRBliottsamduMuiaigky, 2082s € c o0 s

Lotze, 2006; Craiet al, 2009)af f ect ant d’ une part | a qumiduéet é du
(Matthiessen and Law, 2008y des marées wes (Quillien et al, 2018; Kermagoregt al, 2019)et

d i)

autr e

part

étendue de ces milieux par | uti

ou les aménagements portuaires par exergipgivin et al, 2006) Cette concentrati

a

(

€



conduit généralement a | a dégradation et | a pert
donc des conflits d’'usage entre activités humair
de facon permanente ou partiellem@rown et al, 2018) Seitz et al(2014)ont estimé que 44% des

especes évaluées par le Clidpendent de ces habitats cotiers durant au moins une phase de leur cycle

de vie, ce qui représente 77% des débarquements en volume. La dégrdesthabitats entraine la
réducti on ddes jlvéndeb denpdissons ¢ résiddnbtze, 2006; Courraet al, 2009;

Rochetteet al, 2010) impactant le futur recrutemémte ces populations.

Ainsi, pour maintenir cette fonction haliggue ainsi que les nombreuses autres fonctions soutenues par

ces systemes, il est nécessaire de préserver leur qualité, leur intégrité et leur connectivité avec les autres

écosystémes. La gestion de ces espated’ ampanigup
délicat et revet des dimensions écologiques, S C
comprendre mieux | e fonctionnement et d’  acquéri:

pouvoir concilier les activités humaineded usages par les autres espéces.

1.2 Estuaireset baies cfieres : dynamiques spatiales et temporelles

A linterface entre terre et mer et entre eau salée et eau douce, les estlesreaies cotieres sont

soumis a une forte variabilité spatiotemporetles paramétres physiechimiques tels que la
température, la salinité @ncorela concentration de matiéres en suspenéit®ip et al, 1995) Ces
variables abiotiques structurent |l " espace |l e 1o
processus hydrodynamiques principalix marée avec ses variations tidales (cycle de 12 h environ et
variations de |’ amplidudeurdse diagawke ) awdc | se sdéwal
L’ oxygéne en tant que paramétre essenti el a | a

présente dans ces écosystémes de fortes variabilitéstepagiorelles.
1.2.1 Estuaire: une mosapgue doéhabitats

La niche écologiqgue fondamentale d’'une espeéce p
dimensions, chacune des dimensions représentant une variable environnementale, abiotique ou biotique
(Hutchinson, 1957)Dans un estuaire, les especes se répartissent selon leur capacité a supporter la
dessal ur e, l es variationsi diiet ¢ eonpéemcoare, | T araxi
ressources alimentaires présentes. Ainsi, du fait de la présence de forts gradients environnementaux, les

estuaires sont souvent décrits comiPetersbe 8003no s ai

1 CIEM: |l e Conseil I nternational pour | " Exploration de
Exploration of the Sea (ICES) est un organisme-igtarvernemental qui coordonne la recherche sur les ressources
et | " environnematmenonk st nsl daestl|l €4l ement en charge d

des ressources exploitées pour les stocks présents sur ce secteur.
2 Le recrutement correspond au nombre de juvéniles en age de rejoindre la population adulte.



Sheavest al, 2015) Les communautés d’invertébrés benthigq
amort aval selon des variables physiq¥sebaertet al, 2003; Dutertreet al, 2013; Dauviret al,

2017)avec des communautés marines euhalines en adas @mmunautés plus tolérantes aux fortes
variations environ e ment al es en a mo n tillustre Lbiere set aordraste eaveadla Se i |
communauté Abra albalLagiskorend ans | a partie mari ne Ildmecola’ est ua
balthica dans la zongoly/mésohaline(Thiébautet al, 1997; Morinet al, 1999) La tolérance a

| " exondation est égal ement un ¢ misatiod rdes vadiérése r mi n
intertidal es, ce qui en fait un [Ipabesauxaestuaites € s pa
européens, par exemptedistediversicolor, Corophiumvolutator, L. balthica Scrobicularia plana,

Cyathura carinateet Hydrobia ulvag(Marchand, 1993; Francat al, 2009; Baffreawet al, 2017) Ces

zones situées a | ’'interface entre | a terre et
mouvements d’ eau. Des espeéeces mobil es pidaefitent
(Cabral, 2000; Laffaillet al, 2001) On retrouve égal ement ¢ées succe
de poissons, selon les conditions supportées par chaque espece et donc les niches écologiques des
especegMarchand, 993; Nicolaset al, 2010)

Ces gradientde facteurs physiques structurent également spatialement le réseau trophique efgtuarien,

la production primaireet ut r es sources de mati ere or(Demgan que | L
and Garritt, 1997)A la base des réseaux trophiques, le gradient aavatse reflete dans les sources

de mati éres avec un mélange de mati ére organique
en amonetdesMOP marinesen avalLiénartet al,, 2017) Ce gradient peut étre facilement caractérisé

en mesurant la signature isotopique en carbd?€,(le ratio en ¢&/C), avec la MOP marine enrichie
enC3par rapport a | a (Dd@aded al,200#; dntomiect at, 2000, leésaret e

al., 2017) Ces gradients isotopiques se répercutentiensur les consommatewsgpérieurgRiera and

Richard, 1996; Leakesgt al, 2008; Marleyet al, 2019)

Les différents habitats sont connectés entre eux par les mouvements hydrodynamiques qui déplacent la
matiere en suspension comme du microphytobenthos mis en susp&asigret &, 2015; Yokoyama

et al., 2009. lIs sont également connectés par les orgasismbiles prédateu(saffaille et d., 2001;

Marley et al, 2019) De plus, cette structure spatiale est trés dynamique dans le temps et elle subit de
fortes variations, notamment le rythme saisonnier du débit du fleuve. Par exemple, en période estivale
ou |l e débit easati rlee dul Usaglea ss,uplp'ogdte deux r éseaux
les changements de débit engendrent de forts mouvements qui rétablissent la connectivité entre ces deux

réseaux trophiques p\Mnagreetral, 20nb)f or mer pl us qu’ un
1.2.2 Dynamiquessaisonnieres

S’ ajoutant a ces cont riessontmargegs pat deavariations gaisonniéres , | e

associées aux dynamiques fluviales liées aux précipitations et a la fonte des neiges. En zone tempérée,



les débits sont les plus importants en saison hivefiehand, 1993; Romest al, 2016) la période
NovembreAvril concentrant emoyenne les deux tiers du débit anr{imeroet al, 2013) Les débits

apportent les nutriments et apports terrigenes a la base des réseaux trophiques estuariens, un des facteurs
dela saisonnalité de la production primaire estuarienne avec la lumiére et la temgétaipet al.,

1995; Cloern, 2001; Glét al, 2008) Ai nsi , au printemps, avec | " aui
fortes concentrations en nutrimentslet al | o n g e meantobsalve souvgnd unrbom de
production primaire. Les faibles apports liés aux débits estivaux limitent la production dans cette saison.
L'’augmentation du débit a | " automne augnente |

lumineuse et/ou de la température limite la production a cette période.

Les communautés animales suivent aussi cette saisonnalité. On peut citer par exemple, le patron de
saisonnalité de la macrofaune benthiqBeukema, 1974; Saulnieat al, 2019) supportée par la
saisonnalité de la production primaire et des apports terrigenes de matiére organique, les changements
saisonniers dans les communautés de poissons et de crifMaeést al, 1998; Selleslaglet al,

2012); l es arrivées et départs d’'oiseaux migrateur

decesggéces, par exempl e, D0DB6sbuaieneaxds’ §er dbamive
s’ al i ment e rDawin and Pesroye200blee dynamigues saisonniéres des communautés

sont en partie expliquées par la variabilité des variables phgBiocoques, mais également pdas
changements dans les interactions trophiques entre les différents compartiments bidl8gltpstagh

et al, 2012)
1.2.3 Dynamiquesinterannuelles

Enfin, les estuaires et les baiesi@dts fluctuent a une échelle temporelle plus large. Le débit, variable
structurante de ces écosystémes, peut montrer une variabilité interannue(lRdorézoet al, 2016)

avec des années a fort débit et des années a faible débit. Ces changemégiteedbydrologique

modifient le gradient de salinité pouvant provoquer des changements intpaldas la composition

des communautés benthiqu@hanget al, 2018) leurs biomasses et leurs abondances dues aux
variations d’' dSalpnPicatdetd. 2@0R) Césearidtibne se kegercutent sur les réseaux
trophiques Kostecki et al. 2010) montrent que lefluctuations interannuelles du débi¢ la Vilaine
(France) i mpactent |l es signatures iisotopiques

consommateurs secondaires, les juvéniles de sole commune.



1.3 Fonction de nourricerie des estuairegt baies cotieres

1.3.1 Définition de la nourricerie

Le rdé6le et | 7utilisation des estuaires et baies
depuis |l e siécle dernier, et en particulier pour
D" aprés | a r éAblai(B005) les premiereseobshrvatiomsnsignées dans une revue
scientifique de | " utilisation des habitats cOt]i
travaux deGunter(1945):fit he young of many animals wusually ¢tF
l ow salinity f.hecycteude vieae ges egpecesiastctararigaiséne ségrégation

spatiale entre les différentes phadascycle de vigGibson, 1994)Les adultes vivent au large, sur le

pl ateau continent al ou iLles see fsegouantdpéldgiguedsd ap e nd a
déplacent passivement avec les courants océaniques et les vents, puis activement vers les baies cotiéres
et les estuaires (Gibson, 20084 moment de la métamorphosesdarves passent d'une vie pélagique

a une vie benthique etd juvéniles s'installent alors dans des zones cétiéres et estuadidati@sdu

printemps ou au début de I'été (Gibsa005). Ils se nourrissent et grandisgaatu'a la fin de la saison

de forte croissangenautomne). Ensuite, pendaartcore uroudeuxans selon les especes, les juvéniles

passent | e printemps et | ' épeapraoadespendantslasaisondeai r e ¢
fortecroissancet r ej oi gnent | es eaux pl uslapppulatibnoaduttee s | ' h
au lage.

Les ter medsé p'eensdtanecier e et ‘nourricerie’ ont été | a

avec confusion(Beck et al, 2001; Able, 2005) Certainschercheurs considéraient I'ensemble de

I'estuaire comme unmourricerie(Able, 2005) guand d’ autres faisaient réfé
zones spécifiques telles que les marais salants, les mangroves et les herbeesiss(Becket d.,

2001)Le mangue d’ un estsdutcé derantradiciioasdéshcaardsemant la gestion

et la conservation de ces zonBeck et al. (2001yonceptualisent leestme «nourricerie » dans leur

revue; cette définition fait oUnhabitateest dne nourdcérié poarnc e e
une espeéce donnée si sa contribution par unité
stock adulte @ssupérieure en moyenne a la production des autres habitats que les juvéniles occupent
Ainsi, pour étre qualifié de nourricerie, un habitat doit suppal¢erdensités de juvéniles de poissons
supérieures aux autres habitats, mais également de meilaxrdd survie et de croissance, ainsi que

de permettre le déplacement vers les habitats adultes.

Ces habitats sont en partie caractérisés par des facteurs abiotiques. Par exemple, les espéces de poissons
plats dans les nourriceries du golfe de Gascognepséférentiellement situées sur des fonds vaseux
peu profonds (< 30 m), et faiblement exposés aux vdged2apeet al, 2007a; Trimoreaat al, 2013)

Une quantité suffisante de nourriture pour soutenir la croissance et un faible nombre de prédateurs pour



maintenir le tax de surviesontégalement essent&{Gibson, 1994; Beclt al, 2001; Wouters and
Cabral, 2009)

1.3.2 Evolution du conceptde nourricerie et notamment sur des aspects spatiaux et

temporels

Bien que faisant office de définition officielle, la définition Beck et al.(2001) a été affinée,
notamment dans une optique de gestion et de consenasihlyren et al. (200&onstatent qualans
cerbains cas, |l a définiti onielsdanslaredouwellement de lapapuldtiani n s
de | ' e s pawrsecteértaveduneicentributiotale élevée, mais trés gchaura une contribution

par metr e c¢ ar rsuppofe taigdmerda pradudionde recruesAingi, ils introduisent le
concept d’' HabitataEf hettabitdesfdbuvanphesicul ar
proportion of individuals to the adult population than the mean level contributel lvgbitats used by
juveniles,regardless of area coverageCe conceptestessentl pour une conservation efficaates

zones cotiéres impliquées dans la production de juvéniles dans un but de maitdiesstauratiodes

stocks adultePans ce mémeontexteSheaves et a(2015)s oul i gnent qu’ i gnorer
habitats, les processus agissatties effets sur la fonction de nourricerie peut engendrer une mauvaise

S

S

définition des zones essentielles a protégar.exemplel, * accés a des zones rich

étre limité par la présence de prédatecosnpromisnourriture/prédateur). Les zones de transition entre

zones de refuge et zones d’alimentationnt peuver

écologiques.

Enfin, Nagelkerken et al. (201%roposent une définition dynamique et intégrée de nourricene
unité marine spatial ement explicite consistant
processus écologiques dérivant du comportement dexeassis la conceptualisent par le terme

‘seascape nursety Cette unité est dynamique dans le temps, via les variations des variables

environnementales | es définissant ainsi que |’ on

1.4 Capacited 6 a c ettaetauls de régilation des populations

1.4.1 Mortalité densitétd ®pendante et capacit® dbéaccueil
Le renouvellement des populations marines est dépendant du recrutement. Le recrutement des espéces
nourriceriedépendantésexploitées comme la sole ou la plie estins variable que celui des autres
especes marines, par exemple la sargnehambauliet al, 2014) Or, le recrutement découle des taux
de mortalité subie pendantlesr e mi ér es phases de vie qui sont | e

SEspécesdonal phase juvénile a |lieu sur |l es nourriceries
au large.

C

d

e



juvénile. Pour les espéces nourricati@ pendant es | es premiers stades,
par un taux de mortalité élevé et ils sont soumis a des processus-uelégndants liés a la variabilité
environnementale et au climat i nfl Ghlhegerettl, sur | e
2014; Archambaultet al, 2018) Ces processus densit@épendants généerent de la variabilité
(interannuel |l e) dan $ig R)etadbno sudl@anombee dd larves arivantasir kg t e (

nourriceries cétiere@d.e Pape and Bonhommeau, 2015; Archambetudd., 2018)

Le stade juvénile est caractérisé par des processus de mortalité-dépeiténte(Nash and Geffen,

2012; Le Pape and Bonhommeau, 20B3)is le nombre de larves arrivant sur les zones de nourricerie

est grand, plus le taux de mortalittgst and, att énuant | a vari Bdilité
2). Ainsi, le recrutement de ces especes est déterminé par le stade jiwgmitet al, 2001; Ustups

etal, 2013)L ' h y p al¢ dorcentatiodécrite parlles and Beverton (200@nonce quepourles

populations qui se concentrent sur leses de nourriceries pendant leur premiere gnuméelimitation

de | a taille de | a popdid alta oma pa wdies habgatsoad eu e idle d
Mortalité densité- Mortalité densité-
indépendante dépendante
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Figure 2: Evolution du nombre doéindividus ( dutcyclkedervicabi | it ¢
des especes nourriceried ® pendant es . Pendant |l es stades 1Tuf et | ar
plus ®l ev® et | a variabilit®, g®n®r ®e par | 6hydrodyna
sur les nourriceries cotieres adgées de quelques mois et adoptent une vie démersale et/ou benthique
( Mm®t amor phose pour |l es poissons plats). Ces habitat:

dynamique de ces populations et atténuent la forte mortalité des stades prdeéts. Le taux de mortalité y
est toujours élevé, mais moins que pour les stades larvaires. AdaptéelgePape and Bonhommeau (2015)
et Nash and Gefén (2012)

La notion de capacité d’ accueil est souvent util
et controversée, car elle a été utilisée de différentes féDbosndt, 1988; del Monteunaet al, 2004)

Del MonteLuna et al.(2004) proposela définition suivante ‘the limit of growth or development of

each and all hierarchical levels of biological integratideginning with the populatiomnd shaped by

processes and interdependent relationshyg$ween finite resources and the consumers of those



resources Ai nsi , i nhérent a cette notion, on retrouve
supportée pain environnement donné avec des ressources données dans une certaine fenétre temporelle

(del MonteLunaet al, 2004; Ayllonet al, 2012) Une idée primordiale dans la notion de capacité

d" accuei l C 0 n c e r #iemporelegAylidnact al, 2412) barngsantite etdat quatité des
ressources utilisées varient dans Imps, les besoins des individus évoluent avec les saisons, la
compétition intra et inter spécifique cooonait éc
et al. (2001) dans la baie de l@&sapeake (Etatdni s ) a | aide d une appr.
temporell ement explicite |iant un modele de qual
Un des chal |l eesgpa&iennadej d uréedc’'oh wigiest | a détamlami nat i
capacité d’accueil (prédation, compétition pour

variabilité environnementale, etc.), leur importance relative les uns par rapport aux autres et leurs

interactiongdel MonteLunaet al, 2004)

Ainsi, de par leur surface restreirge de la concentration des juvéniles dans ces zones, les habitats
cbtiers et estuariens jouent un réle crucial dans la régulation de ces pop(@siddg, 2014t dans

le recrutement de ces espéepem der Veeet al, 2000)et donc dans le renouvellement des populations
(Archambaultet al, 2018)

1.4.2 Facteurs de mortalité degpopulationsdans les nourriceries

Les facteurs de régulation densitdépendants des populations dans les nourriceries induisent une
mortalité pour les juvéniles de poissons, directement en affectant la survie ou indirectement en affectant
d’abord | a [&cooditisngdesindivedu@dartihnooand Houde, 2012)

Bien que les ourriceries soient souvent décrites comme des zones refuge face a la prédation pour les
juvéniles de poissor(&ibsonet al, 2002; Able, 2005)il existe une certaine pression de prédation sur

l es juvéniles par des (@anéderéeertared Bergman, 1987rvanderyee d e s
et al, 1991; Gefferet al, 2011) par des poissons adultes faisant intrusion dans les nourriceries cétiéres
(par exemple, lanorue, Gibson and Robb, 199¢)ar des oiseaux marirfpar exemplecormoran,

Leopold et al., 1998)u encore par des mammiféres ma(pe exemplephoque commun, Aarts et al.,

2019) La pression de prédation sur les juvéniles de poissons estégkmdante plus les poissons
grandi ssent , plus il s s on(Ellis@amddibsog 4395)Ld martaligg mo r t
induite directement par la prédation est donc susceptible de se produire aela ptidsi nst al | at i

juvéniles sur les nourriceri¢gan der Veer and Bergman, 1987)

Une forte pression de pr édat ipmsnladompétitian trephicué | at i o
comme autre facteur de régulation des populatioes ressources alimentaires sont en quantités finies
sur les nourriceries c6tiéres. Quand elles viennent & manquer, cela peut augmenter la compétition

trophique intraspécifiquet/ou interspécifiquévan der Veeet al, 2016) Le manque de nourriture



affecte alors dans wun premier t Emisse sle ld colditian t phy
traduisant uned é gr adati on de | ' ét &tbwelnetidl r2010)iow encoelunedu p o |

diminution de la croissand€iottiet al, 2013b) Bi en qu’ i | soit envisageahb

meurt d’"inanition, i e s une modifidateor deeson camportamertt ét a |
| " exposant a un r i sgu(Sincidieet ah 20DG) §a recbenchemé nogrrituremp o r t

devient alors plus active ou dans des zones moins prot@dgeset al, 2001; Biroet al, 2003) La

limitation trophique induirait donc une hausse de la prédation et ainsi une chute du taux de survie.

La proximité entre individus induite par la concentration des individus sur une surface restreinte favorise

la transmission de parasites ou de pathogéDaseux et al, 2010) De plus, certains facteurs de
régulation de ces populations sont dersitipendants. Par exemple, la contamination chimique (via
contact ou ingestion) peut engendrer une baisse de la croissance des j(@dhdeset al, 2006)
Cependant, ces facteurs de régulation des populations sont encore rarement étudiés dans un contexte
d ' e s pauricereedépendantes.

L'’ hypothése de | a |Iimitation trophique est une s
a mesurer et quantifier ce phénomene proprefhenPape and Bonhommeau, 2015)

1.5 Capacitévslimitation trophique dansles nourriceries

1.5.1 Capacité trophique

La capacité trophigue découle de | "interaction
consommat eurs de ces rae sdséofuirncietsi.o nEnd es debbfopriaypaancti tse

Luna et al. 2004) la capacité trophigque est donc le nombre maximal de consommateurs que peuvent

supporter | es ressources alimentaires d’'un écosy
les juvéniles de poissons maripy é sents dans | es habitats cb6tiers
soutient |l a maintenance de | ' organi sme, sa crois
Cette allocation de |’ éner gi e e ditidudcéneés dedbédget i t e,
énergétique, Dynamic Energy Budget ou DE#®oijman, 2000) q u i formalisent | es

entrant, sortant et mis en réserve dans un organisme, en fonction de son environnement et au cours de
son cycle de viepg@ar exemplgour la pliguvénile :van der Veeretal.,2010) Ai nsi , | > éner gi
est allouée principalement a la croissance pour les juvéniles, une fois que la fonction de maintenance est
assurée. Les essources trophiques soutenant l a produc
invertébrés benthiques constituant | "al i mentat.i
alimentaires se situent sur un gradient de strictement benthique a hypetntire pélagique. La

sole communeSolea solep la plie Pleuronectes platesyau encore le flet commurPlatichthys

flesuysenourri ssent principalement d’invertébrés ber



(Le Mao, 1986; Amareet al, 2001; Kosteckiet al, 2012; Koppet al., 2013) Le bar commun
(Dicentrarchus labrax est un prédateur hyperbenthique consommaajonitairement des invertébrés

tels que demysidacéesdes amphipodes ou des creveftedfaille et al, 2001; Pasquauet al, 2010;
Fonsecaet al, 2011) Les juvénils de merlan Nlerlangius merlangu$ et de tacaud commun
(Trisopterus luscyssont décrits comme prédateurs de crustacés hyperbenthiqgues ou pélagiques
(Mysidacées, crevettes) ou de petits poisgblasnerlynck and Hostens, 1993; Modhal, 1999) Plus
généralement, malérces différences spécifiques liées a leurs niches écologiques et a leur stratégie de
chasse, les juvéniles sont également décrits comme opportunistes, se nourrissant des proies

principalement présentéBesystet al, 1999; Griffinet al, 2012)
1.5.2 Limitation trophique ?

Théoriquement, |’ att e irespbreald@nsbnamatomde toutes lesdessouraep h i g
trophiques par les consommateurs. Le dépassement de la capacité trophique peut alors se traduire par le
phénomene de limitation trophique ou les consommateurs sont affectés par le manque de ressources
trophiques: diminution de la condition physiologique, diminution de la croissance, mortalité. Comment

alors discerner, la mettre en évidence voire tester la limitation trophique

Densité dépendance

Certaines études, en démontrant la mortalité dedégéndante des juvéniles de poissons, proposent la
limitation trophique comme mécanisme sgarent le plus probable de cette mortalité. Par exemple,
Craig et al(2007)ont démontré expérimentalement le caractére dedéféndant de la mortalité et de
la croissance des juvénilesldgiostomus xanthurySciaenida@ourriceriedépendante de la cote ouest

atlantique) et proposent la compétition trophique comme responsable.

La méthode du selfthinning» , d’' abord dével oppée en écol ogie vé
aux populations animalgB8egonet al, 1986) permet de testersilmagpaci t € d’' accuei l
Si mpl ement |, S i |l a capacité d’'accueil est atteint

contexte ot ladensité de juvéndest pl us f ai bl e et n’ atteint pas |

En étudiant |’ évolution de | a croissance d’  une ¢
cohorte au cours de la saison de forte croissance ou les juvéniles sont sur la nouricoenigataison
de la tangente de la pente obtenue avec une valeur théorique établi@(Begonet al, 1986)nous

permet de diagnostiquer si la mortalité @stsitédépendante (Fig. 3).
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Figure 3: Trajectoires démographiques et de croissance de deux populations (A et B). Entre mai et juin, les

individus soé6installent sur | a nourricerie et y grand
| 6 @l$ e®ntinuent de grandir, mais leur nombre diminue (mortalité) puis en septembre, la densité chute
plus fortement due © un d®part de | a zone. La popul at

égalead4 . 3) al or s gue dttant s Pigule adaptée déNaBhenag 2007

Nash et al(2007)ont appliqué cette méthode aux juvéniles de plies sur deux nourriceries du nord de
| " Europe et en concluent gue I a capacit é d’ a
gu’' occasionnell ement. |1l s suggeér ersé¢dapuoegtains@s.| i mi t

Croissance et condition physiologique

Certaines approches proposent de tester | >influ
popul ations de juvéniles en s’ intér dsidugAmaraaux ef
et al, 2001; van der Veest al, 2010; Tealet al, 2012; Poieset al, 2018; Stowellet al, 2019)

L’ hy p @dgtlh fuisamtele manque de ressources trophiques induit une baisse de la croissance et/ou

de |l a condition en raison d une augmentation de
par | a comparai son a un #onentelc®issanceeptampéradmaraet s sue d
al., 2001; Amara and Paul, 2008) bien issue de la prédiction de la croissance maximale par un modele

DEB (van der Veeet al, 2010; Poieset al, 2018)ou encore issue de valeurs métaboliquiEenues

en conditions expérimentales sur un gradient de privation alime(itaifeaglet al, 2010) Amara et

Paul (2003)montrent gue | a croissance des plies dans
prédictions i ss amés lew ingtallatiomsud l& hoarricg¢rie. $lst ea concluent a une
potentielle limitation trophique, en particulier sur les vasiéres intertidales ou les juvéniles vont se nourrir,

mais ou ils rencontrent également des compétiteurs pour ces ressouraesludtien de la croissance

au cours de | " été est é (FTealeeam 2008; vam dergViedstiale 20B0me n t d e
Freitaset al, 2012; Poieset al, 2018) Cependanaucune de cestudesn'a encore établi de liadirect

entre la croissance ou I'état des poissonscatrtgétitiontrophique(Ciotti et al, 2014; van der Veest

al., 2016) De plusLe Pape and Bonhommeg015)démontrentjue seule la croissance apparente des

individus survivantgpeut étre mesuréee qui peuengendrer un biais dans les résultats obtenus



Relation proie/pédateur

Des patrons desynchronies entre proies et prédateaus de cohérences spatiales entre proies et
prédateurs peuvent indiquer une potentielle limitation trophiQliamoto et al.Z012)montent que la

production de juvénile par adulte est déterminée par la quantité de nourriture (biomasse d@pi®ies).
récemmentje long de la céte de la mer du Nord, un changement dans la distribution spatiale des
juvéniles deplie, Pleuronectes platesg&tattrip et al, 2017)est mis en relation avec la disponibilité

de proies benthiques dont la productivité serait affectée pdimmutonobser vée de | ' ap
nutriments. Les études de synchronie entre proies et prédateurs sont robustes, mais ssidansrar

un contexte estuarien, car les suivis temporels de biomasse de proies sont colteux.

Une congruence spatiale entre | es patrons de di s
Vilaine en 2008 et la significativité des quantiles supérieurs et inférieurs entre les proies et les juvéniles

de poi sson Vvi enn e detlimitatipmptwphiguéTableauetyalp 2016h Sidslon et al.
(2013)ymontr ent arismatch» oy décalage spatial entredastribution des juvéniles de
Theragrachalcogrammat | a di stri bution des proies et de | a
recrutement deAll’ i exsypuagsas Yang20L7 Buyderent que, pour les juvéniles
deLepidopsetta polyxystret Limanda asperadeux espéces de poissons pafsla platforme cotiére

de la péninsule de I'Alaskde mismatch spatial entre les juvéniles et leur proie indique que la

di sponibilité en proie n’'est pas -dépentdarttsgpeuteat pour
aussi é€tre a |’ origine ahales indivadosgversmmdes habitatsl mains | a
favorables(Thorsonet al, 2016) De pl us, | " étude des patrons s|

prédateurs se nourrissent, mais seule ne permet pas de tester la limitation trophique.

Théoriqguere n t , on peut tester si |l a capacité trophi gt
En d’ autres ter mes, S i |l e ratio de | a demande ¢é

valeur théorique de 1, tout ce qui est produit est comgbrAudela, elle est dépassée et des phénoménes

de | imitation trophigue peuvent étre observés. |
précisionc ar i est nécessaire d’inclure |l a leiste e
nombreuses données sur | es especes deabpndanteges et

bi omasse, capturabilité, besoin énergétique indi

etc.(p. ex.Bennett and Branch, 1990; Collie, 1987; Vinagre and Cabral, 2808, la comparaison a

la valeur théorique de 1 est peu informative.

De nombreuses études concluent a la-attainte de la limitation trophique suite a la comparaison des
compartiments offre et demang¢evans, 1983; Bennett and Branch, 1.99hagre and Cabral, 2008)

guand d’ autres soutiennent |’ hypothée@hl1885une cor
Une des raisons des faibles valeurs du ratio offre sur demande est la liste réduite des prédateurs inclus

dans ces études.§.Collie(1987)s * i nt éresse seul ement a | a eonsomm



Limanda ferruginep car les modéles utilisés sont souvent trés gourmands en données experimentales
(Evans, 1983; Collie, 198¥inagre and Cabral, 2008)

Face a ce constafableau et al(2019)ont développé un modeldoénergétiqugour estimete ratio

of fre/l demande, appel é d’'efficacité d’' egmtpisioi t at i «
tester I'hypothése de limitatioinophique dans lesnourriceriescotiérespour les communautés de
juvéniles de poissons bentbdémersauxCe modéle estime la production de proies et la consommation
alimentaire a partidedonnéesssues de campagnesde parametresortisde la littératureCe modeéle

se veut générique et inclut la communauté de juvéniles de poissons marins-déenénsaux
consommant | " of fre alimentaire disponible. A I
| " efficacité d’ expl oninean 20@8nEn doasidérant I€s espécas atrictereentd e |
benthivores et partiellement benthivores, | e rat
| " application du mo diableau ehal.ZD19pproposentsine grilode Jecturee me s
basée sur des scénarios pour interpréter les estimations du ratio demande sur offre qui combinent
limitation trophique et prédatio®aulnieretal.Z020)appl i quent ce modél e a | ' e
trosamnées consécutives et rel évent % deuatioestpoostiant | es |
autour de |l a valeur de 0.02. Cette relative st
trophique. En effet, la stabilité des EE traduit cuednsommation des juvéniles GO suit les variations
interannuelles de production de proies sur trois années. Il faudrait évidement confirmer ce patron avec

une plus longue série temporelle.
1.6 Capacitétrophique : unequestiond 6 ®c Rel | e

Le choixedea’ Etéddbeldlans -prédateur esttessenti@aitleyebal, 201 r oi e
Johnsoret al, 2013) Il est déterminant dans les résultats obtenus et dans les processus responsables de
ce que | (Faneretale201®)y dlea capacité trophigue est dyna
L'’offre alimentaire est (Rrétasétnlo2§16;5aulniactal,802d)eh de | a
l es juvéniles de poi ssons vetlaméme inersit@amegetaas | es d
2019) L’ offre évolue égal ement dans | e temps ave
pél agique. La de ma n drdesybesoinsendidduelscet lds 'stafts gntog@éniquest i o
alimentaires(Lawsonet al, 2018) Ai nsi Il "interaction entre proie

saison, mais également avec la marée qui donne acces aux ressources des zones intertidales.

‘“Les juvéniles de paodm&Sondamdse Imodmmsée sumntanappel és GO
appelés G1



161 Variations dans | 6espace de | 6o0offre ali me

Les ressources trophiques nhe se répartissent pa
estuaire. Le secteur marin de |’ estuaire de Se
macrobenthiques supérieurs aux autres habitats entre 200BXSaulnieret al, 2020) Beukema and
Cadée(1997) montrent que, dans la mer de Wadden, le macrobenthos est limité par la quantité de
nourriture a leur disposition seulement dans certaines zones. Les juvéniles de poissons exploitent ces
ressource. sel on | eur ni che écol ogi quk’ Gptimallforaginger gi e
theory» (MacArthur and Pianka, 1966; Werner and Hall, 19@#apnce gque, dans le choix de recherche

de nourriture, les organismes optimisent I'énergie netteéga@'est-dire maximisente rapport entre

les avardges énergétiques et les colts), et donc sélectionnent les habitats permettant cette optimisation.
Les juvéniles des poissons plats ayant une mobilité restreinte, quelques centaines de métres attribuées a
leurcapact € de mouvement et pas plus de 5 km par jo
déplacernlLe Pape and Cognez, 2016)est envisageable que la limitation trophique soit plus intense

dans certains habitats. De plus, dans les estuaires tempérés, les vasi@dedastgeuvent supporter

des biomasses de proies élev@asitaset al, 2016)et sont utilisées par les juvéniles de poissons qui

vi ennent <Mosn eal, 1969 @abra,2000; Laffaillet al, 2001). Ainsi, la question des
différences de capacité trophique a uckedle locale.e. celle des habitats, semble pertineitalters

and Juane€l993)suggerentue brs de I'étude de la régulation de la densité aux premiers stades de la

vie des poissons, la notion d'utilisation de I'haldtat étreincluse En outre, dans un contexte de perte

d'habitat et de dégradation des ctastze, 2006)il est particulierement important d'inclure la notion

d'habitat dans I'étude de la fonctionrarurricerie
1.6.2 Variations temporelles

Cheuillot et al. (2017) et Pihl (1985uggéentque la capacité tropdpiile n'est atteinte qu'a un certain

moment de la saison de croissancel es vari ations saisonnieéeres de |
juvéniles engendrant des variations de la pression trophique au cours du temps. Par exemple, a leur
premiére instalition sur la nourricerie, les juvéniles sont limités par la taille de leur bouche pour se
nourrir et se concentrent donc sur les petites proies. La méibfeamstitue alors la majorité de leur
alimentation(Gee, 1989; Coull, 1990En grandissant, ils augmentent leur spectre de taille de proies et
consomment alors de plus grandes proies, principalement issues de la mat(Biayri985; Aarnio

et al, 1996)

Deux périodes sensibles ont été identifiéespAntemps, les densités de juvéniles sont élevées dues a

I > arri veée maNashiandesefidre 2012pasalieleraest, les conditions environnementales

SEnsemble desinveéitbr és de moins d’1 mm
SEnsemble des invertébrés de plus d’'1 mm



favorisent | a production d’invertébr égestvadent hi qu
correspond a la fin de la période de production de proies macrobenthiques et au mdesehbésnins
énergétiques individuels soitevés. Ces deux périodes pourraient alors engendrer une limitation
trophique | ocal i s é echairégree siiroutd lepéripde dejctoissantesne popriait

mettre en évidence.

Une meilleure identification de la période la plus sensible a la limitation trophique est une étape
essentielle pour le suivi sur le long terme de ce processus de réguigipopllations de juvéniles

dans | es zones co6tieéeres. De plus, étwudier |’ util
échelles permet une compréhension plus fine et complémentaire des processus régissant ces populations
(Litvin etal,2018) Enfin, dans un cadre d’'une gestion du
fines sont plus informatives et en cohérence avec la gestion des activités humaiegzones.

1.7 Objectifs etdémarchede la theése

1.7.1 Objectifs

Dans ce contexte, | " objectif général de cette th
|l es juvéniles au sein de nourricerdneusle@msadtérear i enr
limitant du facteur trophique dans leur fonctionnement. La démarche a été menée selon deux échelles

spatiotemporelles fine (habitat et période de croissanc

(plusieurs nouiceries sur plusigrs années).

Ce travail de thése s’ &ig 8)iledhdpie 28 tad uracdhe tar o idse n
habitats essentiels pour I|déarmdmealtad i d'ni dpeo rqtuan a
et majoritaires dans la communauté de juvéniles. Usuellement, les habitats essentiels a une espéce sont

i denti fi édsonan éle’'saiddee pdreésence/ absence (habitat po
de | " espéce. L’ abondance a | ' avantage de donner
| " espeéece. Les traceurs trophigpesmdtctomntendsi ¢dearo
proies consommeées par un individu, mais également, les habitats utilisés par un individu pour se nourrir

a condition que ces habitats présentent des contrastes sur les traceurs étudiés. Par exemple, en comparant

le contenudigasi f d’ un individu aux communauteés issues
déterminer | e |ieu d alimentation. Ainsi, [ " uti
stabl es, traceurs compl émenttad mpess dl'ei nlt’éalriarme rotna
guanti fier l a contribution relative des différe

révéler les habitats préférentiels. Ce travail a été effectué a deux périodes encadrant la phase de forte
croissanceal a fin du printemps aprés | ’installation

| " aut omne.



Identification des Identification des
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Figure 4: Questions de recherche et démarche de ce travail de thése.

Le chapitre 3 (Fig. 4) constitue lec ceur de ce tlrsavaatitlaadnéei tah eggue | ' e f f
d" exploitation des pr oi es-dédmersatixhdang une sourpcerie a lee s | u
échelles spatib e mpor el | es fines, soit a | " échell e de
préalablement décrites. Pour ce faleemodéle de capacité trophiq(iEableauet al, 2019b)a tout

d’" " abord dO étre ajusté a ces échell es, not amment
ce qui concerne la spatialisation de la consommation des juvénilesssdifférents habitatd.a
comparai son des valeurs d'efficacité d’'exploitat
proies par les juvéniles de poissons a ensuite permis de préciser la période et les habitats ou la limitation

trophique parasait la plus forte.

Enfin, ce travail de thése change d’ échell e pou
plusieurs années et étudier la potentieteurrence (et récurrenceg la limitation trophique. Le
chapitre 4 (Fig. 4) étudie alorka variabilitédd * of fr e al i ment aire et son ca
les densités de juvéniles de poissons. Pour ce faire, un proxy de la production de proies a été construit a
partir des données collectées au chalut en comparaison des dosnéesss d’ échanti | | onna
guantitative. Le proxy est tout d’abord valide

d’ années.



1.7.2 Sitesd 6 ®t ud e

Les deux premierschapitresoncer nent | ' e st u asurtaedtech@dubsdranSaeseé, ne . | |

débouchant dans la Manche (Fig. 5).

Manche /,/ -
J . %%

Estuaire de
la Seine

R

Estuaire - ’
de la Loire L
Golfe de 1 France

Gascogne . ‘ i
Pertuis .& Atlantic

Ocean
Estuaire de \“.\\
A Espagne

la Gironde —
A%

Figure5 Sites d6®tude .de de ce travail de th se

La Seine est le‘@®fleuve en termes de débit en EurgR®meroet al, 2013)avec urdébit moyen de

470m3s! (moyenne rtre1970-2014)(Romercet al, 2016) Cet estuairest représentatif de la situation
globaledes milieux estuariepsdtiers.ll a notamment subi des transformations morphologiques trés
importantes au cours du dernier siefelsinne, 2005) endiguement, industrialisation, chérmke

navigation (axe de navigation majeur), etc. Plus récemment, un vaste chantier de rénovation et
d’"extension du port du Havre (Port 2000) dans |
modifié la morphologie de cet estuaire. Ces profondes matidns ont eu pour conséquences la
réduction de | laedugiancdes surfacespimteantidatie,réduction duvolume de

I ' e st waehvasementessignificatif de’ e s t u deas vasiéres inertidales occupaient environ

130 km2 en 1850 et sont réduites a 30 km2 au début¥isdécle(Dauvinet al, 2006) Or, cet estuaire

assure la fonction de nourricerie pour des populatienddnche Est, dont la population de sole
commune. La perte d’'habitat a pour conséquence d
de juveéniles de sol e po(Rachetteta, 2010)4aa congibutoa deSatté ne de
nourricerie au renouvellement de la population a donc largement diminué. Des scénarios de rénovation
de cet estuaire mont r en mentqtiori ded capurep potentialles ipdur lds n d u i
populations adjacentédrchambaultet al, 2018)
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Les communautés benthiques sont conditionnées par le gradient de salinité estuarien ainsi que les
infrastructures morphologiquésig. 6). On y retrouve alors une communauté dans les sables de la partie
mar i ne odchurd doneindéd pakbra albaet Lagis koreni La communauté estuarienne vaseuse

de | ' embouchur eimeectatbaltiica(Thiélmastet al,p1897; Morinet al, 1999) La

vasiere intertidale nord est caractérisée par la communatitédiste diversicoloret Corophium
volutator (Baffreau et al, 2017) Ces communautés offrent des niveaux de production de proies
potentielles pour les yéniles y résidant trés variablgaulnieret al, 2020)

Le troisieme chapitreoncerne les nourriceries cotiéres de Vilaine, de Loire, Gironde et des pertuis
charentais situgs dans le golfe de Gascogne (Fig.G@s écosystémes cdtiers ont été idestifidmme

étant des nourricerie d’'importance pour (Les juvé
Papeet al, 2003a; Trimoreaet al, 2013)

1.7.3 Cadre méthodologique

Comme évoqué dans la section de la démarche de ce travail de these, le modéle de capacité trophique
développé pairableau et al(2019)a été choisi et adapté aux échelles de travail des deux premiers
chapitres. Ce modele estime | efficacité d’explo
Pour ce faire, un premier module estime la Production de proie (FP pour FoodtiBrydya est

calculée a partir des biomasses des proies échantillonnées et de leur ratio spécifique P/B issu du modele
empirique deBrey (2012) La FP est ensuite convertie en énergie grace a des coefficients de densité
énergétique(Brey et al, 2010) La FP est helslte méde &' Hakict at . L
mét hodol ogi que pour ce travail de thése est d’ad
P/B étant un ratio de productivité annuelle. Un second module estime la consommation des juvéniles de

poissons (E pour Food Consumption). La FC est estimée a partir de la production des prédateurs,



résultant majoritairement de la croissance pour les juvéniles immatures. La production est convertie en
consommation par wun f act eureladittémtiréTableauet alt2@190) e conv
Un dernier facteur s’ ajoute pour prendre en comp

alimentaire de chaque cohorte (de chaque espéce). Le second défi méthodologique dedeethasai

a été de spatialiser Ila FC a | ' aide de traceurs
ai nsi gue son estimation a une échell e saisonni ¢
alimentairesur le longterme @t e s t e r | de tadinditationrtrephigue, le troisieme défi a été de

construire un indice de la production benthique de proies a partir de données récoltées au chalut lors du

suivi annuel des abondances de juvéniles dans les nourriceries du gaisadgne.

Enfin, | " hypothése de | i mit at:(lpviales estonptiorisdes EE e st t
par habitat et par période et la comparaison relative intersaison ehiatéri t at saidede ( 2) a
régressions quantiles testant I "effet i mitant
juvéniles de poisson.



Chapitre 2.
Contribution des habitassu s ei n d’' wGliegeanour
I'alimentation des juvéniles de poiss@eux periodes
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Les estuaires sont composeés d(Nageikerkematoad, s201§)u e d’ h
structurés par des variables abiotiques (salinité, température, profondeur, couverture sédimentaire, etc.)
déterminant | es communautés benthiqgues et | es ec
concentration d’ ac topiquésilLaoize, 2008dand ecrtans estaairds pousse adan t h
compréhension la plus exhaustive possible du fonctionnement écologique des habitats et de leur degré

de connexion pour ageer la protection ou la restauration des habitats essentiels aux fonctions
écol ogi ques, dont | a fonction de nourricerie. ur
des ressources soutenant la croissance et la survie des juii@edlest al, 2001; Wouters and Cabral,

2009) Dans une appr oche frrealimerdarda dans kes newricerids,ain haliithte d e
essentiel est un habitat attractif pour | es juveée
d" especes, productivité). Ainsi, touslatapasitthabi t a
trophique de la nourricerie.

Le premier chapitre de cette thése s’intéresse a
et plus particuliérement a | ' i mportance relative
espeéeces de poisson. (LY obxamitndr elses dotubhdteégi es d
au regard de | eurs niches écologiqgqgues et traits
point de vue trophique pour les juvénilesAdespéces en estimant la contribution des différents secteurs

a leur régime alimentaire et ainsi appréherdd@&r mme n t I e rcardactérisgmanla diversité  (
taxonomigue ou i sotopique des proies) sviewleursef | ét e
contenus stomacaux, ou leurs signatures isotopiquesa nal yse des contenus st

anal yse pr éci sagec dne iddntification texenorhigue et enrdénombrement des proies

consommeées sur une fenétre temporelle colasederniéres heures)” appr oche i sotopi qu
|l i ntégration de |l a composition des proies dan
Il > al i mentati on moyenn enlieruavec le eraps gedenaueltementcelluiasre | on g

des tissus du prédateltlle a beaucoup été utilisée dans les estuaires pour discriminer les sources de
matiére organique entrant dans les réseaux trophiques, les ratios isotopiques du &&@)asigrant
pour les différentes sourcfise Papeet al, 2013; Liénaret al, 2017)

L'’estimation du r e diguesente hebitats a parérsles deuwctiacewss trophigups
nous permet d’' appréhender | es stratégies d’  utildi

recouvrement intehabitat indique une ségrégation alimentaire entre les individus fiaedts habitats

alors qu'une fort recouvrement indique une util
di fférents habitats. Ensui t e, nous avons d’une r
celle des contenus digestifset,d ut r e part , utilisé des model es de
contribution de chacun des habitats a | ’"ali ment
usuell ement de quantifier | es pr oporétateorDansr el at i

ce chapitre, les habitats, caractérisés par la signature isotopique des invertébrés y résidant, sont utilisés



comme sources des modéles de mél ange pour quant.i
Ces différentes approches pés s i t e nt d éa canmanautéuesemies@atantielles montre
descontrastesaxonomiqueet isotopiqueentre habitatsce qui constitue la premiere étape de ce chapitre.
Enfin, un objectif compl é me n toefficieres qu permeteontadd api t r
spatialiser la consommation des juvéniles sur les habitats dans le modéle de capacité trophique, et de

’

s'affranchir de | ' hypothése initiale selon | aqu

habitats ou ils sontapturés.
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2.1 Abstract

Coastal and estuarine nurseries are composed of habitats with different biotic and abiotic features.
Quantifyingthe contribution of different habitats within nurseries to juvenile fish feeding would help
identify those that are essential in the completion of their life cycle, by providing food resources that
maximise growth and survival. Essential habitats for fmemthedemersal fish species (whiting, sea

bass, plaice and common sole) in an estuarine nursery were identified using gut contents and stable
isotopes. Habitats differed in isotopic ratios and benthic communities. The estuarine gradient defined
the macroAuna communities and sources of organic matter used by primary consumers. Trophic niche
overlaps and trophic contribution of habitats highlighted that the spesgddoth intertidal and subtidal
habitats as feeding grounds. Flatfish were local feeder$éeahon prey available mainly in the habitat

in which they were caught, suggesting feeding behaviour that required little energy for movement. Sea
bass were concentrated in upstream habitats, with intertidal mudflats contributing for nearly half of its
diet. Whiting had a ubiquitous feeding strategy, suggesting that it may target prey with the most
energetic gain in the habitats. Hence, habitats were used simultaneously during the same season or
asynchronously throughout the year by the juvenile fishatlidiuggesting no preference for a specific
habitat at the community scale. Finally, both trophic tracers demonstrated the trophic importance of
intertidal mudflats, especially for the sea bass and common sole, with contributions up to the half and

two-third of their diet respectively.
Keywaords: trophic tracers, isotopic ratios, gut contents, Seine estuary, ygtthgyear
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2.2 Introduction

Coastal and estuarine areas act as nurseries for several marine species. The nursery concept has evolved
throughout time, gaining accuracy in both spatial and temporal aspects of species ut(lizatioat

al., 1997; Becket al, 2001; Able, 2005; Nagelkerkeat al, 2015; Sheavest al, 2015) Beck et al.

(2001) formalised the concept and suggested quantitative ways of identifying nursery habitats for
juvenile fish. According to these autispa nursery is an area that has higher fish density, growth rates
and survival rates than those in other coastal and estuarine areas. It is also physically connected to adult
habitats and thus a major contributor to recruitment of adult stock. Folldlanglefinition, nurseries

can be identified at different nested spatial scales: between areas at very broad geographic scale (100 to
1000km, Le Pape et al. 2003; Morat et &014)and within a single zone like an estu@¥finagre et

al., 2009a; De Raedemaeclatral, 2012) In either casg the ultimate contribution of nursery habitats

to adult stock is determined by their ability to provide suitable conditions for juvéMtst et al,

2014): sufficient resources (food, temperature and low predation) to maximise growth and survival at
the juvenile stagéGibson, 1994Becket al, 2001) Coastal and estuarine areas also face many human
pressuregLotze, 2006; Crainet al, 2009) which may influence juvenile fish populations and,

ultimately, recruitmenJohnsoret al, 1998; Courraet al, 2009)

At a nursery scalee(g within an estuary or coastal bay), not all habitats provide the same amounts of
resources for juvenile fis{iFreitaset al, 2016; Saulnieet al, 2020) Nagelkerken et al. (2015¢fined

the nursery concept by integrating landscape mosaics and temporal dynamics, considering the spatial
and temporal vaability, respectivelyJuvenile fish may use connected habitats within the nuBaitz

et al, 1993; Dance and Rooker, 2015; Pestyal, 2018; Jameet al, 2019) For instance, the sparid

fish Rhabdosargus haluhises a variety of habitatsg. seagrass, sand and mudflats) to meet its
dietary needs while in the nursgameset al, 2019) Habitat uses within nurseries can also vary
interannually(Le Papest al., 2003b)or seasonallyvan der Veeet al, 2001; Francat al, 2009; Primo

et al, 2013) In the Wadden Sea, newly settlelburonectes platesghinnaeus 1758)se the intertidal

habitat for one month before moving into deeper haktats der Veeet al, 2001)

At the community scale, different fish species may occupy different habitats within a nursery, given
their morphological, physiological, behavioural or ecological differences. According to the optimal
foraging theoryMacArthurand Pianka, 1966; Werner and Hall, 19'6tganisms select habitats while
searching for food to optimize the net energy gainednfjaximise the ratio energy benefit over costs).
Hence, regarding energy requirements, species may forage to diffeiten certain areas and have
different abilities to catch specific prey, as fish morphology influences swimming abilities and prey
catchability directly(Ohlbergeret al, 2006) Understanding spatimporal patterns and processes in

nursery habitats used by juvenile fish in coastal ecosystems is fumi@hnoeecology(Perryet al,



2018)and supports spatial planning and management of coastal areasi\gghercomplexity of these
areas composed by multiple habitats can lead to a misidentification of the critical areas to be urgently
protected Sheavegt al, 2015)

To identify nursery habitats within coastal and estuarine areas, studiggobnmsample juvenile fish

in different | ocations to determine their spatie
the factors that influence it, relying on the assumption that high fish densities reveal essential nursery
habitatgBaltzet al, 1993; Allen and Baltz, 1997; De Raedemaeekeat, 2012) This assumption can

be verified for species with low swimming capabilities. For instanckeaSsolegLinnaeus 1758)vas

found to concentrate in specific part of the Tagus estuary (Portugal) and spatial distribution of fish
densities in such case hahpdentifying essential habitaf¥inagreet al, 2009a) Many studies combine
distributionand environmental data to develop habitat models at fine spatial daleset al, 2004)

This last option is informative but daitstensive, as it often describes an integrated viewifcluding

several years of data) &igh spatial distribution. Moreover, estuaries often contain different types of
habitats €.g.subtidal/intertidal, vegetated/unvegetated/soft/rocky) that may require different gears to

sample, which makes comparing them challen¢gBerket al, 2001)

We hypothesised that juvenile fish select feeding habitats that maximise their survival and growth.
Therefore, if we quantify the contribution of nursery habitats to feeding, we will identife tihas
benefit juveniles most and, consequently, contribute to their recruitment in fisheries. Fish feeding
habitats are commonly identified using trophic tracers such as stable is@fapageet al, 2011a;
Greenet al, 2012; McCauleyet al, 2012; Carlisleet al, 2015) gut contents(Kuipers, 1973;
Wirjoatmodjo and Pitcher, 1984; Janetsal, 2019)or natural tags such as parasif@srrieux et al,

2010) as long as habitats differ sufficientlg.g. isotopically or taxonomicallyLitvin et al. 2014;
McCaulgy et al.2012) Trophic markers trace the contribution of habitats to fish feeding within a
nursery, even of habitats that cannot be sampled using the santBeygeat al, 2001) For instance,

in temperate estuaries, several studies used trophic tracers to highlight the tropfifbuitmmtof
intertidal mudflatgo fish nurseriesostedi et al. 2012; Le Pape et @013) while fish were sampled

only in the subtidal part of the areas studi€ese studies used stable isotopic ratios to assess the
contribution of microphytobenthos (MPB) in the dietfsoleawith the underlying hypothesis that
MPB sign for intertidal mudflats. Likewise, this method is used in other ecosyseeqsdastal
temperate lagoon) to trace the fate of continental particulate organic matter (POM) in juvenile fish food
web(Escalast al, 2015) The common element of the aforementioned studies is that they are based on
isotopic ratios measured for primary producers or organic matter pools to trace juvenile fish diet.
However, isobpe signatures of primary producers can be very var{@aslbana and Rasmussen, 1996)

In addition, primary production is not entirely integrated in food webs and most of the primary
production channels towards detrital pathway. Quantifying the contribution of a specific habitat to

juvenile fish diet usinguch unstable sources is often challenging. On the contrary, using consumers is



largely advocated in marine systeragy(Jennings and van der Mol@015) In here, we decided to use

the primary consumers in each habitat in order to quantify their relative contribution of habitats to
juvenile fish diets within the nursery. Most commonly, coupling trophic tracers is recognised powerful

to elucidate trophicalationships in marine systems, as gut content and stable isotopes reflect diet over
different periods of tim¢Pethybridgeet al, 2018) Gut contents reflect the recent diet, while stable
isotopes provide integrated information about the diet over the previous few (krk&a, 2005)
Combining both types of information may help identify feeding habitats and detect recent movements
of juvenile fish. Differences between gut temts and stable isotope analyses may indicate recent
changes in habitat use, whereas similar patterns from both approaches may suggest that individuals
consistently feed in the same habltdérzka, 2005; Dalet al, 2011)

In this study, we identified essential feeding habitats for four bedehtwersal fish species of
commercial importance (whitg, Merlangius merlangugLinnaeus 1758), sea bad3icentrarchus
labrax (Linnaeus 1758), plaicé. platessaand common sol€5. soleqin a coastakstuarine nursery
using gut contents and stable isotopes approaches. We notably verified whether fisteridd
ubiquitously in all habitats in the nursery or had feedingferences for specific habitats. The four
species had contrasting swimming abilities (flatfishroundfish), feeding behaviours and ecological
preferences. Using both approaches, wedmpared the trophic niches for each species in the habitat
in which it was collected to those from the other habitajsegtimated the contribution of each habitat

to the diet of juveniles of each species aiiid {dentified preferential feedingabitats based on the
largest dietary contributions. Before conducting these analyses, we verified that the benthic habitats had
contrasting environmental conditions, isotopic ratios and macrofaunal compositions. We ultimately
discuss the ecological andexgy requirements of the four juvenile fish species in light of optimal

foraging theory and consolidate the knowledge on feeding behaviour of the different juveniles studied.

2.3 Material and methods

2.3.1 Samplingsite

The Seine is a major river in soutiestern Etope with the fourth largest river floRomeroet al,

2013) mean river flow of 470 ms? (from 1970to 2014) and high interand intraannual variations
(Romen et al, 2016) The Seine estuary is located on the northwest coast of France anthopémes
English Channel (Fig.)11t has experienced major morphological alterations over the past century to
facilitate navigation and commercial activities. Tdi@nges in estuary morphology have resulted in a
decrease in intertidal areas, fretB0 km2 in 1850 to 30 km? at the beginning of the@&htury(Dauvin

et al, 2006) These changes in morphology, along wittirastic reduction in the area of certain habitats,



altered the nursery function of this estuary, as well as its support of adult fish popu(latidiegpest
al., 2007b; Rochettet al, 2010)
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Figure 1: Locations of thesampling stations (star: grab station and line: trawl station) in the four subtidal
habitats (grab and trawl; EM: estuary mouth, SC: southern channel, NC: northern channel, NAV:
navigation channel) and the intertidal habitat (grab only; IM: intertidal mudf lats).

In this study, the Seine nursery, composed of lower estuary and outer mouth (eastern bay of Seine) of
the river, was divided nt o f i v e s ehatitaig): four subtidal lealitats (Eig. 1), adapted

from Tecchio et B (2015) and an intertidal habitat. The estuary mouth is the largest marine habitat (115
km?2). The navigation channel (17 km?) is regularly dredged to allow access to Rouen harbour and has
strong currents from the river. It is surrounded by the souttigannel (33 km2) and northern channel

(16 km?2). The northern channel is contiguous with Le Havre harbour and intertidal mudflats (5 km?),
which are located upstream, on the north coast. Subtidal benthic communities of the study site are often
describedas two major communities: a fine saAbra albalagis korenicommunity in the marine

portion of the bay«estuary mouth) and a mudtimecola balthicacommunity in the poly/mesohaline

area {-southern channel, northern chanr@hiébautet al, 1997; Morinet al, 1999) The intertidal
estuarine muddyHediste diversicoloCorophium volutatorcommunity dominates in the intertidal
mudflats(Baffreauet al, 2017)

2.3.2 Data collection

In 2017, sampling swueys targeting benthic invertebrates communities in the five habitats were
conducted in spring (betwe&B8 May and25May) and autumn (betwed® September anti2 October).
Surveys targeting fish associated with the four subtidal habitats were alsoteondwgpring (between
10June and.7 June) and autumn (betwe&@ October and 4 October).



Macrofauna, meiofauna and suprabenthos sampling

Benthic macrofauna (> 1 mm) and meiofauna (< 1 mm) were sampled at 25 stations in the Seine nursery
(5 stationger habitat). Sampling was conducted using a 0.1 m2 Van Veen grab with 5 replicates at each
station. Three replicates were used to estimate density and biomass of macrofauna and meiofauna, and
the two others were kept for isotope analysis. These two aggdievere kept frozen until identification

in the laboratory. A core sample (3.6 cm in diameter, 8 cm high) was extracted from each replicate and
placed in a 4% formaldehyde solution for meiofauna biomass estimation. The first three replicates were
sievedthrough a 1 mm grid mesh and kept in a 4% formaldehyde solution diluted in marine water. In
the laboratory, macrofaunal organisms were sorted from residual sediments, identified to the lowest
taxonomic level, counted and weighed. Biomass per taxa wasnilezeras asfree dry weight. Data

from the three replicates from each sampling station were summed, and abundance and biomass were
standardised based on the area sampledtfree replicates of 0.1 m2 expresgea squared meter
Meiofauna samples westeved (38 pngrid mesh), and biomass was estimated for each station.

The suprabenthos was also sampled twice in 2017 (May/June and September) at one station (three
replicates) per habitat, using a suprabenthic sledge, which consisted of a single 808 @8 x 0.3

m) designed to filter the water 0440 m above the sea bed. The box was equipped with a WP2
suprabenthos net with a 0.5 mm mesh. Sampling was conducted at a mean syiegdkmbts for 5

min. Organisms were washed and frozen on boarthdraboratory, samples were identified to the
genus level and counted. Counts were expressezlpgr meteiof water sampled.

Fish sampling

Fish were sampled in the four subtidal habitats using a 2 m wide and 0.3 m high beam trawl with a 5
mm mesh stretched in the cod end. Hauls were performed at a mean speed of 2.5 knots in the opposite
direction of the tide for 10 min during daylight houfide number of hauls in each habitat was
proportional to its area. A muiarameter probe was used to measure bottom salinity and temperature
before each haul. Fish were identified, counted, weighed and measured by species on board at each
station. They wee selected for further isotope and gut content analyses. The selected individuals were
kept in a cooler and then frozen upon arrival at the laboratory. Additionally, intertidal mudflats were

sampled in both seasons using fyke and trammel nets, to dallkdiraxjuveniles.
Fish species and youngf-the-year selection

We selected four marine nursetgpendent species, including two flatfish speci€solea(common
sole) andP. platessaplaice)- and two roundfish speciesM. merlangugwhiting) andD. labrax (sea
bass). On average gbe four species representeca8 56% of the total catch of bentiemersal fish

by weight in spring and autumn, respectively. Yowfgheyear fish (YOY) were selected visually
using size spectra (Fig. S1). Size #irelds used to identify YOY (first mode of the size spectra) were



defined by season and species. When necessary, unpublished fish data from monthly survey of the same

area were used (Fig. S1).

The four species selected are known to feed on a variety gf ipr@uding benthic meiofauna,
macrofauna and small fish species. Y@¥oleaandP. platessafeed mainly on benthic invertebrates
such as bivalves and polychaetes but also for small sizes on copepod harpa¢foagdast d., 2001;
Kostecki et al, 2012; Koppet al, 2013) YOY M. merlangusfeed on crustaceans and small fish
(Bromley, 1997; Demairet al, 2011b; Dayet al, 2019) along wth a small proportion of benthic
invertebrategMorin et al, 1999; Demairet al, 2011b) YOY D. labraxis a suprabenthos feeder that
preys on copepods, mysids and crustac@aafaille et al, 2001)

2.3.3 Gut content analysis

After thawing fish in the laboratory, their guts (stomach and intestine) were extracted and then fixed and
stored in a 4% formaldehyd®lution diluted in marine water until analysis. For analysis, the guts were
rinsed with water and then emptied into water in a Petri dish. Contents were analysed under a
stereomicroscope and/or an optic microscope, depending on the size of the prdysieved Prey

items were identified to the lowest taxonomic level possible and then counted. Prey occurrence and
abundance, the most robust variatigakeret al, 2014) were recorded. The sampling design for gut
contents is detailed in Table S1. The percentage of prey identified to the species or genus level varied
amory species: 26 and 17% fit. merlangus 30 and 24% fob. labrax, 41 and 36% fof.soleaand

60 and 70% foP. platessan spring and autumn, respectively.
2.3.4 Stableisotopeanalysis

In the laboratory, a sample of white dorsal muselerfig) was dissected from the individuals already
dissected for their gut contents. The sampling design for stable isotope analysis of YOY fish is detailed
in Table S2. Althougls.soleawas collected in the estuary mouth in spring, no isotopic samples were
collected. For benthic invertebrates, when individuals were large enough, they were dissected to collect
the most suitable tissue.§.mantle of bivalves) or to remove tissue that can bias isotope analysis (
crustacean cuticle or stomach). When indlinals were too small for individual analysis or dissection,
several individuals were pooled to reach the amount of matter required for analyses. All samples were
then frozen{80°C for 24 h and then stored-80°C) before being freezdried (at least 24) and ground

into a homogeneous powder. Samples that resulted from pooling and/or that contained carbonates were
acidified, by subsequent addition of 1% HCI in excess, then rinsed with MiliQ water anddresre

again.

Nitrogen and carbon isotopic ragiovere determined using a Thermo Fisher Scientific Delta V Plus mass

spectrometer, coupled to a Flash 2000 elemental analyser with a Conflow IV interface. Stable isotope



values were expressed #h notation, which was calculated using the following equadtiot
——— p prnd ,where Xis®*C or®N, and RampeandRstandardare the*C:12C or>N:“N

ratio of the sample and the international standard, respectively (\VlRee@®ee Belemnite fé&*C and
atmospheric nitrogen fo¥°N). Accuracy of the analyses was verified by repeated measurements of
internal acetanilide standards. The measur ement
and nitrogen contents were measured in all sampieg the elemental analyser to calculate C:N ratios,

which are usually considered a proxy of lipid content. Following the classic app®#chalues

measured in samples with C:N ratios greater than 3.5 were normalised according to the following
equation(Postet al, 2007)] 6 1 6 o ¢ T W Od).

2.3.5 Dataanalysis

Differences in benthiccommunities among habitats

To determine whether benthic macrofauna composition (as potential juvenile prey) varied among the
habitats in the Seine estuary, we used an unconstrained ordination methah-metric
multidimensional scaling (h(MD%ruskal, 1964 usi hg t he R (Pksandmeda), 019 v egan’
Abundance data were squaioot transformed, and the Breurtis dissimilarity index was calculated

to create a resemblance matrix. Stations whose benthic macrofauna compositions were the most similar
lay closesto each other on the nMDS plaf@ksaneret al, 2019) Two-dimensional representations

were considered validgbow a stress threshold of 0.3. We also calculated the mean density and biomass
per habitat of the macrofauna community, the mean density per habitat of the suprabenthos community
and the mean biomass per habitat of the meiofauna community. The genesgiplen habitat was
estimated from the macrofauna and suprabenthos communities. We also verified graphically that the
isotopic ratios of sessile or lemobility primary consumers varied among habitats, which is an essential

prerequisite for stable isotopa&xing models.
Juvenile fish use of the habitats

To assess whether YOY fish collected from different habitats fed on the same mixture of prey, we
estimated the trophic niche of each fish species in each habitat and then the overlap among them using

both isotopic and gut content results.

Isotopic approach

Isotopic niches were estimated using the corrected Standard Ellipse Area (BEA?, ellipse that
contains~40% of the data in the isotop®3C-3'*N plane(Jacksonret al, 2011) The isotopic niche
overlap between two habitats (A and B) was estimated by the mean overlap between their SEACc,

according to the following equation:
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Overl aps were estimated using the ‘ niackdoretklDver | ap
2011) which uses the estimated means and covariance matrices (from Maximum Likelihood
optimisation) of two habitats to calculate the area of overlap betthheen Then, for each species and

each season, a specific overlap index was calculated as the mean of all of thabindtroverlaps. A

higher specific overlap index indicated greater similarity among isotopic niches of the habitats and
suggested that ¢éhspecies probably fed on the same mixtueesgame isotopic ratios) regardless of the

habitat in which it was collected€. ubiquitous feeder).

Gut content approach

Overlaps among trophic niches were estimated from gut contents of YOY fish usBahthener index
(Schoener, 1970)
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wherepia andpig are relative abundances of prey itefor the same fish species collected in habitats
A andB, respectively. The index ranges from @ (miche overlap) to 1 (full niche overlap). A mean
specific diet overlap of the habitats was also calculated, as it was done for overlaps calculated for

isotopic niches.
Contribution of the habitats to YOY diets

Stable isotopes and gut contents were used to quantify the relative contributions of the habitats to

juvenile fish.

Isotopic approach

Stable isotope mixing models estimate the posterior distribution of the relative contributions of sources

(oftenpreyyh a consumer’'s (predator’s) diet f{Paroeth t he i
et al, 2013) MixSIAR stable isotope mixing modgIStocket al, 2018)were run to estimate the relative
contribution of each habitat to YOY fish diets. For each habitat, we calculated an isotopic ratio
representative of benthic primary consumersstigodepositfeeder and filtefeeder guilds(i.e.

potential prey for YOY fish), considering invertebrate species in each habitat and those composed the
fish diet. The navigation channel was not considered a feeding habitat, as its prey abundance and
biomass were low, regular dredging causing defaungtienand Wu, 200Q)Representative isotopic

values of habitats were used as seunputs in the isotopic mixing model. Isotopic contrast among
sources is an important prerequisite for stable isotope mixing models. It was verified graphically in the

OC-0"N spacgPhillips et al, 2014)



Trophic discrimination factors (TDF}he isotopic difference between a consu@nd its diet are key
parameters for quantifying diet using stable isotope mixing m@Belsd and Diamond, 2011; Barton

et al, 2019)as they indicate that consumers do not assimilate isotopes in the same proportions as the
proportions of the sources. Consumers generally have a higher ratio of heavy isotopes to light isotopes
(DeNiro and Epstein, 1978; Phillipet al, 2014) To the best of ourfowledge, TDF for carbon and
nitrogen have never been determined experimentally for the four species studied. Hence, we used values
that are commonly used for marine organigwender Zanden and Rasmuss2d01) 3 %3N and

1%o0 for &C between two successive trophic levels. To test the sensitivity of our results to these
parameters, we used six combinations of different values instead of one value for each element. For
YOY S.soleg P. platessaandM. merlanguswe used one trophic level TDF, as macrobenthic primary
consumersife. sources of mixing models) can be considered the principal(Aregraet al, 2001;
Demainetal,2011b) 2.5 + 1%, 3.0 ®Nl1%nand.35. 3 H.5% faod
O'C. For YOYD. labrax, we used TDF values that represented one to two trophic levéls|awsax
consume prey located one (small fish and crustaceans) or two (primary consumers) trophic levels below:
4.5 £ 1%, 5.0 = 3MN\% aanndd 15 .05 ++0013&®Bakdedn cdntridutions

and their standard deviations were calculated from the medians estimateallusingpinations 05N

TDF andd'*C TDF (.e. six per trophic level)

Before running MixSIAR, potential sources (with TDF added) and consumers were plottediCthe
ON space to verify that consumers’ values were

model) for each combination of TDF. The model couldbotun if this assumption were not met.

Gut content approach

Gut contents and the environment were compared based on the percentage of prey items (mainly
macrofauna and suprabenthos) in the mean gut content of a given species from a given habitat and in a
given season that could potentially occur in each habitat:
é -
v 20
3

wherenes ( * A i s a)isthelngneber of prey it@ris for a fish species in habitat A whose taxa
match those found in the list of local benthic invertebratesifacrdauna and suprabenthos) in habitat
B, and n is the number of prey items in the mean gut content. Only taxa identified to genus or species

were used; those identified only to order or class were removed.

All analyses were performed using R softwgReCore Team, 2019)

S



2.4 Results

2.4.1 Differences inbenthic communities among habitats

The estuary mouth had high macrofauna biomass and density in spring and autumn, and high genus
richness in autumn (Table 1). The meiofauna biomass in this habitat was lowest in spring caitipared
others and remained low in aatn. The suprabenthos density was at an intermediate level in spring and
dropped drastically in autumn, as in all other habitats (Table 1). The southern channel had intermediate
levels of benthic invertebrates but high macrofauna biomass in autumn ()ddgealise one station

(out of five) contained many common cockl&€efastoderma edujeThe navigation channel had the
lowest macrofauna biomass and density in both seasons, high meiofauna biomass in spring and high
suprabenthos density in autumn. The Inenb channel had the highest meiofauna biomass and second
highest density of macrofauna invertebrates in autumn. Intertidal mudflats had the highest macrofauna
and suprabenthos density, the highest meiofauna biomass in spring and the highest tempavbture (T

1). They also had the lowest density and biomass of all compartmemituimnbut had the highest

density of suprabentho$dble ).



Table 1: Mean (x1 standard deviation, when shown) of characteristics of the habitats spring and autumn

2017 (AFDM: ashfree dry matter)

Season Estuary Southern Navigation | Northern Intertidal
mouth channel channel channel mudflats
Spring 17.7+ 0.6 18.4+0.3 18.5+ 0.3 17.8+0.3 21.9+0.8
Temperature (°C
Autumn 199+0.3 20.0+0.1 19.8+0.3 19.7+0.2 17.0+04
] | Spring 27.3+24 27.4+0.6 248+ 2.7 26.9+1.2 15.1+8.7
salini Autumn 26.7+x14 27.0+0.3 25.1+1.9 259+14 145+8.5
Macrofauna biomas] Spring| 16.1+16.3 | 11.2+19.5| 0.02+0.01 15+25 8.6+7.0
(QAFDMmM?) | Autumn| 23.6+23.4 | 27.3+24.9| 0.08+0.1 | 22.9+44.8 53%51
Macrofauna density Spring| 4238 £ 3096 | 1126 + 1089| 47+ 56 234 £ 223 | 4606 * 3912
(indm?) | Autumn| 6033 +8595| 1882 + 1155 10+10 | 2995 + 3698| 1640 + 1460
Meiofauna biomasy Spring| 19.6 +145 | 229+14.4| 59.1+40.8| 33.4+10.0| 66.7 +34.0
(QAFDM m?) | Autumn| 20.7+155 | 28.6+21.2 | 13.6+17.5| 68.3+253| 358+95
Suprabenthos densif Spring 2862 1192 1119 2558 4874
(indm?) | Autumn 39 28 1074 620 1555
Genus richnesy Spring 103 67 22 25 19
(macrofauna)l Autumn 105 62 9 44 24
Genus richnesy Spring 4 8 13 7
(suprabenthos] Autumn 2 5 9 12 8

Strong differences among benthic macrofauna communities were highlighted by little overlap among
the polygons thatepresented habitats on the nMDS plane for the two seasons (Fig. 2). Intertidal
mudflats were distinct from the other habitats in both seasons. In autumn, the gradient from upstream
(intertidal mudflats) to downstream (estuary mouth) was observed omghaxiis of the nMDS, while
southern and northern channels partly overlapped, revealing similarities between the two benthic
communities. In spring, the navigation channel polygon had the largest area on the nMDS plane. This
pattern resulted from its cogtiity with the other four habitats and its lower mean abundance (47 ind

2) than those of the other habitats (Table 1). Notably, invertebrates were not found at two of its five

stations in autumrit also partly overlapped with the northern channel (Bjg.
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Figure 2: Two-dimensional ordination based on normetric multidimensional scaling (nMDS) of habitats
(coloured polygons) from squareroot transformed density data of benthic macroinvertebrate species grab
sampled at 25 stations in the Seine Rivesstuary; EM: estuary mouth; SC: southern channel; NC: northern
channel; NAV: navigation channel; IM: intertidal mudflats. Stress = 0.117 in spring and stress = 0.20 in
autumn

2.4.2 Isotopic differences between habitats

For both seasons, isotopic ratios of priynaonsumers in the benthic community (particufaeder and
filter-feeder guildsyiffered among habitats (Fig).3The estuary mouth had the high&SC values,
whereas intertidal mudflats had the high&SN values. Northern and southern chanmelsrlapped
completely in both seasons (Fig. 3). These habitats were thus merged into a single habitat source in the

stable isotope mixing modelsd. southern/northern channels).

Some species collected in several habitats differed in isotopic ratio doabitats Fig. S9: the bivalve
Limecola balthican all five habitats in spring and autumn (except in the estuary mouth in autumn); the
bivalvesCerastoderma edu)é\bra albaandDonax vittatusn the estuary mouth and southern/northern
channels in springand the bivalvesAbraalba and Spisula subtruncatand polychaete©wenia

fusiformisandLagis korenin the estuary mouth and southern/northern channels in autumn.
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Figure 3: Stable isotope biplots (U'3C and G*N) of benthic primary consumers (means #standard
deviations, triangles and crosses respectively) and yowuod-the-year fish isotopic niches represented by
corrected Standard Ellipse Areas (SEAc) and each individual fish (points) within each habitat (EM: estuary
mouth; SC: southern channel; NC:northern channel; IM: intertidal mudflats) in spring and autumn

2.4.3 YOY fish density within habitats

M. merlanguswas collected in the four subtidal habitats in spring and autumn. Its density was highest
in the estuary mouth in spring and in the navigation channel in autumn and lowest in the northern channel
in both seasons (Fig. 4). Lilkd. merlangusS. soleavas ollected in the four subtidal habitats in both
seasons (Fig. 4), with high densities in all habitats in spring, and in the southern channel in autumn. In
spring,D. labraxwas not collected in the four subtidal habitats, but was collected in the mublflats.
autumn, it was collected in the southern/northern channels, with on average more individuals in the
southern channel (Fig. 4. platessavas collected in all habitats except the navigation channel (Fig.

4). The two flatfish species had lower densitieautumn than in spring, suggesting that their juveniles

experienced high mortality during summer.
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Figure 4: Mean young-of-the-year fish densities in the four subtidal habitats (EM: estuary mouth; SC:
southern channel; NAV: navigation channel; NC: norhern channel) in spring and autumn. Error bars
indicate + 0.5 standard deviation

2.4.4 Inter-habitat YOY fish niche overlaps

Generally speaking, niche overlap among habitats was highkt. fmerlangusandD. labraxthan for
flatfish, using both isotopic and gobntent approaches.

The isotopic niches d¥l. merlangusoverlapped greatly among habitats, with mean values of 0.48 and
0.54%2 in spring and aut umn, respectively (Tabl
section of the estuary, withvaluese ac hi ng 0. 7 0 %2 i randindvigatiom ohamndise r n, ¢
(Fig. 3; Table S2). The same pattern was observed for gut contents: its meamabitat Schoener

index was 0.53 in autumn (with overlaps between the navigation channel and estuarynahbetiveen

the southern and northern channels greater than Dable S3). Intehabitat overlaps of gut contents

were smaller in spring than in autumn, but they remained among the largest overlaps (0.73 between

northern and navigation channels) obtaif@dany species (Table 2).

In spring,D. labrax was collected only in the intertidal mudflats; therefore, we could not estimate its
inter-habitat overlap. In autumn, its isotopic niches overlapped moderately, with a medrabitat
overlap of 0.48%? (Tabl e 2) . on&ihdividualdranetmelnathpernwa s i 1
channel highly enriched BN (Fig. 3). When it was removed, mean irb@bitat overlap increased to

0. 60 %? , with particularly high overlap between

Schoener overlap wasl® which was the second lowest overlap in autumn (Table 2).

P. platessasotopic nicheshad ameanintema b i t at over |l ap of 0.25%? i n s
(Table 2). The latter overlap was influenced by two individuals in the southern channethesherere
removed, mean overl ap de c rhab#as $cboenermvellap Bad B25.in T h e
spring and 0.04 in autumn, which was the smallest in the entire dataset (Table 2).-habiisgr

Schoener indexes were also low (Table S3).



Table 2: Mean inter-habitat niche overlaps for each younegpf-the-year fish species in each season according
to the stable isotopic (SI) approach (intethabitat isotopic niche overlap) and gut content (GC) approach
(inter-habitat Schoener index). The number of haibats in which the species was collected is also indicated

Season | Mean interhabitat Pleuronectes | Dicentrarchus| Merlangius
overlap Solea solea platessa labrax merlangus
Isotopic niches 0.11 0.25 0.48

Spring | Schoener index 0.28 0.25 0.33
Number ofhabitats 3(S)-4 (GC) 3 1 4
Isotopic niches 0.06 0.39 0.48 0.54

Autumn | Schoener index 0.34 0.04 0.18 0.53
Number of habitats 4 3 3 4

For S.soleg the isotopic niches among the habitats were the most isolated, especially in autumn, when
overlapvalues rarely differed from O (except between the navigation and northern channels, Fig. 3
Table S2), indicating that individuals from different areas fed on different prey mixtures. The mean
Schoener overlaps were 0.28 and 0.34 (likdidabrax), in oring and autumn, respectively (Table 2).

In autumn, however, the Schoener index between the navigation and northern channels was 0.68 (Table
S3) due to consumption predominantly of the polychB@etgdora ciliataand the amphipo@. volutator

by individuds collected in these habitats (Table S4).

2.4.5 Contributions of habitats to YOY fish diets

Generally, TDF influenced mixing model outputs Earlabrax andM. merlangusgreatly, as indicated
by the overlapping habitat contributions as a function of the conimirsaof TDF tested (Fig. 5).
Differences in TDF did not influence the results$osolea(except for the northern channel in autumn)

or P. platessa(except for the southern channel in autumn) (Fidri®. S3.1).

In spring,M. merlangusmost likely fedin the estuary mouth (mean contributions 06836, Fig. S3.2)

or in the southern/northern channels (mean contributions @738 Fig. S3.2) and avoided the
intertidal mudflats to feed (Fig. 5). Gut contents and local benthic invertebrates had fevitEs{i&g.

6). In autumn, contributions to its diebf all habitats ranged from 19 50% regardless of where it
had been collected (Fig. 5). The same pattern was observed when comparing its gutwibiniects
benthic invertebrates (Fig. 6). TDFda particularly strong influence on the outputs for this species.
However, they indicated that individuals from different habitats had diets with similar isotopic ratios:
for a given TDF pair, the contribution of the habitats to Mhemerlangusdiet remaned similar,

regardless of where the individual had been collected (Fig. 6).
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channels combined ; IM: intertidal mudflats) to isotopic ratios of youngof-the-year fish from stable isotope
mixing models by species and season (in columns) and the habitat from which individuals were collected (in
rows). In each radar graph, the vertices of coloured triangles correspond to medians of the posterior
distribution of habitat contributions based on the six combinations of trophic discrimination factors tested.
The vertices of black triangles correspond to means of the medians. Empty cells represent habitats in which
no fish of that species were sampled. labrax was absent from all of the habitats in spring except for the
intertidal mudflats; however, its U'3C values there were extremely negative and likely came from an

unidentified source

In autumn, intertidal mudflats contributed greatly to Ihdabrax diet. Regardless of the habitat in

which the individual had been collected, intertidal mudflats always contribuleaisa40%, on average

(Fig. 5; Fig. S3.2). The diet was thus supplemented by local feeding in the habitat of collection. Gut

contents revealedhat 58 and 21% of prey items Df labrax from the northern channel and intertidal

mudflats, respectively, could have been found in the intertidal mudflats (Fig. 6). No result is shown for

spring, althoughD. labrax was collected in the intertidal mudfla(fig. 3) asd'*C values in the

individuals collected in this habitat were extremely deplet26.Q to-1 9 . 5 %o) .

Gut

content

thatD. labrax fed mainly on copepods (Calanoida, Harpacticoida and otherdeatified Copepoda;



Table S4) in springyhich could have come from southern/northern channels or the estuary mouth (Fig.
6).
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Figure 6: Similarity between juvenile fish gut contents and local benthic invertebrates (macrobenthos and
suprabenthos), which corresponds to the percentage of prey (nio@rs in cells) that the juveniles from a
given habitat could have found in another habitat (EM: estuary mouth; SC: southern channel; NC:
northern channel; NAV: navigation channel; IM: intertidal mudflats). Empty cells correspond to habitats
in which no fish of that species were collected. Blaekordered squares on the diagonal represent local
feeding

In spring, mixing model outputs fd?. platessashowed an upstreadownstream gradient: upstream,
intertidal mudflats contributed 50% of the diet of juvenilésh collected in the northern channel, while
downstream, the estuary mouth contributed 52% of the diet of juvenile fish collected in the estuary
mouth (Fig. 5, Fig. S3.2). Similarities between gut contents and local benthic invertebrates were also
high 84-98%) (Fig. 6). Gut contents &f. platessacollected in the northern channel had the highest
similarities with benthic invertebrates in the northern channel, southern channel and estuary mouth. The
similarity was lower with benthic invertebrates in ihiertidal mudflats (29%, Fig. 6). This pattern may

be related to the unusual gut contents of one plaice individual, which Etga3®p. prey, even though

this bivalve species was not observed in the mudflats but instead in the southern/northern @hannels
estuary mouth. When this individual was remaqvhd similarity between gut contents from the northern
channel and local benthic invertebrates in the intertidal mudflats increased to 60%. In autumn, results
of the mixing model highlighted th&. platessafrom the estuary mouth and the northern channel fed

preferentially in the estuaryouth (mean contribution of &hd 68%, respectively) (Fig; big. S3.2),



while P. platessarom the southern channel fed in the southern/northern channels (meabutiontri

of 53%) (Fig. $Fig. S3.2). Gut contents were most similar to benthic invertebrates of the estuary mouth
for fish collected in the estuary mouth (98%), and of the southern/northern channels for fish collected
in the southern channel (94%) (Fig. B)dividuals from the northern channel fed in the estuary mouth

and southern/northern channels.

Like P. platessaS.soleaseemed to feed locallye. in the habitat in which they were collected or near

it (Figs. 5 and 6). Based on mixing model outputs, intertidal mudflats were exploitBdsbleafrom

the northern channel in spring and from the northern and navigation channels in autumn (Fig. 5). Prey
in the gut contents @&.soleacollected in the northermd navigation channels were relatively similar

to local benthic invertebrates in the intertidal mudflats (similaritie66fand~40%, respectively).

2.5 Discussion

Essential habitats within a nursery should provide sufficient resources and environme ntiainsotad
maximise the growth and survival of YOY figBibson, 1994; Beckt al, 2001) In this studywe did

not measured growtnor fitness of YOY fish but hypothesised, according to optimal foraging theory,
that individuals in a population would search for food and feed in habitats that optimise their net rate of
energy intake to increase fitness, and that these habitats waslddntribute more to the adult stock
(MacArthur and Pianka, 1966[reeding is optimal when prey in local benthic commusiéies either
abundant or of high energy density, so that the energy spent searching is minimisadifmnum
movement to optimise net energy intake). Using trophic tracers integrating at two different time scales,
we quantified the trophic dependency of four species to different habitats within the Seine estuary. We

discuss YOY feeding preference in taa with their morphology and potential growth performance.
2.5.1 Contrasting benthic macrofauna composition and isotopic ratios among habitats

Estuaries and coastal bays are often composed of different types of habitats. The varying depth and flow
of rivers influence the salinity and sediment gradients that partly shape benthic comni\aéleesert

et al, 2003; Dutertreet al, 2013; Dauvinet al, 2017) The segregationin benthic macrofauna
communities observed between habitats along the salinity gradient was thus expected. The intertidal
mudflats differed from the other habitats in both seasons, asdinéggined mainly species that tolerate
desalination and lengthy exondati@ng.H. diversicolor, C. volutator L. balthicg. In autumn, benthic
macrofauna communities in the southern and northern channels could not be distinguished, although
they were ditinct in spring. This lack of contrast in autumn could have been due to low river flow in

summer 2017, which was half the mean flow observed in summer from &90P017

(http://www.hydro.eaufrance)fr The unusual water regime of that year may have enabled a potential


http://www.hydro.eaufrance.fr/

effect of marine water intrusion on the benthic macrofauna compoffmnget al, 2018)and on the

food web structure within the estugiinagreet al, 2011b)

Isotopic ratios of the primary consumers also differed among habitats in both seasons. This may be
relaed to the isotopic gradient of primary producers usually observed in estuaries, from a mixture of
terrestrial/riverine POM upstream to marine POM downstréaénart et al, 2017) This gradient
appears in th&=C values of estuarine POM, with terrestrial POM nif€-depleted than marine POM
(Darnaudeet al., 2004; Antonicet al, 2010; Liénaret al, 2017) Upstream POM and benthic primary
consumers had low@!C values than their downstream counterp@tera and Richard, 1996; Leakey

et al, 2008) This pattermwas the same in samples from the estuary mouth, which had di¢benalues

than the southern and northern channels. Isotopic ratios of the latter two overlapped, likely because they
were located at the same point on this gradient, with primary constitagfed on the same mixture of
primary producers of mixed origins. This similarity in isotopic ratios supported merging them into a
single source in the mixing model. Primary consumers from intertidal mudflats were easily identified
on the isotopic estuime gradient, as thed*>N values were higher, presumably due to the integration of
MPB in the food web they belong to. MPB is a major food resource for macrofauna in e$kieniessn

et al, 2000)that has higid'°N valueg(Kosteckiet al, 2012) Moreover, as isotope signatures of primary
consumers vary less than those of primary producers, our sources most likely remained constant over

time (Cabana and Rasmussen, 1996)
2.5.2 Feeding habitats:influence of ecological requirements and swimming abili

The search for food influences the spatial distribution of fish. It is associated mainly with the energy
requirements of a species, biotic interactions with other individuals or species and the environmental
conditions {.e. abiotic factors) a speciesrctolerate physiologically. For instance, low salinity tolerance
influences a species’ abil it hampalbefeeat, d992) Ve est uar
hypothesised that species morphology influences swimming abilityreenrange of feeding habitats.
Therefore, flatfish would feed in habitats where they were collected, whereas roundfish would feed
ubiquitously among habitats. One difference between flat and roundfish was the level of identification

of prey, perhaps dum part to differences in anatomy. The stomach of flatfish is more difficult to
distinguish from the intestinéDe Groot, 1971) and based on our observatioi¥, labrax and

M. merlangushave a stronger stomach that can grind prey more strongly. Hence, the gut contents of

flatfish and roundfish should be compared cautiously.
S. soleaand P. platessahigh site fidelity

Flatfish species had the lowest inbabitat overlaps in both seasarsd at both temporal scales of
integration {.e. gut contents and stable isotopes), espechalolea The reduced feeding mobility

observed for the two flatfish speci@urrows et al2004; Le Pape and Cogn2@16)could also explain



the high feeding fidéy, which has been observed f8rsoleain many estuaries, such as those of the
ThamegqLeakeyet al, 2008) Gironde(Selleslagtet al, 2015)and Vilaine(Koppet al, 2013) Hence,

S. soleandividuals feed in a small range around their habitat of collection, and this range is maintained
over time, given the diffence in integration time between the trophic tracers. Among the habitats
studied, intertidal mudflats contributed more than 50% of the di&. sdleacollected in the most
estuarine habitats. High trophic contribution of intertidal habitats to the diet of jusideawas
highlighted in the Tagus estuary in Portu@2dbral, 2000and in the Seine estuary 20 years @dorin

et al, 1999) Moreover S.soleawas present in all habitats in both seasons and fed in both intertidal and
subtidal habitats. Besides its food requirements, tolerance for low salinity may also explain the presence
of S.soleain estuarie habitat§Champalberet al, 1992)

P.platessaalso had a feeding range close to its habitat of collection, with the highest contributions
coming from nearby habitats. Capturarkrecapture experiments with wil. platessashowed that

plaice had high site fidelity within nursery habité@irrowset al, 2004) However,P. platessafrom

the southern channel in spring fed preferentially in intertidal mudflats (highest mean contribution
calculated by the isotopic mixing model) or in estuaguth and channels (highest similarity between
invertebrates in gut contents and the local benthic community). As the integration time of the trophic
tracers differs (weekgs.several hours), YOW. platessacollected in the southern channel most likely

fed in the intertidal mudflats immediately after they arrived in the estuary, and then migrated to and fed
in the marine habitats. Future studies based on a-tiagitie isotopic approach could provide additional
information to support this hypothesesd.Guelinckx et al., 2008)Unlike S.soleg P. platessavas not
collected in the navigation channel, where prey abundance was low and salinity was lower than that in
other subtidal habitats. YOP. platessais described as more marine than estuaf@ibson, 1973;
Poxton and Nasir, 1985)

M. merlangus mobile ubiquitous feeder

Unlike flatfish, M. merlangushas morphological features that facilitate its movement among habitats
(Ohlbergeret al, 2006) This greater mobility requires expending large amounts of energy. In addition,
its growth rate is~30% higher than those estimated frplatessaand S.solea (Hamerlynck and
Hostens, 1993; Amara, 2004hus, it may explore larger areas to target higher enegyytprsatisfy

its energy demand.€. have a ubiquitous feeding strategy in multiple habitats).

The highest intehabitat overlaps, observed fidr merlangudrophic niches, indicated that individuals
collected in different habitats fed on the same preyst or mixture of prey. Its prey seemed to come
mainly from subtidal habitats in spring, while subtidal and intertidal habitats contributed equally to its
diet in autumn. However, posterior contributions of the mixing models varied according to the TDF. As
key parameters in stable isotope mixing models, TDF can strongly influence model(Esudtsand

Diamond, 2011)Assuming a constant diet over time (integration time of the trophic markers), we



had hoped to use the results of gut content analysis to determine a realistic range of values for specific
TDF. Unfortunately, gut contents were not as informative as expected (low percentages of taxa identified
to the genus or species level), with litBamilarity between them and local benthic invertebrates.
Moreover, these invertebrates represented only some M.theerlangusdiet (Demainet al, 2011b)

We decided to use means of the med@mributions estimated from the six combinations of TDF tested

in realistic ranges, which are usually ugednder Zanden and Rasmussen, 206d)sidering that the
uncertainty around the means washhigr M. merlangus Two hypotheses not mutually exclusive were
generated from this resull. merlanguq1) is highly mobile, facilitating the foraging of a wide range

of habitats to feedLeakeyet al., 2008)and (2) feeds on mobile preBromley 1997; Demairet al.
2011)which isotopic ratios reflect a mixture of the prey living in the various habitats in the estuary.
Additionally, as its highest densities observed in the higher salinity habitats confirm its avoidance of
water of low salinity levelgPotteret al, 1988) it could notfeed in the intertidal desalinated mudflats.

D. labrax dependent on intertidal mudflats

In spring, D. labrax YOY were collected only in riparian habitats near the intertidal mudflats.
Individuals were strongly*C-depleted, indicating that they fed &iC-depleted prey such as terrestrial
insects or amphipods such @schestiasp. as observed in the gut contents where copepods were also
found. The occurrence of two types of prey illustatee feeding behaviour already observed by
Laffaille et al.(2001) showing its opportunistibehaviour with amphipod foraged rather during ebb
period and copepods during flood periods. As mentioned, similarities with local benthic fauna should
be interpreted with caution. It is thus likely tHatlabrax fed in its habitat of collection, intertdl
mudflats. Moreover, as tides influence gut contents grélétijpers, 1973; Rountree and Able, 1992;
Laffaille et al, 2001) the timing of sampling could have influenced our observations. In autumn, YOY
D. labrax still fed in intertidal mudflats, especially individuals collected in the northern channel and
intertidal mudflats as already observed in the same study shifobig et al. (1999)HoweverD. labrax
collected in the southern chaal also fed in northern/southern channels, as confirmed by intermediate
inter-habitat overlaps of trophic niches. In the Thames estuary, isotopic rabosabirax testified the
trophic importance of estuarine resources for individuals collected in the estuary and of coastal and
estuarine resources when collected in the coastal area, which was facilitated by its high (beakéy

et al, 2008) As D. labrax tolerates lower salinity levels, and had even an increased growth in low
salinities (911) conditiongBoeuf and Lasserre, 1978) can stay and feed in the upper section of the

estuary whaM. merlanguscannot.
2.6 Conclusion andperspectives

The habitats studied were used either simultaneously in the same season or asynchronously throughout

the yearsuggesting no preference farspecific habitaat the community scale. YOS. soleaandP.



platessa which have similar growth rates, adopted a local feeding strategy when they encountered
specific ecological conditions. YOM. merlangusad a ubiquitous feeding strategy and foraamdng

all habitats, which may be related to their higher energy demand for growth and movement, while YOY
D. labrax fed most often in subtidal habitats and estuarine intertidal thanks to its tolerance to low

salinities.

Our conclusions are based on aggnyear with unusually low river flow. River flow is known to
influence estuarine and coastal food wg@fassteckiet al, 2010; Vinagreet al, 2011b)and habitat use

by juvenile fish(Le Papeet al, 2003b) Increased occurrence of summer drought is expected in the
context of climate chand®inagreet al, 2019) The pattern observed in 2017 is thus expected to occur
repeatedly in the years to come. Identifying the feeding habitats of juvenile fish in coastal nurseries
requires studying fish foraging throughout the growing season. Our results highlight tiet tlagfish

species studied have a high feeding fidelity on the nursery habitats within a given season, but they did
not enable us to assess habitat use or-irgbitat movements between spring and autumn. Additionally,
these results may help solve ondtaf main challenges in estimating the trophic capacity of YOY fish
nurseries at relevant spatial scqgaulnieret al, 2020) Indeed, one major assumption of the approach

is that fish feed in the habitat in which they are collected. Our study prowiidechation for reallocating

fish consumption to the actual feeding habitats of the species studied.

Estuarine and coastal areas are zones in which human activities can conflict with environmental
objectives, such as functioning as a nursery for juveisiiglte Pape et al. 2007; Rochette et al. 2010)
Integrated coastal zone management requires coordinated application of policies that influence the
coastal zone and helps mitigate impacts of coastal activities by respecting nedortaces and
ecosystem functions in both time and space. Such integrated management requires better understanding
of key habitats that juvenile fish need to complete their life cyitlegin and Stunz, 2005Yhe Seine
estuary can be considered a landscape of hatfitat needs to be preserved. Nearly 45% of its intertidal
and subtidal zones were lost due totawental development from 18502003, and intertidal mudflats
represented more than 80% of that I{3slsinne, 2005¢onsistently with global trenddurray et al,

2019) Intertidal mudflats appeared to be attiee to YOY fish for theiri) high biomass and abundance

of small prey, which gather at high densities and most likely decreases YOY foragin@ tiale,

1980) (ii) warmer springtempeature than in subtidal habitatand {ii) contribution to predator
avoidanc€Gibson et al. 2002}t is likely that a combination of these factors explains the attractiveness

of intertidal mudflats, although preyailability may be the most plausible explanat{@ableauet al,

2016) Our results confirm the urgent need to protect and preserve this essential habitat, especially for

the feeding (and ultimately growth) of YOY fish species.
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2.8 Supplementary material

Fig. S1Length distributions for each species in each season (all habitats combined). The vertical orange
line separates thest cohort (youngpf-the-year) from older individuals

a. Data in this study
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Fig. S2Interhabi tat variabi %t ypAdmed&) alubb) obfidver:
collected in different habitats (EM: estuary mouth, SC: southern channel, NC: northern channel, IM:
intertidal mudflats)ABRAALB: Abra albg LAGIKOR: Lagis korenj LIMEBAL: Limecola balthica
OWENFUS:Oweniafusiformis SPISSUBSpisula subtruncataCERSEDU Cerastoderma edule
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Fig S3. Contribution of habitats (EM: estuary mouth, SC: southern channel, NC: northern channel,
NAV: navigation channel, IM: intertidal mudflats) to juvenile fish diets (calculdteth median
contributions of posterior distributions estimated using stable isotope mixing models and several TDF

combinations)

Fig. S3.1 Standard deviatioof the 6median contributions
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Table S1Sampling design for gut content and stable isotope analysis (SIA) of the four species by habitat
(EM: estuary mouth, SC: southern channel, NC: northern channel, NAV: navigation ¢Hahnel

intertidal mudflaty and season

Spring Autumn
Species Habitat Norrempty Fish SIA Norrempty guts Fish SIA
guts samples samples
EM 0 0 0 0
SC 0 0 43 10
Dicentrarchudabrax NC 0 0 45 10
NAV 0 0 0 0
IM 18 17 50 9
EM 45 10 47 10
) SC 12 10 42 10
Merlangiusmerlangus
NC 10 9 45 10
NAV 9 7 39 10
EM 19 10 19 11
SC 24 10 15 16
Pleuronecteplatessa
NC 12 8 8 12
NAV 0 0 0 0
EM 24 samples lost 19 12
SC 20 6 20 11
Soleasolea
NC 22 8 22 12
NAV 21 5 18 13




Table S2Isotopic niche overlaps among habitats (EM: estuary mouth, SC: southern channel, NC:
northern channel, NAV: navigation channel, IM: intertidal mudflats) for juvenile fish of each species.
Overlap between habitat 1 and habitat 2 is the mean percentage overlap of the ellipse of niche 1 by niche

2 and the percentage overlap of the ellipseictie 2 by niche 1. NA: not applicable

Species Spring Autumn
Dicentrarchus NA Autumn | SC | NC | IM
labrax SC 0.47(0.51

NC 0.48

Merlangius Spring | EM | SC | NC | NAV Autumn | EM | SC | NC | NAV
merlangus EM 0.58| 0.34| 0.50 EM 0.32]| 0.36| 0.41
SC 0.52| 0.56 SC 0.73| 0.69
NC 0.41 NC 0.71
Pleuronectes Spring | EM | SC | NC Autumn | EM | SC | NC
platessa EM 0.26|0 EM 0.51] 0.29
SC 0.50 SC 0.37
Soleasolea Spring | SC | NC | NAV Autumn | EM | SC | NC | NAV
SC 0 0 EM 0 0 0
NC 0.34 SC 0 0
NC 0.03




Table S3 Diet overlaps among habitats (EM: estuary mouth, SC: southern channel, NC: northern
channel, NAV: navigation channel, IM: intertidal mudflats) for juvenile fish of each species estimated

using the Schoener inddXA: not applicable

Species Spring Autumn
Dicentrarchus NA Autumn | FS | SC |IM
labrax SC 0.34| 0.16

NC 0.04

Merlangius Spring | EM | SC | NC | NAV Autumn | EM | SC | NC | NAV
merlangus EM 0.38| 0.19| 0.08 EM 0.44] 0.40| 0.63
SC 0.29| 0.29 SC 0.65| 0.49
NC 0.73 NC 0.54
Pleuronectes Spring | EM | SC | NC Autumn | EM | SC | NC
platessa EM 0.15| 0.46 EM 0.07] 0.02
SC 0.15 SC 0.03

Soleasolea Spring | EM | SC | NC | NAV Autumn | EM | SC | NC | NAV
EM 0.27|0.41| 0.20 EM 0.18| 0.14| 0.03
SC 0.33| 0.14 SC 0.42] 0.59
NC 0.33 NC 0.68




Table S4 Mean number of prey (by taxon) in gut contents per individual fish by species and habitat

(EM: estuary mouth, SC: southern channel, NC: northern channel, NAV: navigation channel, IM:

intertidal mudflats)

Spring

Predator Prey EM SC NAV [NC [|IM
Dicentrarchus labrax | Acartia 0.02
Dicentrarchus labrax | Amphipoda 0.33
Dicentrarchus labrax | Animalia 0.02
Dicentrarchus labrax | Calanoida 4.63
Dicentrarchus labrax | Cirripedia 0.06
Dicentrarchus labrax | Copepoda 2.29
Dicentrarchus labrax | Harpacticoida 0.02
Dicentrarchus labrax | Lekanesphaera rugicaud: 0.12
Dicentrarchus labrax | Malacostraca 0.02
Dicentrarchus labrax | Pseudocalanus 0.57
Merlangius merlangus| Actinopterygii 0.18/ 0.08/ 0.29| 0.11
Merlangius merlangus| Amphipoda 0.07| 0.08] 0.29| 0.11
Merlangius merlangus| Animalia 0.31 0.5 0.14] 0.22
Merlangius merlangus| Bivalvia 0.02 0 0 0
Merlangius merlangus| Brachyura 5.84 0 0 0
Merlangius merlangus| Calanoida 3.78] 158 0 0
Merlangiusmerlangus | Carcinus maenas 0.13 0 0 0
Merlangius merlangus| Caridea 0.07] 0.08 0 0
Merlangius merlangus| Centropages typicus 0| 0.08 0 0
Merlangius merlangus| Copepoda 1.76 0 0| 0.11
Merlangius merlangus| Crangon crangon 0.07 0 0| 0.11
Merlangiusmerlangus | Cumacea 0.04 0 0 0
Merlangius merlangus| Decapoda 0.07 0 0| 0.11
Merlangius merlangus| Eumalacostraca 0.51 0 0| 0.11
Merlangius merlangus| Euterpina 0.16 0 0 0
Merlangius merlangus| Gobiidae 0.02 0 0 0
Merlangius merlangus| Malacostraca 0.87| 0.08 0 0
Merlangius merlangus| Mysidacea 1.07] 0.67 3| 1.11
Merlangius merlangus| Pisidia longicornis 0.04 0 0 0
Pleuronectes platessa| Abra alba 0.05 0 0
Pleuronectes platessa] Ampelisca sp 0.05 0 0
Pleuronectes platessa] Ampharete lindstroemi 0.05 0 0
Pleuronectes platessa] Ampharetidae 0.05 0 0
Pleuronectes platessal Annelida 0.11] 0.08 0.17
Pleuronectes platessal Aphroditidae 0 0 0.08
Pleuronectes platessa| Arthropoda 0.16/ 0.08 0
Pleuronectes platessal Balanidae 0| 0.04 0
Pleuronecteplatessa | Bivalvia 9.47| 0.96 0.42
Pleuronectes platessal Carcinus maenas 0] 0.29 0
Pleuronectes platessal Cerastoderma edule 0| 10.92 0.17
Pleuronectes platessal Corophium volutator 0 0 0.92
Pleuronectes platessal Crangon crangon 0.05| 0.33 0.25
Pleuronectes platessal Decapoda 0.05 0 0.08
Pleuronectes platessa| Diastylis sp 0.37 0 0
Pleuronectes platessal Eteone longa 0.05 0 0
Pleuronectes platessal Eudorella truncatula 0.05 0 0
Pleuronectes platessal Foraminifera 0.05| 0.08 0.08
Pleuronectes platessal Gastrosaccus sp 0.05 0 0
Pleuronectes platessal Harpacticoida 0.05| 0.17 0
Pleuronectes platessal Hediste diversicolor 0 0 0




Pleuronectes platessal Hydrozoa 0.05| 0.04 0
Pleuronectes platessa| Kurtiella bidentata 0| 0.04 0
Pleuronectes platessa| Lagis koreni 0.42] 0.79 0
Pleuronectes platessal Lanice conchilega 0.11 0 0
Pleuronectes platessa| Limecola balthica 0| 0.04 0.08
Pleuronectes platessa| Lutraria sp 5.32] 0.04 0
Pleuronectes platessal Macropodia linaresi 0 0 0.08
Pleuronectes platessal Mactridae 0.32 0 0
Pleuronectes platessal Magelona sp 0.05 0 0
Pleuronectes platessal Mya sp 20.58| 0.33 2.75
Pleuronectes platessal Mysidae 0 0 0.08
Pleuronectes platessal Mytilus edulis 0 0 0.08
Pleuronecteplatessa | Nephtys sp 0.26] 0.17 0.08
Pleuronectes platessal Nereididae 0| 0.04 0
Pleuronectes platessal Ostracoda 0.05| 0.08 0
Pleuronectes platessal Pariambus typicus 0.32 0 0
Pleuronectes platessal Phaxas pellucidus 17.84] 1.13 0
Pleuronecteplatessa | Phyllodocidae 0.05 0 0.08
Pleuronectes platessa| Polychaeta errantia 0.05 0 0
Pleuronectes platessal Polydora ciliata 0.16] 0.17 0.17
Pleuronectes platessal Portunidae_larve 0| 0.08 0
Pleuronectes platessal Pseudocuma sp 0.05 0 0
Pleuronectes platessa| Pseudopolydora pulchra | 0.05 0 0
Pleuronectes platessal Pygospio elegans 0.16/ 0.33 0.17
Pleuronectes platessal Sabellidae 0.05 0 0
Pleuronectes platessa| Spionidae 0.79] 0.79 0.17
Pleuronectes platessal Spisula subtruncata 0.95| 0.29 0
Solea solea Abra alba 0.75 0 0 0
Solea solea Acari 0.04 0 0 0
Solea solea Actinopterygii 0.04| 0.05] 0.05 0
Solea solea Amphipoda 0.04 0| 0.14 0
Solea solea Annelida 0.04 0| 0.67 0
Solea solea Aphroditidae 0| 0.05 0 0
Solea solea Arthropoda 0.13] 0.05 0| 0.05
Solea solea Balanidae 0.08 0 0 0
Solea solea Bivalvia 2.96| 3.55| 0.29| 0.32
Solea solea Bivalvia_larve 0 0 0.1] 0.23
Solea solea Bryozoa 0| 0.05 0 0
Solea solea Cardiidae 0.17 0 0.1] 0.09
Solea solea Cerastoderma edule 0.17 0 0| 0.27
Solea solea Corophium volutator 0 0 1.19] 1.77
Solea solea Crangon crangon 0 0 0| 0.09
Solea solea Cumacea 0.04 0 0 0
Solea solea Decapoda 0| 0.05 0 0
Solea solea Diastylis sp 0.25 0 0 0
Solea solea Divers 0.04 0 0.1 0
Solea solea Foraminifera 0.13 0.1] 0.05| 0.27
Solea solea Gammarus sp 0 0 0| 0.09
Solea solea Gnathiidae 0 0 0| 0.05
Solea solea Harpacticoida 1| 0.25| 27.48| 1.27
Solea solea Hediste diversicolor 0 0 0.1] 0.45
Solea solea Hydrozoa 0 0| 0.05 0
Solea solea Kurtiella bidentata 0.38 0 0| 0.09
Solea solea Limecola balthica 0 0.1 0 0
Solea solea Mactridae 0.17 0 0 0
Solea solea Melita hergensis 0| 0.05 0 0
Solea solea Nephtys sp 0.25| 0.35 0| 0.23
Solea solea Nototropis falcatus 0.04 0 0 0
Solea solea Ostracoda 0.38 0| 0.05| 0.09




Solea solea Pharidae 0.21 0 0 0
Solea solea Phaxas pellucidus 0.04| 0.15| 0.05 0
Solea solea Polydora ciliata 0.08 15 19| 0.64
Solea solea Polynoidae 0 0 0.1] 0.05
Solea solea Pontocrates altamarinus 0.13 0 0 0
Solea solea Pseudocumatidae 0.04 0 0 0
Solea solea Pygospio elegans 0| 0.25 0 0
Solea solea Sabellidae 0.04 0 0 0
Solea solea Spionidae 0.67| 0.35 0| 0.55
Solea solea Veneridae 0.5 0 0 0
Autumn
Predator Prey EM |SC |NAV |[NC |IM
Dicentrarchus labrax | Actinopterygii 0.23 0.22| 0.06
Dicentrarchus labrax | Amphipoda 0.21 0.07] 0.16
Dicentrarchus labrax | Animalia 0.35 0.2] 0.08
Dicentrarchus labrax | Araneae 0 0| 0.02
Dicentrarchus labrax | Bivalvia 0.05 0 0
Dicentrarchus labrax | Brachyura 0.02 0.02 0
Dicentrarchus labrax | Carcinus maenas 0 0.02| 0.02
Dicentrarchus labrax | Caridea 0 0| 0.02
Dicentrarchus labrax | Cirripedia 1.07 0 0
Dicentrarchus labrax | Copepoda 0 0| 0.02
Dicentrarchus labrax | Corophium volutator 0 0.2 0
Dicentrarchus labrax | Crangon crangon 0.09 0.11] 0.02
Dicentrarchus labrax | Crangonidae 0.05 0.07 0
Dicentrarchus labrax | Decapoda 0.02 0.07] 0.02
Dicentrarchus labrax | Echinodermata 0 0.02 0
Dicentrarchus labrax | Echinozoa 0 0.02 0
Dicentrarchus labrax | Eteone longa 0 0.02 0
Dicentrarchus labrax | Eumalacostraca 0.05 0.02| 0.02
Dicentrarchus labrax | Foraminifera 0.14 0 0
Dicentrarchus labrax | Gammaridea 0.35 0| 5.26
Dicentrarchus labrax | Hydrozoa 0.07 0 0
Dicentrarchus labrax | Insecta 0 0| 0.06
Dicentrarchudabrax | Isaeidae 0 0| 0.02
Dicentrarchus labrax | Isopoda 0 0| 0.06
Dicentrarchus labrax | Lagis koreni 0.07 0.02 0
Dicentrarchus labrax | Lekanesphaera rugicaud:s 0 0| 1.84
Dicentrarchus labrax | Lumbrineris cingulata 0 0| 0.02
Dicentrarchus labrax | Malacostraca 0.21 0.04| 0.08
Dicentrarchus labrax | Mysidacea 0.35 0.29 0
Dicentrarchus labrax | Nephtyidae 0 0.04| 0.04
Dicentrarchus labrax | Polychaeta 0.14 0.13] 0.04
Dicentrarchus labrax | Rhodophyta 0.05 0 0
Dicentrarchus labrax | Schistomysikervillei 0.33 0 0
Dicentrarchus labrax | Talitridae 0 0| 1.56
Merlangius merlangus| Actinopterygii 0.68| 0.88] 0.38] 0.51
Merlangius merlangus| Animalia 0.28| 0.24] 0.23| 0.38
Merlangius merlangus| Annelida 0 0| 0.03 0
Merlangius merlangus| Brachyura 0.04| 0.02] 0.03] 0.02
Merlangius merlangus| Carcinus maenas 0| 0.02 0 0
Merlangius merlangus| Caridea 0.02| 0.05] 0.13| 0.02
Merlangius merlangus| Cirripedia 0.02 0 0 0
Merlangius merlangus| Clupeidae 0.06 0 0| 0.04
Merlangius merlangus| Crangon crangon 0.02| 0.24| 0.21] 0.2




Merlangius merlangus| Crangonidae 0.06] 0.19] 0.03| 0.07
Merlangius merlangus| Decapoda 0.04| 0.21 0.1] 0.09
Merlangius merlangus| Eumalacostraca 0.02| 0.05] 0.05| 0.13
Merlangius merlangus| Gobiidae 0| 0.05| 0.21] 0.2
Merlangius merlangus| Hydrozoa 0| 0.02 0 0
Merlangius merlangus| Malacostraca 0.04| 0.19] 0.05| 0.11
Merlangius merlangus| Mysidacea 0.23| 0.05| 0.46 0
Merlangius merlangus| Pomatoschistus 0 0| 0.03 0
Merlangius merlangus| Senticaudata 0| 0.02 0 0
Pleuronectes platessal Abra alba 0.11 0 0
Pleuronectes platessal Ampharete lindstroemi 0.16 0 0
Pleuronectes platessal Annelida 0.05| 0.53 0.38
Pleuronectes platessa| Arthropoda 0.16] 0.13 0
Pleuronectes platessal Balanidae 0| 0.07 0
Pleuronectes platessa| Bivalvia 0.26] 5.6 0
Pleuronecteplatessa | Cerastoderma edule 0| 84 0
Pleuronectes platessal Copepoda 0| 0.07 0.13
Pleuronectes platessal Crangon crangon 0.11 0 0
Pleuronectes platessa| Divers 0 0 0
Pleuronectes platessal Elysia viridis 0| 0.33 0
Pleuronectes platessa| Fabulinafabula 0.05 0 0
Pleuronectes platessal Hediste diversicolor 0| 0.13 0
Pleuronectes platessa| Hydrozoa 0.11] 0.13 0
Pleuronectes platessa| Kurtiella bidentata 0.05 0 0
Pleuronectes platessa| Lagis koreni 0.05| 0.07 0
Pleuronectes platessa| Limecolabalthica 0| 0.07 0
Pleuronectes platessal Liocarcinus pusillus 0.05 0 0
Pleuronectes platessal Melinna palmata 0.11 0 0
Pleuronectes platessal Mysidae 0.05 0 0
Pleuronectes platessal Nephtys assimilis 0| 0.2 0
Pleuronectes platessa| Nephtyshombergii 0| 0.27 0
Pleuronectes platessal Nephtys kersivalensis 0| 0.07 0
Pleuronectes platessal Nephtys sp 0.74| 0.27 0
Pleuronectes platessal Nereididae 0 0 0.25
Pleuronectes platessal Nucula sp 0.05 0 0
Pleuronectes platessa] Owenia fusiformis 3.42 0 0
Pleuronectes platessal Pariambus typicus 0.05 0 0
Pleuronectes platessal Phaxas pellucidus 2.47 0 0
Pleuronectes platessa| Phyllodocidae 0| 0.07 0
Pleuronectes platessa| Polydora ciliata 0.05| 0.2 0.38
Pleuronectes platessa| Spionidae 0.11| 0.07 0.25
Pleuronectes platessal Spisula subtruncata 0.11| 0.27 0
Solea solea Abra alba 0 0| 0.11 0
Solea solea Alitta succinea 0 0 0.06 0
Solea solea Ampelisca sp 0 0 0| 0.05
Solea solea Ampharete lindstroemi 0.11 0 0| 0.05
Solea solea Ampharetidae 0.21| 0.05 0 0
Solea solea Amphipoda 0.16 0 0 0
Solea solea Animalia 0| 0.1 0 0
Solea solea Annelida 0.16] 0.05 0| 0.14
Solea solea Aphroditiformia 0.05 0 0| 0.05
Solea solea Arthropoda 0.21| 0.25| 0.17| 0.14
Solea solea Bivalvia 1.16| 0.85 0 0
Solea solea Bivalvia_larve 0| 0.05| 0.06 0
Solea solea Boccardiella ligerica 0 0| 0.28] 0.23
Solea solea Brachyura 0.05 0 0 0
Solea solea Carcinus maenas 0 0 0| 0.05
Solea solea Copepoda 0.05| 0.05 0 0
Solea solea Corophium volutator 0 0| 12.72| 3.86




Solea solea Crangon crangon 0.42| 0.1] 0.17| 1.05
Solea solea Crangonidae 0.21 0 0 0
Solea solea Cyathura carinata 0 0 0| 041
Solea solea Diastylis bradyi 1.84 0 0 0
Solea solea Diastylis sp 0.32 0 0 0
Solea solea Ericthonius punctatus 0 0| 0.06 0
Solea solea Eurytemora affinis 0 0 0| 0.09
Solea solea Hediste diversicolor 0| 0.05 0| 0.73
Solea solea Hydrozoa 0.05| 0.05 0 0
Solea solea Kurtiella bidentata 0 0 0.22 0
Solea solea Lagis koreni 0.16/ 0.8 0 0
Solea solea Lanice conchilega 0.11 0 0 0
Solea solea Leucothoe incisa 0.05 0 0 0
Solea solea Liocarcinus sp 0.05 0 0 0
Solea solea Melinna palmata 0.32 0 0 0
Solea solea Mya sp 0.26 0 0 0
Solea solea Nephtys sp 0.37| 0.15 0| 0.23
Solea solea Nereididae 0| 0.35] 0.39] 0.41
Solea solea Ostracoda 0.37] 0.1 0| 0.18
Solea solea Owenia fusiformis 0.26 0 0 0
Solea solea Pariambus typicus 0.11 0 0 0
Solea solea Perioculodes longimanus| 0.05 0 0 0
Solea solea Pholoe inornata 0.05 0 0 0
Solea solea Photis longicaudata 0.11 0 0 0
Solea solea Phyllodocidae 0.32| 0.25| 0.06]/ 0.05
Solea solea Plantae 0 0 0| 0.09
Solea solea Polydora ciliata 0.11| 4.35| 18.72| 3.36
Solea solea Polydorinae 0| 0.05 0 0
Solea solea Polynoidae 0| 0.1 0 0
Solea solea Portunidae 0.05 0 0 0
Soleasolea Pseudocuma longicorne | 0.11 0 0 0
Solea solea Pseudopolydora pulchra | 0.11 0| 0.06 0
Solea solea Sabellaria spinulosa 0 0 0| 0.05
Solea solea Spionidae 0.16] 0.05 0| 0.05
Solea solea Spisula subtruncata 0.11 0 0 0
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Le chapitre précédent coabiseenl|l daéltéespgéaereé d
des variables abiotiques que biotiques. Ces contrastes ont permis de mettre en évidence des stratégies
d’"alimentation propres a c¢ h dogaleepow eppbissens plasvee ¢ u n
uneexp or ation des différents habitats par | es poi
des vasieres intertidales comme habitat d’ ali me
Enfin, la contribution des habitats a été estiméeparesp et au printemps et a |

période de forte croissance des juvéniles.

L"objectif de ce chapitre est d’'estimeriellam capac
ratio entre | a demande fémeer galtiingeuret ad eese jau vié’'nd d he
| " estuaire de Seine et aux deux périodeigustpot ent i
apres leur arrivée sur la nourricerie (fin du printemps) et a la fin de la saison de forte croissance
(auomne). Les estimations de consommation par habitat sont couplées avec les estimations de
contributions de chacun des habitats a |’ ali mei

consommation de maniére la plus réaliste possible.
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3.1 Abstract

Estuarine and coastal ecosystems @mposed ofspatially restricted habitats fulfilling a nursery
function for manydemersalfish species. These nursedgpendant speciemncentrate at the juvenile
stage in these bh#ats resultingin densitydependent regulatiomaffecting growth and survival
However, the underlying mechanisms are still poorly understood and the limitation of the food supply
on the juvenile fish remains a pending isSitee Seine estuarine andastal ecosystem (Eastern English
Channel) is a nursery composed of a mosaic of habitats offering diverse food resources. l@ser the
decades, important anthropogenic activities significantly reduced the swrfpeeiallyof mudflats

likely reducingthe gross production of this ecosysteim here, we aim atssessinghe trophic
contribution of the different habitats to different nursdgpendant fish juveniles at two important
periods of their juvenile stage: the pgsttlement period (early springnd the end of the growth season
(late summer), using recently developed bioenergetiimsed approaciThis approachestimatesn

each habitathe exploitation efficiency (EE)i.e. the part of the production consumed by the juvenile
assuming that th consumption occurs locallyge. is restricted to the habitat in which the fish was
captured. We challenged that assumption by weighting the fish consumption with the estimated habitat
contribution from stable isotopes mixing models outputs talleeae fish consumption over the
habitats.The comparison of the E&ssesseih different habitats identifiesophically-limited habitats

and highlights the functional role of the intertidal mudflats in the assessment of the trophic capacity of
the bay of Seie. These results likely support theegrated coastal zone managenwnthis highly

manshaped ecosystem.

Keywords

Food limitation, habitat scale, growth seadday of Seine



3.2 Introd uction

Estuarine and coast al areas support essenti al
activities. This duality often lead to conflicts between anthropogenic use of coastal waters and marine
species living or partly living in these ecosystems. Agithem,benthedemersahurserydependant
species concentrate within estuarine and coastal areas duilingitleaile stagglles andBeverton,

2000) The life cycle of these species is characterized by a spatial segregation amon(Gstasges

1994) Adults live indeeper coastal shelf watensdoftenreproduce at thend of winter Eggs then
larvaeare pelagicand move passively with ocean currents and winds and then actively towards the
coastal bays and estuarigibson, 2005)Larvaemovefrom a pelagic to anore or lesdenthic life

with the metamorphosis and juvenile settled then in coastal &maries areas called nurseries at the

end of spring/early summéfibson, 2005) They feed and grovast until early autumn. Then for
anothe 1 or 2 years according to the species, juvenile fish move into shallow nursery dugngyitte
seasorbefore recruiting to the adult population offshore.

Hence, juvenile stage of nursettgpendant species is characterized by a concentration of irads/idu
over spatially constrained nursery habitats. This concentration leads to dlmstydence processes
when the number of individualgithin nursery is high{Beverton, 1995; lles and Beverton, 200§))ch

as mortality(van der Veeet al, 1991)or growth reduction as individuals reach the carrying capacity
of the nursgy. Concentration of juvenile fislon nurseries dampen the high variations induced by
densityindependent mortality affecting eaflife stages(egg and larvaepnd though control the
recruitment level of these speci@san der Veert al, 2000; Nash and Geffen, 2012; Le Pape and
Bonhommeau, 2015Because of the regulating role these habitats playuimerydependant species,
among which highly economical valuable species for fishefs@deé soleaPleuronectes platessa
Dicentrarchus labray thdr identificationandthe processes that regulate these fish populations at the
juvenile stage raise thaterest of many stakeholders (scientists, managers, fishermen). However, the
underlying causes of densitiependence processesy.trophic competition, predatiomye still poorly
understood and the limitation of the food supply on the juvenile fishirena pending issu&e Pape

and Bonhommeau, 2015)

Trophic carrying capacity and food limitation hypothelseésre beerwidely studied in a variety of
temperate estuar® and coastahurseres (Le Pape and Bonhommeau, 2015 and reference therein)
Principal methods used were indirect, based on the comparison of growth or condition index of juvenile
with optimal parametefAmaraet al, 2001; Teakt al, 203; van der Veeet al, 2010; Freitagt al,

2012; Ciottiet al,, 2013b; Poieset al, 2018) Some studies demonstrated a summer reduction of growth
(Tealet al, 2008; van der Veest al, 2010; Freita®t al, 2012; Poieset al, 2018) but none ofthem

linked growth offish condition to trophic competitiopet (Ciotti et al, 2014; van der Veeat al, 2016)

Moreover,Le Pape and Bonhommeau (2018ghlighted that when measuring fish growth out in the



field, only apparent growth of survival individuals was reported which can hide a potential lethal effect
of food limitation. Hence, direct approaches tagkimo accounboth compartmestof trophic carrying
capacity {.e. prey and predator) could bring lights on the trophic limitation hypothesis. Indeed, it was
demonstrated that the carrying capacity for bewthimersal fish was reached usegiassbalanced

model in the Gironde estuaryChevillot et al, 2019) A bioenergetics approach estimating prey
production and consumption of epibenthic predators also concluded in interspecific competition for food
resource on the Swedish co@Bihl, 1985) However, some direct studies also reported low proportion

of preyconsumed by predatofSollie, 1987; Vinagre and Cabral, 200B)assbalanced models ihade

the entire ecosystem but oversimplify it and are not designed to test the food limitation hypothesis while
bioenergetics approach cited above are extremely data intensive and then only applied to a few species
of predatos. In this context,Tableau et al. (2019Jeveloped a bioenergetibased model to estimate
whether or notrophic carrying capacity has been reaclasdl test the food limitation hypothesis in
coastal nurseries. This model estimates prey production and fosdroption from data survey and

parameters from the literature.

One explanation of the uncertainty around proces
and the role of the trophiesourcesnight be the scales at which the studies aredaken(Pihl, 1985;
Cheuvillot et al, 2017) More generally, choosing the appropriate scale is essential when studying the
prey-predator interaction¢Bailey et al, 2010) Food availability, fish consumptionand thereaire
trophic carrying capacity are likely to vary during the growth season of juvenile. Coastal benthic
invertebrates, main prey of bbio-demersal fish in nurserigMorin et al, 1999; Amareet al, 2001;
Dolbeth et al, 2008) show seasonal variations in their biomass and produ¢Benkema, 274;
Saulnieret al, 2019) In spring, increasing temperature, day length and nutrients availability lead to an
increase of primary production fuelling the secondary production of benthic invertebrates (combination
of growth and recruitment). On thergoary, in autumn, a combination of weight loss, mortality and
decrease of food resoustesult in a decline in benthic invertebrates produdigaulnieret al, 2019)
Simultaneously, juvenile fish also show seasonal variations indpairal distributiorrelated to heir
ecological tolerance to the estuarine physibemical context{Amorim et al, 2018) as well as
variations of their dietary preferences with ontog@rawsonet al, 2018) Primary producer blooms in
early summer may also affect the structure of coastal andriest food wel{Vinagreet al, 2012)
Hence, it was suggested thiag trophic carrying capacity hesenreachednly at some moment of the
growth seasorfPihl, 1985; Cheuvillotet al, 2017) The postsettlement period in nurseries is often
described akighly sensitive for juvenile fiskGeffenet al, 2011) We assumed that massive arrival of
juvenile fish in nurseries at the beginning of the growth season (late sprid)result in the reaching

of the top of therophic carrying cageity during this short period. Conversely, the end of the growth
seasor{late summesearly autumn), with low food resources and demand of grown fish could also lead

to food limitation.



In addition to strong temporal variations, nurseries are seascapes composed of a mosaic of habitats
(Nagelkerken et al., 201Shaped by environment gradiefiauvin et al., 2017; Dutertre et al., 2013)

and marmmade modificationdDauvin and Desroy, 2005Environmental gradients cause spatial
heterogeneity in basal sources of food WBhrnaude et al., 2004; Deegan and Garritt, 19@id) in

benthic communitieDauvin and Desroy, 2005Habitats within an estuary provide different type and
amount of esources for juvenile fisfDay et al., 2020a; Freitas et al., 2016; Shaw and Jenkins, 1992)
which could imply difference in trophic carrying capacity at the habitat d8&lkers and Juanes (1993)
suggested that when diging densitydependence regulation in early stages of fish, the notion of habitat
use needed to be considered. Furthermore, in a context of habitat loss and coastal de@raitagion

2006) it is particularly important to include the notion of habitats in the study of nursery function.

In this study, we quantified changes in trophic carrying capacity in juvenile fish nursery at fine spatio
temporal scalese. the scale of its various habitats at the beginning (after fish settlement on the nursery,
in June) and at the end of the growth season (in October). Thus, the first aim of the study consisted in
the adaptation of the bioenergetlzased model of trophi@pacity(Tableau et al., 2019 these scales.

To do so, we combined this model with outputs from stable isotopes mixing modelsliticate the

fish consumption over the habitats according to our findings on the fish feeding preferences between
habitats(Day et al., 2020aand adapted parameters to match the monthly scale of our study. Secondly,
we focussed on fish consumption and estimatechdtsthly dynamics over the growth season in 2017

to improve our understanding of the trophic carrying capacity variations between the two periods
studied. Finally, we estimated exploitation efficiency of benthic prey by juvenile fish to evaluate whether
or not the trophic carrying capacity has been reached at the beginning and the end the growth season

and in each habitat composing the fish nursery.

3.3 Material and methods

3.3.1 Sampling site

The Seine estuary is located on the northwest coast of France and opéms English Channel (Fig.

1). It has experienced major morphological alterations over the past century: dikes, navigation channel
and more recently, enlargement of Le Hakagbour in the estuary moutin 2000) These changes

have notably caused sigicé&nt habitat loss with a decrease in intertidal areas, #1080 km? in 1850

to 30 km? at the beginning of the*dentury(Dauvinet al, 2006)and decrease of total potential nursery
ground of 33%Rochetteet al, 2010) Direct consequence on juvenile fish have been reported with a
decrease of 42 % of the productiorSafiiea soleguvenile linkedto surface los§Rochetteet al, 2010)

Moreover, the benthic communities are spatially heterogeneous, shaped by environmental gradients and



manmade ifirastructuregThiébautet al, 1997; Baffreawet al, 2017)and offer highly variable levels

of production from one habitat emotherDay et al., 2020a)

In this study, the Seine estuary was divided intosivect or s ( her eaf dadaptedfromhabi t a
Tecchio et al. (2015ndDauvin and Desroy (2005fpour subtidal habitats and an intertidal habitat. The

estuary mouth is the largest marine habitat (115 km?). The navigation chankeP{Ellows access to

Rouen harbour. It is surrounded by the southern channel (33 km?) and northern channel (16 km?). The
northern channel is contiguotsLe Havre harbour and intertidal mudflats (5 km?), which are located
upstream, on the north coast.
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Figure 1: Locations of the sampling stations (black stars: grab station and blue lines: trawl station) in the
four subtidal habitats (grab and trawl; EM: estuary mouth, SC: southern channel, NC: northern channel,
NAV: navigation channel) and the intertidd habitat (grab only; IM: intertidal mudflats). Solid lines are the
trawl stations from the historic survey conducted monthly, dotted line are the trawl stations sampled in
June and October 2017 for this study in addition.

3.3.2 Data collection and selection

Data collection was realized in 2017. Sampling surveys targeting bémikitebratesvere @nducted

twice in the year: at the beginningf(sh arrivalon the nurserin June)and the end of thgrowth season
(October)and in the five habitats. Sampling geys targeting fish were conducted monthly between
May and October according to an historic survey conducted monthly from 2000 to 2017 in the Seine
estuary (solid lines in Fig. 1). To extent the spatial coverage of the study, additional trawl sampling
points were added in the marine part of the estuary (dotted lines in Fig. 1) twice im201E7eginning

and the end of thgrowth season Fish surveys were conducted in the four subtidal habitats. All dates

of data collection are detailed Trable S1.
Macrofauna and meiofauna sampling

Benthic invertebrates were sampled applying the same protocol Rayiret al. (2020a)Benthic

macrofauna (> 1 mm) and meiofauna (< 1 mm) were sampled at 25 stations in the Seine nursery (5



stations per habitat). Sampling was conducted using a 0.1 m2 Van Veen grab with three replicates at
each station. A core sample (3.6 cm in diametem 8igh) was extracted from each replicate and placed

in a 4% formaldehyde solution for meiofauna biomass estimation. The rest of the three replicates were
sieved through a 1 mm grid mesh and kept in a 4% formaldehyde solution diluted in marine water. In
the laboratory, macrofaunal invertebrates were sorted from residual sediments, identified to the lowest
taxonomic level, counted and weighed. Biomass per taxa was determineefras akly weight. Data

from the three replicates from each sampling statierevsummed, and abundance and biomass were
standardised based on the area sampledifree replicates of 0.1 m2 expressed pér Meiofauna
samples were sieved (38 grid mesh) and organisms were separated from inorganic matter. Biomass
was estimatetbr each station as adree dry weight.

Prey selection

The prey selection within the macrofaunal benthic organisms was completed according to the same steps
conducted irDay et al. (2020a)r Saulnier et al. (2020First, rare species and species poorly sampled

with the grab were excluded from the analyassthey add little to the analysis. After, all benthic
invertebrates from macrofauna wereriori considered as potential prey for the community of juvenile

fish according to their opportunistic feeding behaviour. Nevertheless, prey larger than theingoath

biggest fish were excludg@esyst et al., 1999; Johnson et al., 20T2jus, acording toDay et al.

(2020b), Saulnier et al. (2020) and Tableau et al. (20dgcies with mean individual body mass
inferior to 0.1 g AFDMind™ were kept as potential prey.

Fish sampling

As done inDay et al. (2020a)ish were sampled in the four subtidal habitats using a 2 m wide and 0.3

m high beam trawl with a 5 mm mesh stretchethencod end. Hauls were performed at a mean speed

of 2.5 knots in the opposite direction of the tide for 10 min during daylight hours. The number of hauls
in each habitat was proportional to its area. Fish were identified, counted, weighed and measured by

species on board at each station.
Fish species and youngf-the-year selection

We selected nine marine nurselgpendent species of fish at the GO (yeofitheyear) and G1 (1
year old) stage$oleasolea(common sole) anBleuronecteplatessgplaice),Limandalimanda(dab),
Platichthysflesus(European flounder)Merlangius merlangus(whiting), Dicentrarchudabrax (sea
bass),Trisopterusluscus(bib), Callionymuslyra (dragonet) andPomatoschitusp. Eandgobies). On
average, these species represented 81% and 87% of theetigfial of benthedemersal fisicaughtin

spring and autumn, respectively.



Size threshold$rom monthlyfish size spectra in 201Wereused to distinguished GO from G1 stages
and G1 fran older fishfor eachmonth and species. When necessary, size fish datattfiemonthly

historic survey were used.

GO and G1 stages of the flatfish speci®sqoleaP. platessal. limandaandP. flesu3 andC. lyra
consume mainly benthic macrofaunaventebrates such as bivalyesustaceanand polychaetefl e

Mao, 1986; Moriret al, 1999; Amaraet al, 2001; Kostecket al, 2012) Small individuals (< 40 mm)

also consume small prey from the meiofaunal invertebrates community such as cqpéppd985;

Gee, 1989; Coull, 1990)50 stages oM. merlangusD. labrax andT. luscusfeed partly on benthic
macrofauna Wwereas G1 stages of these species target small fish a@vjmery et al, 1999; Pasquaud

et al, 2008; Demairet al,, 2011b) Hence, only GO stages of these three species were included as well

as GO0 and G1 stages of flatfish species@nigra.
3.3.3 Data analysis

Trophic carrying capacity of the nursery was computed using the bioenefsgeted model recently
developed byrableau et al. (201@)nd refined bysaulnier et al. (2020 he bioenergetiecbased model
guantifies on thene hand, the energy supply of pegyected fronthe benthic invertebrate community
calledFood Production (FP) and, on the other hand, the dietary needs of benthivorous juvenile fish, the
Food Consumption (FQ)Tableauet al, 2019b) Trophic carrying capacitand bod limitationwere
examinedby estimaing the ratio of juvenile fish FC to benthic FP: the Exploitation Efficiency of

juvenile fish on the benthic invertebrate community.

The model was initially developed to estimate FP a@daFthe scale of the whole growth period (~
integrated from May to October) and at the scale ohdistats and then summed owsitire nursery
areaHence, the habitat scale was already implemented to estimate FC but was not relevant in the initial
modd as FC within a given habitat would result from fish only present on the habitat during data
collection, which is most likely falsén this study, the model was adapted to be able to estimate trophic
carrying capacity at fine spattemporal scales (thecale of the habitat and tiperiod in order to

identify the period and the habitat most likely leadimgrophic limitation €.g.trophic competition).
This methodological adaptation involved three major changes:

x  Estimate of FC at thperiodscale(~morthly scale)
x  Estimate of Fn untrawlechabitat (spatialization)

x  Estimate of FP at theeriodscale(~monthly scale)
Food Consumption (FC)and the beginning and end of the growth season

FC is the quantity of food consumed over a certain perioddoyremunity of consumers. First, the fish

production is estimated and then converted into FC.



Fish production for a juvenile cohort was estimated as:
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with P, the production over the perigmin a the habitah for a fish cohort)) ;; the mean density of
fish cohortat the mean date of the sun&gndin the habitah, 0 the mean individual body weight at
the beginning of the periodl{) and at the end of the perioD)( Both periods were set to 30 days in

order to ease the comparison between them. The dates of beginning athdbedd] for each period
were set to 15 days before the mean date of the ssamy 15 days after.

Fish production using equation (d¥sumethat the mean density of fish coharas representative of
the 30 days selected around the mean date of the siivisymeans thdish densitywas considered
constant over the 30 dagsen though it might have showositive or negativéinear tendencyover

the period Given our datasehis assumptionvas difficult to verify.

Mean individual body weight was estimated as a function of fish length, growth and using the length
weight relationship at the beginning of the period (eq. 2.1) and at the end of period (eq. 2.2):

2.1) cr O 0D 0O Q0
(2.2) o hp O 0O O 0O Q

with a andb the coefficients of the lengtiveight relationshipl.s the length at the date of survgyG,
the daily growth ratéuring theperiodp, dsthe date of the survey do the date of the beginning of the
period andD the date of the end of the period. The coefficierasmdb were collected in the literature
(Material S1).

Daily growth rates were estimated for each period, as this parameter is not constant over the growth
season for juvenile fish. Indeed, duringithigst year, growth rate increases at the beginmihthe

growth seasqgrthen stabilises and finally declines until the end as reviewd? faatessdCiotti et al,

2014) This pattern was also observed frsolea/Amara, 2003; Teatét al, 2008)andL. limanda

(Amara, 2003) Growth rates increases in spring to summer, diminishes until the winter and restarts in
Marsh agairffAmara, 2003)It also appeared that the timing of growth declimagvary spatially(Ciotti

et al, 2013b) with differences in timing among nurseries. Hence, we decided ttocsedata to
estimate growth rates at the beginning and at the end of the growth period. We used length data from
the monthly historic survey from 2000 to 2017 (unpublished data) which were collected as in the
protocol described in this study. For eachnthaand each year, we calculated the mean date of collection

and the mean length.

Daily growth rates for each period were estimated by modelling the evolution of mean fish length as a

function of time and extracting growth rates for each peidfferent modelswere testedo model



growth over timelinear regressiongvith time as continuous and time as factor) and nls with different
growth equations (Von Bertalanffy and Gompertz growth functions and logistic regre3sier)est

model was seleted using AIC criterion and extracted of growth rates for each period using the
coefficients estimated (in case of linear regression as the best model) or the derivative of the modelled
function using estimated parameters (in case of nls as the best .nmtal)s on the model selection

areincluded in Material S2.

Finally, FC was estimated in each habitaind at the two periods consideeds following:
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with P; p thefish production for the fish coharin the habitah for the periodp, g the catch efficiency

of the trawl,E; the energy density to convert fish production in energy ulijtde gross conversion
efficiency which converts fish production to fish consumption (the quantity of ingested energy required
to produce one energy unit of juvenile fisidDC; , the diet compositione.the proportion of benthic
macrofaunaandbr copgods harpacticoids in the diet. g, E and K were collected from the literature
(Material S1).

Diet composition may vary along the growth period as fish diet changes with on{dgenio et al,

1996; Amareet al, 2001)and according to prey availabilifiMolinero and Flos, 1992Moreover, FP
estimates were composed of proportion of macrofauna and/or proportion of harpacticoids (meiobenthic
copepods) according to the species and period. Information of each species diet and its associated values
(proportion of macrofauna and harpaotiats) were collected from the literature and details are presented

in Material S3.

Spatialization of the Food Consumption

FC was estimated at the habitat scale (Fig. 1). The only parameter in the FC equations which is spatially
explicit is the mean density of fish. When computing FC of a habitat using mean density of fish from
this habitat, it was assumed no movement ofdisiong habitats or that fish fluxes in and out are equal.
Although flatfish species are known to have limited movements within nursery (< 1GekPape and
Cognez, 2016)roundfish species may move from one habitat to another enabled by their swimming
abilities. Furthermore, juvenile fish within nursery can use tidal movements to reach intertidal areas to
feed at high tidéCabral, 2000; Laffaille et al., 2001; Morin et al., 19%ince beam trawl sampling in

the intertidal mudflats was not tatbally feasible, no juvenile fish densities could be estimatesteas

a part of the FC was probably realized in this habithus, FC was rallocated over the habitat
combining the FC estimates in each habitat thiedoutputs of SIMM fronDay et al. (2020ajor GO

fish of S.soleg P. platessaM. merlangusandD. labrax, we used their estimat&din the present study,
thanks ta\ ard C stable isotopic data available for June and Octblvegre estimated for G1 according

the same methodSeveral SIMM were run to take into account the uncertainty on the trophic



discrimination factors (key parameter of SIMM). Theatldcated FC werehe matrix product of the

nonre-allocation FC with the matrix of coefficients from the SIMM such as:
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with FC(r)n, the FC reallocated to the habitd, FC(nr),, the FC norre-allocation from the habitdt,

Oh1-n2 the mean of the medians of the posterior distributions of the relative contribution of thelifabitat
on the diet of the fish from the habits2 Southern and northern channels were merged in SIMMs as
they could not be differentiaden ther isotopiccompositions Nevertheless,asults were presented at

the scale of the habitétig. 1)to ease to comparison before and after thedlozation

ForP. flesusandL. limandg we used the samgasS.soleaas we assumesimilar swimming abilities
(Le Pape and Cognez, 8) and feeding behaviour betwettre threespecies. Moreover, the distribution
of P. flesusandL. limandaover the habitats was similar tloat of S.solea ForT. luscus we used the
sameUasM. merlangusWe also assumed that as gadifarbethspeiesalsohavesimilar swimming
abilities and feeding behaviour. F@. lyra and Pomatoschistusp., we did not rallocate the FC.
C.lyra was concentrated ithe estuary mouth anohost likely stayed there to fee@oncurrently, v

assumed very low mohili for the resident fish specid3pmatoschistusp.
Monthly dynamics of Food Consumption

Monthly fish data were analysed to estimate monB@yprovidng information on the dynamias the

FC between the two dates for which exploitation efficiewag estimatedbeginning and end of the
growth period. This was done sing fishdatacollected monthlyrom historic survey (Fig. 1). FC was
thusestimatedmonthly from May to Octobecovering, however, a smaller geographic scale than the
survey used in 201(Fig. 1) Estimates were realized at the bay swaikout any food reallocation,as

we deemed tha too uncertairfor the monthswithout isotopic sampling. The growth parametés,

eq. 2.1 and 2.2 were extracted from the growth models descritzmve For the diet composition
parameter (DC, e®), the proportions ofmacrofauna and harpacticoids DC weedected as follows:

for May and June, DC from the beginning of the growth period were attributed while for the other
months, values from the end of tip@wth period wereised

Food Production (FP) and the beginning and end of the growth season

FP is the quantity of food produced by benthic invertebrates over a certain period. Benthic invertebrates
species from the macrofauna are commonly observed in juvenile fish stomach contents in temperate
nursery(Le Mao, 1986; Morinet al, 1999; Amaraet al, 2001; Dolbethet al, 2008) as well as
meiofauna for smaller individua(®ihl, 1985; Gee, 1989; Coull, 1990; Aarribal, 1996; Andersest

al., 2005) Hence, the FP was estimated from these two compartments of potential prey.



Meiofauna is roughly composed of nematodes bhapacticoids copepods. Even if nematodes
abundant in the environment they are not exploited by juvenile fist5likeledJinadasat al, 1991)

Harpacticoids wrecollected in stomach content of small juvenile fidinderseret al, 2005; Amaraet

al., 2009)early in the growth season (between May and June). MorelBearatoschistusp. is also

known asa meiofauna consumgPihl, 1985; Doornbos and Twisk, 1987; Salgaatoal, 2004)

Harpacticoids were included in FP estimates by taking 2% of the total meiofauna bibleiases al,

1990; Chardy and Dauvin, 199)o estimate production of harpacticoids, we neededithgils mean
body weight which was found in the literature (+IgHeip et al., 1984; Sniet al., 1994; Widbom,
1984)
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with FPh,, the Food Production in each habliand periody, Bnsjthe mean biomass observed at the
date of the surveg in the habitath and for the specieg P/B,;, the productiofio-biomass ratio
estimating from an empirical mod@Brey, 2012)and b, a seasonal coefficient to transform annual
productionto-biomass ratio into monthly productiga-biomass ratioRR; a regeneration coéfient as
some species can regenerate from cropfiiableauet al, 2015)andE; the energy densit§Breyet al,
2010)

Productionto-biomass ratio refers to the production of an entire population over a yeat)(imyhis
study, weneeded to estimateP at twospecificperiods(June and Octobewyith one sample date per

period. To do that we estimatedmonthly productiorto-biomass ratio using coefficient®)( The
production period (defined as 1) in temperate estuary for benthic invertebrates lasts around seven

months (MarchApril to SegptemberOctober)(Beukema, 1974; Saulniet al., 2019) The production

to-biomass ratio is likely not constant over this period. However, to our knowledge, there is no study on
direct temporal variations of pragtionto-biomass ratio for benthic invertebrates in temperate
estuaries. Given this, we decided to adopt a precautionary approach and elaborated several scenarios
(Table 1). The first scenario ¢ assumed that productido-biomass ratio was constantesuvtime.

The annual productieto-biomass ratio was divided by the number of months within the period of
production (7 months). The second scen@fo2) assumed that productigo-biomass ratio varied

according to the variations of the relative biomaatiqrof monthly estimate to annual mean) from the
supplementary dbaulnier et al. (2020ased on the study of seasonality of benthic macrofauna biomass
(Saulnieret al,, 2019) For each month, we calculated the ratio of the relative biomass increase over the
total relative biomass increase betweeneagopri | an
was the mean between this ratio in May and June
mean between this ratio in August and September (2.5 %Yalibpaleof Sc2 was t o set [ s
productionto-biomass ratio would be at a higr value at the beginning of the growth season than at the

end. In some studies, harpacticoids (meiobenthic copepods) showed a seasonality in the abundance



(Rutledge and Fleeger, 1993; Dahms and Qian, 20@#) highestdensitiesin the warmer season
(Dahmsand Qian, 2004) [ f or harpacticoi ds werineSclsapdtSc2s i mi | a
However, meiobenthic copepods have shorter-twer and reproduce regulaf@€oull and Vernberg,
1975) Hence, a third scenario ¢&) assumed no seasonality in hai

seasonality in macrofaunaiv t e br at e s productivity.

Tablel: Summary of the Food Production scenarios used wi
and the end of the growth season. M: macrofauna; h: harpacticoids (meiobenthic copepods).

Brief description b References
Beginning End

Scl | Productivity (P/B  ratio) is - for both periods
constant over timei.e. no M and h
seasonality in the productivity

Sc2 | Productivity ratio varies ove 23 % 25% Beukema, 1974; Dahms and Qig
time within the period of Mandh M and h 2004; Saulnier et al., 2019
production for M and h

Sc3 | Productivity ratio varies ove] M:23 % M:2.5% Beukema, 1974; Coull and
time within the period of h: - h: - Vernberg, 1975; Saulnier et al.,
production only for M 2019

Exploitation efficiency (EE) and uncertainty analysis

EE is the part of thé-P which is consumed by juvenile fishe. EE (in %) is the ratio oFC over the
FP. We estimated EE fd&0 and G1 as follows

(6) 000t — pm@act Q0P — pmm

with FP(M and h)the FP of macrofauna invertebrates and harpacticaiad FP(M) the FP of

macrofauna invertebrates only.

Uncertainty in FP, FC and EE estimates were quantified through Miarte simulations (10000
iterations). Variables and parameters were divided into three cateJ@idsalet al, 2019b) (1) those
with quantifiable and high uncertayntor which probability distributions were defing@) thosewith
low uncertainty as they came from local surveys for which fixed values wergamk(B) thosavith
unquantifiable uncertainty for which fixed values were also used adopting a conseapativach to

minimize EE estimates. Details on uncertainty of variables and parameters are included in Material S4.



3.4 Results

3.4.1 2017 ayear with low densities for manyjuvenile fish cohorts
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Figure 2: Mean density (ind m?) calculated as the average of theonthly means from May of October by
fish species and cohort. Grey is for the 2002017 period and orange is for 2017 only.

Globally, 2017 was a year with densities of fisiver than theaverage estimated betwetre 2000
2017 period (Fig. 2). Densitiegere especially low in 2017 for both cohortsRofplatessaand GOT.
luscus There were exceptions fdd. merlangusG0O with mean densities in 20BImostfour times
higher than theneanof the 20062017 periodD. labraxG1 also showednean densities inGA7 higher
than that oR0002017 period (Fig. 2).

3.4.2 Monthly dynamics of FC between May and October in 2017

FC at the scalef the bay of Seingvas estimated between May and October using the monthly data

collected withinthe historic survey area in 2017 (Fig).

For the GO fish community, the FC at the sazfiehe bay increased from May to October with the
exception of September (FigA). FC resulted from the fish density and the individual body weight gain
(the two paramters that vary monthly ithe equation 2). Individuddody weight gain increased from
May to October as a function of fish length. In October, individual body weight is arountinire
higher than in May (Fig. 3B2Mean fish density increased from Mayapeak in August, dropped in
September and rebounded slightly in Octdlbég. 3BJ). In parallel,all specieq9 species included in
the study) were present on the area studied from Qulyra, D. labrax andL. limandawere absent

during the first moths (Fig.3B3).



For the G1 fish community, the FC at the sadilhebay was thdighest in June (Fig. 3Alt drastically
decreased in July and then stabilized for the rest of the studied period. Mean fish density also peaked in
June and then decreaseaatiuOctober(Fig. 3BJ). Individual body weight gain increased during the
season for all speadogically as fish grew (Fig. 3B2The number of fish species present in the area

was lower in August and SeptembBr platessandL. limandawere absent).

A. Monthly food consumption at the bay scale in 2017
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Figure 3: Monthly dynamics between May and October of (A) the Food Consumption of GO and G1 fish
and the main factors which drive FC: (B1) Mean density of fislspeciesn ind m (B2) mean individual body
weight gain between the beginning and the end oh¢ month in gind* and (B3) the number of species
present on the area of study over the number of species included in the study (9 for GO fish and 6 for G1
fish).



3.4.3 Spatially-explicit trophic carrying capacity in June and October2017

Food production in June and October

Scenarioson the seasonality of ratio P/B influenced greatly the FP estimates in both piegiods
beginning and end of the growth season for juvenile fish in nu(Begy4). Under $1 (no seasonality

in the P/B ratid.e. P/Bjune = P/Bucioner= 1/7 0f the annual P/B), FP were of the same order of magnitude

in both periodgFig. 4). FP estimates at the end of the growth season were slightly higher than at the
beginning. Under & (the ratio P/B varies seasonally) ara® &he ratio P/B vaes seasonally only for
macrofauna species), FP estimates were largely higher at the beginning of the growth season than at the
end. Differences between periods were accentuated ua2l@s$roductivity of harpacticoids was also

higher at the beginning the growth season, contrary to33Fig. 4).
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Figure 4: Food production reported to the habitat area(in kJ m?2 month?) at the beginning and the end of
the growth season for juvenile fish in nursery and by scenario of seasonality of production of macrofauna
(brown) and harpacticoids from the meiofauna (blue). In October, food production is only macrofauna
production. Thick black lines represent 50% of the confidence interval and thin black lines, the 95%
confidence interval of total FP estimated by Monte Carlo simulationsT he beginning of the growth season
for juvenile fish in the nursery corresponds toend of May/June the end to end of September/October.



FP, reported to the habitat ar€kJ m? month?), was the highest ithe intertidal mudflats at the
beginning and at the end of the growth season with 42% to 44% according to FP sdetlavies by

the estuarymouth(Fig. 4). At the end of the growth season, FP was the highest in the estuary mouth
under Scl and Sc2 (34% in both scenarios) and in northern channel under Sc3 (36%) (Fig. 4). The areas
of the different habitat greatly vary from 5 km?2 (intertidal mudflaas)10 km2 (estuary mouth). When
estimated for the entire area of each habitat, FP estimates were higher in the estuary mouth, which is

also the largest habitat (Fig. S1).

The proportion of FP attributed respectively to macrofaunthharpacticoidgariedamong habitats and

with the period, with the part of the macrofauna varying from O to 86% whereas the part of the
harpacticoids between 14 to 100% (Table S2). The estuary mouth was the habitat with the highest
macrofauna percentages, {8&] %. The navigabn channel was largely dominated by harpacticoids

(Table S2). Irthe three other habitats, the composition varied with the period and the FP scenario.
Fish consumption over the habitats in June and October
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Figure 5: Fish consumption (in GJmonth?) at the beginningand the end of the growth season for juvenile
fish in nursery and by cohort (top) none reallocated (.e. estimated using densities of fish collected in each
habitat) and (bottom) re-allocated {.e. estimated combining outputs from SIMM with FC none re-
allocated). Thick grey lines represent 50% of the confidence interval and thin grey lines, the 95% confidence
interval of total FP estimated by Monte Carlo simulations. Note that the y scales are different for GO (max
=300 GJ) and G1 (max= 2225 GJ).

FC reallocation allowthe estimation of FC in thatertidal mudflats, where sampling could not have
been done for fish. According to the values obtained, they were the secondihabitas of FC at the
beginning of the growth season for both GO and G1 and at the end of the growth seasqmwitr GO



around 20% of the total consumption realized by juvenile (4. 4B). FC estimatef the estuary
mouth were the highest observed &ll thecohortsnotwithstanding the sampling perioff&g. 4AB).

The reallocation of the FC in that habitat had the effect of decreasing the FC vatu@s%fon average
for all the cohorts from the two perio@sig. 4B).Hence, the rallocation of he FC had theffect of
balancingcontributionsamong habitats (except for the navigation chanpe8sumably representing
the actual consumption of figlirig. 4B). FC reallocation also affected the FC in the southern and
northern channels: FC was higherthe southern channel beforeakocation and, on the contrary, it
was higher in the northern channel aftealiecation (Fig. 4AB)Finally, in the cases of no-adlocation

or re-allocation of FC, the F@stimates for G1 fish were higher thithosefor GO fish at the beginning

of thegrowth season, whereas the reverse was obsatvihd end of thgrowth seaso(Fig. 4B).

Mean value of FC re-allocated (using stable isotopes mixing models outputs) per unit area
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Figure 6: Fish consumption (reallocatedi.e. estimated combining outputs from SIMM with FC none re
allocated) reported to thehabitat area(in kJ m2month) at the beginningand the end of the growth season
for juvenile fish in nursery and by cohort. Note that the y scales are different for each panel.

As mentioned for the FP, the differemttiitatsvary greatlyin their totalarea 6 km? to 110 km2)When

FC is reported to the habitat aréze. kJ.m? month'), the intertidal mudflatsbecome the main
contribubr to FC with 53 % and 66 %espectivelyat the beginning and the end of the growth season
for GO fish communityand 83 % and 54 % respectively at the beginning and the end gfathvéh
seasorior G1 fishcommunity (Fig. 6).

The GO fish FC split between the two prey compartments. At the beginning of the growth season, GO
fish FC on macrofauna was nearly equal to dfCmeiofauna (Table S3). At the end of the growth
season, onlyvomatoschistusp. had DC for harpacticoids with positives values which resulted in FC

on meiofauna only bifomatoschistusp. It was then between 0 and 20% (Table S3).
Exploitation efficiency over the habitats in June and October

Generally, EE estimates were highest at the end of the growth period for GO fish and the beginning for
G1 fish (Fig. 7). The mean value of EE estimates owenarios and habitats were 0.5 % and 7 % for
GO fish commuity and 21 % and 6 % for G1 fish, the beginning and the end of the growth period

respectively.



In the detail, the GO fish community show EE estimbtdgieen 5 to 20 times higher (depending on the

FP scenario) at the end of the growth season than agitsnbey: EE estimates never exceeded 1.5%

in the beginning of thegrowth season whereas it reached for instance 42% in one of the FP scenario
(Sc2).For G1 fish community, the differences between the two periods were most noticeable in Scl
with EE sometime reaching EE values70% (in the northern channel) in comparison to the two other
scenarios where EE values were in the same order of magn#d@®( Fig. 7). It is vorth mentioning

that the esults from 82 and $3 were very similar as only the FPifinanacrofauna species was included

in theEE ratio of G1 fishcommunity. The two scenarios are not eqiwe to MonteCarlo simulations

(Fig. Sc3).
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Figure 7: Mean estimates of EE for G(fish over both prey compartments (harpacticoids and macrofauna)
and G1 over macrofauna preyin each habitat at the beginning (blue) and thered (gold) of the growth season
by FP scenarios. The confidence intervals are not represented here for a better clarity in the figure but
incertitude around EE estimates generated by Mnte-Carlo simulations are presented in Figures S2A and

S2B.

As FC of GO fish was divided over both compartments of greyharpacticoids and macrofauna), we

also estimated EE for both compartments (Fig. S3). Thus,meétn values that did not exceed&d,

EE estimates of GO over harpacticoids were much lower than the ones over macrofauna, especially in
northern part of the estuary at the end of the growth period \Bterstimates reached almost 85% in

the intertidal mudflateround 10% in the northeomannelunder $2 and $3). Comparison of the EE



among the habitats showed the same pattern for the GO and G1 fish communities, with higher EE values
in the northern channel (NC) and intertidal mudflats (IM) at the beginning of the growth season and
higher EE values in the intertidal mudflats at the end of the growth sef@iggng2A and SB).

FC reallocation over the habitats modified the conclusions on EE spatial repartition (Fig/f&4no
re-allocation of Fds done the navigation channshowartificially very high values of mean estimates
of EE This isespeciallyobservabldor G1 as FP by macrofauna was very low in this habiat-C
was estimated high.

3.5 Discussion

3.5.1 Intertidal mudflats and abtidal marine habitat: main contributors to trophic
carrying capacity

Assuming that habitats showing the highest FP and FC values are main contributors to the trophic
carrying capacity, we then consider the estuary mouth and the intertidal mudflats as essential habitats
contributing to the trophic carryingapacity of the bay of Seine.

Estuary mouth and intertidal mudflats: food resource providers

The estuary mouth was the largest habitat and presented the highest production values at both periods
whatever the FP scenar@md even \Wwen reported tés area Supported by the fine saniébra alba

Lagis korenicommunity(Thiébautet al, 1997) it was already described as the most productive habitat

at the annual scal€Saulnieret al, 2020) or presenting the highest biomassdsntacrobenthic
invertebrategThiébautet al, 1997; Dauvin and Desroy, 2005)he average monthly production
calculated (see Sc. 1) from thanual FRestimated for this habitat yaulnier et al. (202Metween

2008 and 201éangedrom 50to 170 kJm™. The 2017 estimates our study were in the same order of
magnitude witlL00 kJm?and 200 kdn2 at the beginning and the end of the growth period respectively

The intetidal mudflats was also a productive habitat relatively to its small area (20 times smaller than
estuary mouth), especially at the beginning ofdhmwth seasanThe production wadominatedby
Hediste diversicoloand Corophium volutatarthe two main gecies composingntertidal mudflats
community (Baffreau et al, 2017) On the contrary, the navigation chahmpresented the lowest
macrobenthic productiovalues: that habitat is regularly dredged to allow access to Rouen harbour, a
major French harbour. However, the harpactisgbroduction seemed less affected by the regular

defaunatiorof the navigation channel



Contribution of harpacticoids copepods to FP

Harpacticods productionvalues were around the same order magnitude of themacrobenthic
productionvalues in all habitats (except in the estuary mouttese valuearevery high compared to
literaturedata IndeedHeip et al(1984)estimated that the production of macrofauna was similar to the
total production of meiofaunancludingnematodes and copepbdrpacticoids (represeng 2% of the
meiobenthic communitin herg. Production stems from three main parameters: produtiibiomass
ratio, mean individual body weight and biomass. Produdtdsiomass ratio estimated for
harpaticoids (Brey, 2013 was around 28 yrwhich is in the high range of literatudata(Heip et al,
1984, 1990)ut still coherent for harpacticoidgslerman and Heip, 1985Mean individual weight was
also in the rage of the values from the literatui/idbom, 1984; Smoét al, 1994) Neverthelesshe
biomass estimates of meiobenthic community veteveerb to 10 times highethan thoseneasured

in other European estuasigHuyset al, 1992; Smokt al, 1994)Therefore, it is most likely that biomass
values recorded during our study were or really very high or overestimated leading to caution

consideringhis part of the food supply.
Re-allocation of FC

Before reallocation, FC estimates assumed that fish collected in a habitat were the only ones that
consumed within a habitat. Theaocation of the FC over the habitats of the estuary made possible to
go beyond this hypothesis and allowed the consumati a habitat to come from individuals from other
habitats. FC consumption was-akocated combining the results obtained from thediergetic
approach with the outputs from SIM{@ay et al., 2020a)lhe main effect of this rallocation was the
attribution of the FC of juvenile fish to the intertidal mudflats, where no sampling could have done but
which was expected to constitute a major feeding haj@abral, 2000; Day et al., 2020a; Laffaille et

al., 2001; Morin et al., 1999 hoices made for SIMM affected the results ehllecation. Primary
consumer s’ opes tatiodile.esources oft SIMM) from northern and southern channels
overlapped which led to the merge of these habitats as a single habitat in(BéwMt al., 2020a)

Hence, FC rallocated to these two channels weregoriori equally distributed. It also probably
explained why the FC in the southern channel decreased afidocation whereas the one in the
northern channel increased. We likely undstimated the FC in the southern channel and-over
estimated it in the northern channel. One solution to overcome this issue could be the use other
environmental markers. A Bayesian mixing model recently devel@sdllitaud et al., 2019uses both

stable isotopes and organic contamination and could improve the fine distribution of fish and then FC
over southern and northern channels, the latter supposed to be more contaminated due to its proximity

to Le Have harbour.

When studying trophic carrying capacity, the community scale is recomméghalgléau et al., 2016)

as the inclusion of all predators consuming benthic prey in FP improves the EE estimates. We chose to



re-allocate FC over habitats using SIMM. To do so, stable isotopic composition data were needed.
Habitat s’ ewstuary wspedfic, accotdimg to their ecological niches and their potential
swimming abilities(Day et al., 2020a)ut isotopic compositions weretrassessed for some of them

since they were not sampled. Hence, we used pseameters (rallocation parameter) &. soledor

P. flesusandL. limandaand those o. merlangudor T. luscus The species for which specific isotopic
compositions were lained represented more than the half of the biomass of the juvenile fish
community in 2017(Day et al., 2020apiving a good confidence to our resulidevertheless, this
extrapolation may be questionable particularlyPoflesuswhiche x hi bi t ed h#@and over | ¢
SN ratios between three distinct areas in the Gironde estuary (Bay of Biscay), contBasplta

(Selleslagh etal.,2015) Mor eover, GO's feeding mayasabseoadr i n t
in the Lima estuary, Portugélendes et al., 2020)

Relative spatial concordance between FP and FC, food limitation in upstream habitats?

After re-allocation, the consumption of juvenile fish was the highest in the habitats where prey
production was also the highdst. the estuary mouth for the total consumption and the intertidal
mudflats when reported to the habitat afidaus, FP and FCoarselycoincidespatially. This result was

also found in other coastal nurseries such as the bay of \fEafdeauet al, 2016)

It is noteworthy thaEE estimates showed great differences among habitats, which means that the spatial
agreement between both parts of EE was relative. EE estimates were particulaitythggmtertidal
mudflats and the northern channel. These two habitats are contiguous on the northern inner part of the
estuary. At the beginning of the growth period, intertidal mudflats present higher temperature and high
levels of prey biomass and déggDay et al., 2020ags well as the highest prey production level of the
estuary. The trophic argument is probably responsible for the attractivafribss habitat. At the end

of the growth period, the prey production in intertidal mudflats was not as attractive but the northern
channel showed high prey production relatively to other habitats in October. It is then unclear why the
intertidal mudflatsupported a high predation pressure from juvenile fish at the end of the growth season
but it anyhow resulted in very high EE estimates, in particular over the benthic macrofauna. The value
of 85 % for the EE in intertidal mudflats based on the consumetionly GO suggested that the trophic

carrying capacity is likely to be reached there.
3.5.2 Identification of period most likely food-limited

GO fish most likely foodlimited at the end of the growth season

In the absence of threshold valuading on trophiclimitation, we used Tableau et al.(2019)
interpretations and identified the highest values of &feyillot et al., 201Bto identify the period and
habitats under potential trophic limitatidfor the GO fish community, EE esates were higrstat the
end of the growth perigdhotwithstanding thé-P scenarigssuggesting thatrophic limitation most



likely happened at the end of the grovariod This was reinforced by the fact thhe two habitats
thatdisplayedthe highest € are also the two that supportig® mosimportant prey production.

GO fish settle on nurseries in spring, early summer, according to hydrodynamics conditions during
reproduction and earl§fe stages(Rochetteet al, 2010) At their arrival on nursery, their individual
energetic needs are very loine( proportional to their size, < 30 mm) but they are numerous. During
this period, feeding conditions seemed optimal with high food resources in early summer supported by
high productivity of benthic invertebrates in temperate estu¢dednieret al, 2019) Indeed, the time
overlap between prey and predators when larvae settle is essential to the nursery(fDhetitlot et

al., 2017) The settlement (and metamorphosis for flatfish species) phase of juismnile nursery is

often described as very sensitive to denrdépendence moritf (van der Veeet al, 1991)induced by
predation(van der Veeet al, 1991; Gefferet al, 2011) In the Wadden and Irish seas nurseries, shrimps
are apex predatsfor newly settleP. platessaandP. flesugvan der Veer and Bergman, 1987; van der
Veeret al, 1991; Geffenet al, 2011) Hence, predatiomight be the main cause direct mortality

right after settlement for GO fish, at the beginning of the growth period, dampening variability-in year
class strengttfvan der Veer and Bergman, 1987; van der \&eal, 1991) It is noteworthy that
predation occurred all along the growth period by crustaceans angdisider Veer and Bergman,
1987; Ellis and Gibson, 1995} the beginningf the growth season anthen by birdgLeopoldet al,

1998)or sealdn certain coastal bay#artset al, 2019)

At the end of the growth season, EE estimates rose thb at the bay scale but reached 85% for the
macrofauna onlyn the intertidal mudflats. With mean individual body weigkgarlyfive times higher
than in early summer, GO individuahergeticneedsand their consumptioimcreased accordinglyn
parallel, following the productivity seasonal hypothes&2( and $3), food production is reduced

compared to the beginning of the growth seasars generating a double penatiyautumn.

Augustcorresponded to the peak of density for GO juverdle fesulting in FC at the scale of the entire
bay almost as high as in October. In Port Erin Bayplatessaeached a peak in consumption rate at
the end of JubAugust(Nashet al, 2007) In parallel, this seasamas often characterized by a growth
reduction, estimated frothhe comparison of optimal growth rate (under optimal food and temperature
conditions) with realized growth rate by flatfish spediethe Wadden Sedealet al, 2008; van der
Veeret al, 2010; Freitagt al, 2012; Poieset al, 2018) Some authors suggested that this was due to
potential food limitation(Teal et al, 2008)or reduction in prey activity during summg@man der Veer

et al, 2016) However, the link between summer growth reduction of juvenile fish and food has not
beendirectly studied ye{(Ciotti et al, 2014) Estimates of FP in this season (for example end of
July/beginning of August) would greatly help to understand if trophic liraiiastarted in summer due

to trophic competition leading to growth reduction and then, resulting in the observation of higher EE

estimates in autumn.



In theory, flatfish GO fish arrive in nursery ground at the beginning of the growth period and thus their
abundancepeak in May or JunéNashet al, 2007) Abundance then decreases through the growth
season with densigiependent mortalitfvan der Veeet al, 1991)caused by predation and/or trophic
limitation. At the end of the growth season, juvenile fish migratefthe nursery grounfibr the winter.

In this study, we observed, notably fsolea(major species in 2017 and economically valuable)-inter
month variations of abundance with abundance in July and October around the same value. It was also
the case over the 15 last ygaFhis species isuryhaline and its distribution may go beyothe study

area over upstream estualtywould be very informative to extend the area of survey to match better
the area of distribution of species in order to have a better insight of the total number of individuals and
avoid confusion between migratiand mortality. With these data, we could use the sampling in October
with the survivors from the growth season to estimate the number of fish initially present under optimal
growth. We then could compare it to the actual number of fish at the beginrivggrbwth season.

G1 fish most likely foodlimited at the beginning of the growth season

For G1 fish community, we observed the pattern opptsiteat ofGO fish community: EE estimates

were much higher at the beginning of the growth sef&@ft)than & the end althougtheywere still

high (6%). As for GO fish, mechanisms that explained monthly variations of FC were growth resulting

in an increase of individuals needs and fish density. In spring, G1 fish were already near or on the nursery
ground withthe peak of density in June. After, the density dropped which could be due to high mortality
or emigration of fish to deeper aredgSmigration is more likely as (1) mortality decresséth fish
length(Nash and Geffen, 2012nd (2)in July,trophic @mpetitionwith GO in the estuary may increase

due GO ontogenetic shift in digdarnio et al, 1996; Amaraet al, 2001)

However, even if G1 fish partly migratéolwards deeper areas to feed, some individuals stayed on the
area of studyWith predatory benthic invertebrates.g Crangon crangonLiocarcinusspp.) they
increasedredation pressure on macrobenthic fa(fial, 1985) Saulnier et al. (2020stimated that

the consumption of predatory invertebrates equalled the one of fish in the bay if Seine-202008
Moreover, in the intertidal mudflats, birds akscert predatory pressure atoimpete with juvenile fish

for the macrofaunal resourc@iRosaet al, 2008; Horret al, 2017) This predation pressure has never
been estimated for the Seine estuary to our best knowledge but could improve our understanding of
trophic carrying capacity of intertidaludflats in this ecosystem, which already seemed heavily used

by fish.

Seasonal dynamics of production supported trophic carrying capacity in estuary

Both intertidal and subtidal habitats supported the production of prey of the nursery. Coarsely, local
mainprimary producers of intertidal mudflats are microphytobenthos that is biofitnicobalgaesuch
asdiatoms and cyanobacteria, living associated with the sedifWohlgemuth, 1970)in the subtidal

habitats, the main primary producer is pelagic with the phytoplankton. However, microphytobenthos is



also the source of carbon for consumers located in the subtidal part of tidal estuary, consumed through
tidal exports of microphytobenthos to subtidal habifstskoyamaet al, 2009; Kanget al, 2015)or
through the movements of motile consumers to intertidal (Bang et al, 2015) It highlighted the

importance of integrate both compartments when studying trophic carrying capacity of nursey.

In spiing, phytoplanktonic bloonfHeip et al, 1995 Glé et al, 2008)but also of microphytobenthos

bloom (Savelliet al, 2018)supported the secondary prey production, element of the trophic carrying
capacity. Drivers of this production are mainly biotic : light, temperature, nutrients carried by river
dischargdHeipet al, 1995; Gléet al, 2008) Another determinant in the seasonality of trophic carrying
capacity is the synchrony between prey peak of production and fish demand in energy. In the Gironde
estuary,Cheuillot et al. 2017)demonstrated shift in the pelagic food web of the estuary caused by aa

earlier peak in zooplankton production threatening the nursery sustainability.
3.5.3 Under estimations of EE by the model

EE were probably understimatedas suggestedy Tableau et al. (2019) a®hulnier et al. (2020FC

were undesestimated by choosing values whimerestimae catch efficiewy (q) and gross efficiency

(K). Moreover, all predators were not includéd.(predatory invertebrates which caapresent the half

of the total consumptiofSaulnieret al, 2020). FP was oveestimated, especially ai macrobenthic
invertebrates were considered available for the juvenile fish to feed. According to the optimal foraging
theory(MacArthur and Pianka, 19663 predator tends to maximise the ratio between energy benefice
and handling and searching time. Hence, prey burrowed in the sediment or able to escape from predation
are less available to juvenile fihableauet al, 2015; van der Veast al, 2016) Tableau et ali2015)
proposed a method to estimate prey accessibility to predator fish based ofurmtiynal traits
(burrowingdepth and mobility) and gut contents. Taking into account this parameter ledifiaait
increase in EE estimates in the bay of Vilajableauet al, 2019b) Prey accessibility also depends

on predator foraging behaviour. In gut contents ofS>€oleg only bivalve molluscssiphons were

found whereas foP. platessa bivalve were found whole (pers. comm. Bastien Chouquet, CSLN).
Furthermore, accessibility is likely to vary with fish ontogeny and prey behavioural changes in the
season, such as a summer reduction of prey activity resulting to a reductiair iavailability to
juvenile fish(van der Veeet al, 2016) Further investigations should be carry out to suggest seasonal
coefficients of prey accessibility but would largely impedhie estimation axploitation efficiency by

juvenile nurseries.

Finally, in this studyve used growth rates varying with the season but estimated using mean fish length
evolution with days over 15 years. Food limitation can affect individuals thragylction of growth.
Hence, i food limitation occurred and affected growth rate of juvenile fish, by taking a mean growth
rate over a 15 years period, we would have-@gimated this parameter. An oxestimation of growth

rate would lead to an ovestimation of FC and thus higher EE estimates. This could be problematic as



we based our choices to undistimate EE to be sure to estimate EE at its lowest value. Moreover,
changes in mean length over the growth season can be associated to changes iratgo\ah we
assumed) but also immigration of small fish and emigration of large fish at the beginning and the end of
the growth period(Ciotti et al, 2014) or apparent pwth rates of survival fisHiLe Pape and
Bonhommeau, 2015)ndividual growth predictions based on otoliths microstructure analysis would be

a solution to overcome this issue and &stiigrowth rates for each peri@@oieszet al, 2018)
3.5.4 Conclusion

We studied the trophic carrying capacity during two potentially sensitive géoigdivenile fish within
nurseries: possettlement period at the beginning of the growth season on nursery and at the end of the
growth season in nearly autumn. It appeared that if trophic limitation occurred, it would be more likely
at the end of the gwth season for GO bentltemersal fish community when food resources are low
and individual needs are the highest eondverselyat the beginning of the growth season for G1 bentho
demersal fish when abundances are high before potential massive immighkattbe annual scale,
recent studies also supported the trophic food limitation or the reach of trophic carrying capacity in
several French estuariéShevillot et al, 2019; Tableawt al, 2019b; Sauler et al, 2020) At the
nurseryscale, estuary mouth is the largest provider of food resources for juvenile fish altnaxigtal

trophic carrying capacity was probably not reacimetthat habitatintertidal mudflatsarealsohabitats

of food resoures providerMaximal trophic carrying capacity is most likely to be reached wlith
highest values dEE estimated in this habitaDur conclusions are based on a single .yElais particular

year showed on average lower fish densities than the prevoyesats as well as levels of production

in the same order of magnitude of 2E8&L0 period Saulnieret al, 2020) Hence, it could be expected

that years with higher fish densities would induce more trophic competition leading to higher EE

estimates.

Mechanisms controlling fish densitiese. trophic competition (intra and/or interspecific) and
predation for the main ongact at thefine scales studied in this study. Hence, we underline the
importance and coherence of studyiraphic carrying capaty atthesescalesOur study provides EE
estimates that tend to show that food limitation occurs for some habitat, period and age group
community Lastly, processes underlying densigpendence mortality are probablyawurring and

not exclusive(Walters and Juanes, 1993) mortality through predation is main factor of GO fish
density regulation just after settlemdman der Veer and Bergman, 1987; van der \&al, 1991,
Geffenet al, 2011) it does not exclude also fodichitation which in turn can increase fish activity,

leading to greater exposure to predatigtyers and Cadigan, 1993; Bist al, 2003)



3.6 Perspectives

Providing EE data at spattemporal scale his studywill enrich the previous ones using the same
model of trophic carrying capity (Tableauet al, 2019b; Saulnieet al, 2020)in order to define
threshold values toule on whether or not food limitation occuts the curent absence of such a
thresholdthe EE estimatesould be linked toother datalikely affectedby food limitation. Food
limitation can have notethal repercussions on juvenile fighd.decline in growth or condition) and/or
lethal implications (mortalif). Assuming that food limitation caused growth decline or mortality,

linking intensity of these processes to EE estimates would help to interpret absolute values.

Finally, in a context of climate and major environnachanges in a next step of this study would be

to investigate and quantify the effect of the environment on the trophic carrying capacity. Climate
change affect phenology of spec{@arantet al, 2007)and then could induce spatial and/or temporal
mismatch in preypredator relationshifBeaugranekt al, 2003; Durangt al, 2007; Siddoret al, 2013,
Chevillot et al, 2017) By studyingthe link between trophic carrying capacity and environalent
changes, we could attempt to predict changes in population of juvenile fish regulation in coastal and

estuarine nurseries.
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3.8 Supplementary material

Table St Dates of data collection in 2017

A. Prey: grab surveys

trophic capacity

Periods selected to stuq Days of data collection

Fish arrival on nursery

17 and 18/05 in EM, SC and NC
17 to 25/05 in NAV and IM

End of the growth season

19/09 in EM, SC and NC
810 12/10 in NAV and IM

B. Fish: trawl surveys

Months Periods selected to stuc Days of data collection for hauls i Days of data collection for
trophic capacity the historic survey area supplementary hauls in the maringtpa|
May 9 and 10/05
June Fish arrival on nursery 10 and 14/06 17 and 18/06
July 13 and 17/07
August 11 and 14/08
September 5 and 7/09
October End of the growth season| 10 and 12/10 13 and 14/10




Table S2 Composition of the Food Production in each habitat and by FP scenarios: macrofauna and
harpacticoids (meiobenthic copepods) in percentages calculated using mean values of all parameters.
EM: estuary mouth, SC: southern channel, NC: northern channel, NA¥gation channel, IM:
intertidal mudflats. S1: no seasonality in the ratio IR¥BP/Bune = P/Boctover= 1/7 of the annual P/B, S2:

the ratio P/B varies seasonally, S3: the ratio P/B varies seasonally only for macrofauna species.

Scenario| Habitat | Macrofauna harpacticoids| Macrofaunaharpacticoids
percentages at the percentages at the end o
beginning of the growth the growth season (%)
season (%)
S1 EM 78-22 86-14
SC 35-65 61-39
NAV 0-100 0-100
NC 8-92 53-47
IM 52-48 46-54
S2 EM 78-22 86-14
SC 35-65 61-39
NAV 0-100 0-100
NC 8-92 53-47
IM 52-48 46-54
S3 EM 85-15 51-49
SC 47-53 21-79
NAV 0-100 0-100
NC 13-87 17-83
IM 64-36 13-87




Table S3 Percentages of macrofaurend harpacticoids (meiobenthic copepods) of the Food
Consumption of GO fish by habitat in June and October, calculated using mean values of all parameters.
EM: estuary mouth, SC: southern channel, NC: northern channel, NAV: navigation channel, IM:

intertidal mudflats.

Note that in October, onlfPomatoschistusp. consumed harpacticoids, whereas in J&nsoleg
P. platessaP. flesus L. limanda D. labraxandPomatoschistusp. consumed harpacticoids.

Macrofaunaharpacticoids Macrofaunaharpacticoids

percentages at the beging of | percentages at the end of th

the growth season (%) growth season (%)
EM 49-51 96-4
SC 58-42 93-7
NAV 40-60 80-20
NC 59-41 97-3

IM 59-41 100-0




Figure S1 Food production (inGJmonth?) at thebeginning and the end of the growth season for
juvenile fish in nursery and by scenario of seasonality of production of macrofauna (brown) and
harpacticoids from the meiofauna (blue). Thick black lines represent 50% of the confidence interval and

thin blad lines, the 95% confidence interval of total FP estéddy Monte Carlo simulations.
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Chapitre 3. Capacité trophique a fines échelles 3.8 Supplementary material

Figure S2 Exploitation efficiency in each habitat at the beginning and the end of the growth season for
juvenile fish in nursery by Food Production scengBol b Sc3) Thick grey lines represent 50% of

the confidence interval and thin grey lines, the 95% confidence interval of total FP estimated by Monte
Carlo simulations*NAV: EE estimates of GO fish on macrofauna prey (D) were excluded from the

figure to clarfy it.
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Figure S3 Mean estimates of EE for Giver both prey compartments (A) FC of harpacticoids by GO
fish over FP of harpacticoids and (B) FC of macrofauna by GO fish over FP of macrofaeazh
habitat at the beginning (blue) and timel €gold) of the growth seasby FP scenarm

*NAV: EE mea values of GO fish on macrofauna prey were excluded from the figure to clarify it; FP

of macrofauna in NAV was extremely low in autumn and FC was only realized by species for which FC
was not reallocated from SIMM Pomatoschitusp. andC. lyra). The raio of the two values resulted
in extremely high values in autumn (between 200 and 1200 %@&ahabt be interpreted
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Figure S4 Mean estimates of Elithout FC re-allocation for GO fish and G1 fish in each habitat at

the beginning (blue) and the end (gold) of the growth season for juvenile fish in nursery by FP scenarios.
EE for GO fish is the ratio between the FC of GO fish and the FP of both macrofauna species and
harpactioids (meiobenthic copepods). EE for G1 fish is the ratio between the FC of G1 fish and the FP
of macrofauna species. Gr.Season.beginning is the beginning of the growth season for juvenile fish in
the nursery (end of May/June) and Gr.Season.end is the emud of September/October). The
confidence intervals are not represented here for a better clarity in the figure.
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Materiel S1: Literature data collection for juvenile fish.

Literature data collection was based on the data collection realiSablmawet al.(2019) and Saulnier

et al. (2020) In this study, we added two species to the ones already present in these two studies: sea
bas (Dicentrarchus labrax and European floundePlatichthys flesus For each parameter, a brief
description of the collection byableauet al. (2019) and Saulniest al. (2020)was provided and the

new values for sea bass and flounder were detailed.

Lengthweightrelationshipcoefficients a and b

a andb were estimated from local data i.e. the data collected in the historic survey area from 2000 to

2017 for each fish cohort as describedrapleauet al. (2019)

E: Energy density (kJQ

Energy density for fish was extracted fr@pitzet al.(2010) following the procedure of data collection
of Saulnieret al, (2020) The values of mean and standard deviatioP&rciformes were attributed to

D. labraxand the values for Pleuronectiforme$tdlesus

Table MS1.1: Energy density (E, kJ.g) for each taxa.

Taxa E E (sd)
(mean)
Pleuronectiformey 5.743 0.483
Gadiformes 4.66 0.587
Perciformes 5.783 0.606

K: Gross conversion efficiency

Tableau et al. (2019ollected 189 data of gross conversion efficiency of juvenile fish at optimal
temperature from 31 references in aquaculture journals (see references in Supplement S2). Values were
grouped at the family (Gadidae, Pleuronectidae, Soleidae) or order (Perciformes). The values of mean
and standard deviation for Perciformes were attribut&l tabraxand the values for Pleuronectidae to

P. flesus



Table M S1.2: Gross conversiomfficiency (K, unitless) for each taxa.

Taxa K K (sd)
(mean)

Soleidae 0.197 0.0675

Pleuronectidag 0.316 0.0792

Gadidae 0.385 0.072

Perciformes | 0.321 0.0969

q: catch efficience

Data oncatch efficiencywere collected in the literatu(Rogers and Lockwood, 1989; Hamerlynck and
Hostens, 1993; Reist al, 2006) We attributed the catch efficiency value (0.50) foundTfduscus
and M. merlangugHamerlynck and Hostens, 199®) D. labrax based on a criterion of close body
shape which probably influence their escape probability from beam td&vlattributedthe catch

efficiency valug(0.38)foundfor P. platessandL. limandato P. flesusbased on the same criterion.

Table MS1.3 catch efficiency (g, unitless) for each taxa.

Taxa q
Soleidae 0.275
Pleuronectidae 0.38
GadidaeandD. labrax 0.5
C.lyra 0.45
Pomatoschistus 0.58




Materiel S2: Model selection growth

During the first year of the nursery season, growth rate increases at the beginning, then stabilises and
finally declines until the end as reviewed RarplatessgCiotti et al., 2014Fig S2.) and also described
for other speciefAmara, 2003; Teatt al, 2008)

Growth rate

B

Settlement Late summer/
autumn

Time during the nursery season

Figure MS2.1: Growth rate evolution of juvenile plaice through the nursery season, from settlement to

autumn (adapted from Ciotti et al., 2014).

As the timing of growth declines vary spatia(@iotti et al, 2013b) we decided to use local data to
estimate growth rates at the beginning and at the end of the growth period. We used length data from
the monthly historic survey from 20@6 2017 (unpublished data yefor each month and each year,

we calculatedhe mean date of collection and the mean length.

Daily growth rates for each period were estimated by modelling the evolution of mean fish length as a
function of time and extracting growth rates for each period. We tested different models ttemgitiel

(L) evolution withtime (t):
M1 assumed a constant growth rate over the year.
x  M1: linear regressiowith the following equationd 0 | o -x 0 rip

o and B are the coefficients of hemnssunipiionthadtheyr egr e

are normally distributed.
M2, M3, M4 and M5 assumed a varying growth rate over the year.

x M2 linear regression with an effect peridddiy, | n 1 o0zr f -x O 1ip
The slope and therdinate to the origicould vay between the two periods.

x M3: Von Bertalanffy growth function with nelinear regression usingn-linear least squares

(nls) procedurew 66  0HIp Q

LH is theasymptotidength, Kthe growth coefficientipthe value used to calculate size wtigne is

Zera



Al

were verified graphically. Best model was selected using AIC critésiea fish cohort details after

procedure’O0

procedured YO

model s wer e

O

M5: logistic regressionwith nortlinear regression usingoninear leastsquares(nls)

o]

run and

M4: Gompertzgrowth function with nodinear regression usingon-linear least squargsls)

model s

assumptions

(noi

Table S2.1) Growth rates were extracted for each period either the coefficients estimated (in case of

M1 or M2 as the best model) or the derivative of the modelled function using estimated parameters (in

case of M3, M4 or M as the best model). Growth rates estimated for each period are presented in Table

S2.1.

Table MS2.1: Estimated growth rates) at the beginning and the end of the growth period for fish cohort.

Cohort | Species "O(beginning of the "O(endof the growth
growth period period
GO Solea solea 0,0556 0,0421
Pleuronectes platessa 0,0549 0,0211
Limanda limanda 0,0452 0,0065
Platichthys flesus 0,0353 0,0491
Dicentrarchus labrax 0,0331 0,0474
Callionymus lyra 0,0685 0,0088
Merlangius merlangus 0,0313 0,0688
Trisopterus luscus 0,0735 0,054
Gl Solea solea 0,0587 0,0376
Pleuronectes platessa 0,0669 0,0153
Limanda limanda 0,044 0,0268
Platichthys flesus 0,0444 0,0444
Dicentrarchus labrax 0,0555 0,0293
Callionymus lyra 0,0552 0,0255
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model Residualgvisual check) AIC "O(spring) "O(autumn)
:\:ql(y -%) ok 238,2 0,056
M2
Im (y ~ x * season) ok 224,1 0,0424 0,0418
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L. limanda GO
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D. labrax GO

model Residualgvisual check) AlC "O(spring) "O(autumn)
M1

Im (y ~ X) ok 1757 0,0431

M2

Im (y ~ x * season) ok 157,3 -0,011 0,0399
M3 Convergence not achieve(

nis (y ~ VB(x))

M3.log Convergence not achieve(

nis (n(y) ~In(VB(x)))
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nis (y ~ G(x)) 174,6 0,0329 0,0502
M4.log Convergence not achieve(

nis (n(y) ~In(G(x)))

M5 ok

nis (y ~ L(x)) 173,6 0,0331 0,0474
M5.log Convergence not achieve(

nis (n(y) ~ In(L(x)))

Best model according to Akaike criteria was M2. However, using @2t the

M. merlangusGO

beginning of the growth period was negative probably due to the few numbers of points M2 residuals

and the potential inteainnual delay in GM. labrax arrival on nursery. Hence, we

choose M5 to estimate growth rates for @dabrax
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T. luscusGO
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model Residualgvisual check) AlC "O(spring) "O(autumn)
M1 Overestimations of low
Im (y ~ x) and high lengths 319,6 0,0555
M2 ok
Im (y ~ x * season) 317,6 0,0735 0,054
M3 ok
nls (y ~ VB(x)) 317,8 0,0672 0,0411
M3.log ok
nis (n(y) ~ In(VB(x))) 330,2 0,0712 0,0367
M4 ok
nils (y ~ G(x)) 320,1 0,0652 0,039
M4.log ok
nls (n(y) ~In(G(x))) 332 0,0736 0,0299
M5 ok
nls (y ~ L(x)) 322,5 0,062 0,0381
M5.log ok
nis (n(y) ~In(L(x))) 334,5 0,0744 0,0241
M2 residuals
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model Residualgvisual check) | AIC "O(spring) "O(autumn)
M1 Overestimations of low
Im (y ~ x) and high lengths 101,6 0,029
M2 Non homogenous
Im (y ~ X * season) 93,4 0,1454 0,0153
M3 ok
nls (y ~ VB(X)) 86,1 0,3412 0,0099
M3.log ok
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M4 ok
nis (y ~ G(x)) 85,9 0,0805 0,0096
M4.log ok
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M5 ok
nls (y ~ L(x)) 85,7 0,0683 0,0092
M5.log ok
nis (n(y) ~In(L(x))) 84,2 0,0685 0,0088

Best model according to Akaike criteria was M4.log. However, using MZMgere very
different (high value in spring and low value in autumn) which is far from what can be fc
in literature. This was also probably due to the few numbers of poirite &eginning of the
nursery season. Hence, we choose M5.log (with AIC just 0.2 superior to the one of M4.1i
estimate growth rates for GD lyra.
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model Residualgvisual check) | AIC "O(spring) "O(autumn)

M1 Overestimations of low

Im (y ~ x) lengths 322,6 0,0459

M2 ok

Im (y ~ x * season) 312,3 0,059 0,0131

M3 ok

nls (y ~ VB(X)) 312,1 0,066 0,0231

M3.log ok

nis (n(y) ~ In(VB(x))) 315,2 0,0647 0,0245

M4 ok

nils (y ~ G(x)) 311,8 0,0667 0,0217

M4.log ok

nls (n(y) ~In(G(x))) 3149 0,0655 0,0229

M5 ok

nis (y ~ L(x)) 311,6 0,0669 0,0153

M5.log ok

nis (n(y) ~In(L(x))) 314,8 0,0661 0,0213
M5 residuals

Resids - NLS logit (M5) QQplot Resids vs Fitted Obs. vs Fitted
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model Residualgvisual check) AlC "O(spring) "O(autumn)

M1

Im (y ~ X) ok 2445 0,0275

M2 ok

Im (y ~ x * season) 242 0,044 0,0268

M3 Convergence naichieved

nis (y ~ VB(x))

M3.log ok

nis (n(y) ~ In(VB(x))) 248,8 0,0379 0,0132

M4 ok

nils (y ~ G(x)) 2437 0,0367 0,0148

M4.log ok

nis (n(y) ~In(G(x))) 248,9 0,0382 0,0126

M5 ok

nis (y ~ L(x)) 2443 0,0369 0,0123
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M2 residuals
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model Residualgvisual check) AIC "O(spring) "O(autumn)
M1 ok

Im (y ~ x) 263,3 0,0444

M2 ok

Im (y ~ X * season) 265 0,0424 0,0364
M3 Convergence not achieve

nis (y ~ VB(x))

M3.log Convergence not achieve

nis (n(y) ~ In(VB(x)))

M4 Convergence not achieve

nis (y ~ G(x))

M4.log Convergence not achieve

nis (In(y) ~ In(G(x)))

M5 ok

nis (y ~ L(x)) 265,1 0,044 0,0372
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D. labraxG1

10.01

Days

model Residualgvisual check) AlC "O(spring) "O(autumn)
M1
Im (y ~ X) ok 2315 0,0501
M2
Im (y ~ x * season) ok 2229 0,0414 0,0322
M3 Convergence ng
nis (y ~ VB(x)) achieved
M3.log Convergence ng
nis (n(y) ~In(VB(x))) | achieved
M4 ok
nis (y ~ G(x)) 230 0,0565 0,0409
M4.log ok
nis (n(y) ~In(G(x))) 227,7 0,0518 0,047
M5 ok
nis (y ~ L(x)) 218,4 0,0555 0,0293
M5.log ok
nis (n(y) ~In(L(x))) 226,5 0,0524 0,0449
M5 residuals
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8 3 g "] & Tligrd] F o
g Jadhlllinlh 5 oLy ol o
-3 -1 12 -2 012 2 4 6 8 10 14 18
res Theoretical Quantiles Fitted Obs.

500 550

6(I)0
Days

650

C. lyraG1
model Residualgvisual check) | AIC "O(spring) "O(autumn)
M1 Overestimations of low
Im (y ~ x) lengths 269,7 0,0297
M2 ok
Im (y ~ X * season) 262,6 0,0552 0,0255
M3 Non homogenous
nis (y ~ VB(x)) 262,8 0,0471 0,0102
M3.log Non homogenous
nls (n(y) ~In(VB(x))) 261,9 0,0468 0,01
M4 Non homogenous
nis (y ~ G(x)) 263,1 0,0479 0,0091
M4.log Non homogenous
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M5 Non homogenous
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M2 residuals
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Materiel S3: DC monthly

Diet composition is the gravimetric proportion of macrobenthic invertebrates in the diet of each predator.
It was collected from various sources®aulnieret al. (2020) Hence S. soleaP. platessal. limanda
andC. lyrawere considered as strictly benthic feeder feeding mainly on macrofaeridao, 1986;
Morin et al, 1999; Dolbethet al, 2008) P. flesuswas also a benthic feeder largely preying on
macrobenthic invertebreé(Mendeset al, 2020) DC were set to 0.95 for these specMsmerlangus
andT. luscusfeed mainly on nektofike fish, shrimps and mysid$lamerlynck and Hostens, 1993;
Morin et al, 1999) Benthic macrofauna(g.polychaetes, bivalves, amphipods) composed a low part
of their diet(Demainet al, 2011a) DC were set to 0.15 for these specl@slabraxjuvenile is often
described as a hyperbenthic fee@asquauckt al, 2008, 2010; Fonsecet al, 2011) Its diet is
composed of hyperbenthic invertebrates such as mysids, amphipods or $Rasgpsgaueét al, 2010)
Benthic macrofauna was also present in lower proportion in its@aeaphium volutatoor annelids
(Morin et al, 1999) DC vdue was set to 0.15 as fbt. merlangusandT. luscus

Hence, these values were used for the end of the growth period. However, at the beginning of the growth
seasonsmaller individualded partly on meiofaunéPihl, 1985; Gee, 1989; Coull, 1990; Aarmibal.,

1996; Andersert al, 2005) Ontogenetic diet shiffrom meiofauna to macrofauna appeared between

30 and 60 mm for flatfishpecieg(Pihl, 1985; Gee, 1989; Coull, 1990; Aarmibal, 1996; Andersert

al., 2005)and around 30 mm fdd. labrax(Fonsecat al, 2011) Hence, we set DC to meiofauna from

fish mean lengtin June (Table MS3.1).

Pomatoschistusp.werealso a meiofauna consum@ihl, 1985; Doornbos and Twisk, 1987; Salgado
et al, 2004)with a the relative importance of macrofauna increasing for individuals from 30 mm
(Salgadoet al, 2004; Jackson and Rundle, 2008gnce, DC fotharpacticoids was set according to
mean fish length at the beginning and the end of the growth season (Table MS3.1).



Table MS3.1 Diet compositions (DC) for each fish cohort at the beginning and the end of the growth season. DC
harpacticoids is the propmn of harpacticoids in fish diet (in %) and DC macrofauna, the proportion of

macrobenthic invertebrates (in %).

Cohort | Species Mean !ength Beginning of the growth End of the growth season
at beginning season
of the growth DC DC DC DC
season (cm) | harpacticoids | macrofauna | harpacticoids | macrofauna

GO Solea solea 3.3 0.45 0.45 0 0.95
Pleuronectes 4.1 0.15 0.8 0 0.95
platessa
Limanda limanda 1.9 0.8 0.1 0 0.95
Platichthys flesus 3.7 0.45 0.45 0 0.95
Dicentrarchus 2.7 0.15 0.15 0 0.15
labrax
Callionymus lyra abs. abs. abs. 0 0.95
Merlangius 7.6 0 0.15 0 0.15
merlangus
Trisopterus luscus 6.0 0 0.15 0 0.15
Pomatoschistus 3.3 0.6 0.2 0.2 0.35
spp.

G1 Solea solea 16.2 0 0.95 0 0.95
Pleuronectes 17.4 0 0.95 0 0.95
platessa
Limanda limanda 13.7 0 0.95 0 0.95
Platichthys flesus 12.5 0 0.95 0 0.95
Dicentrarchus 11.4 0 0.15 0 0.15
labrax
Callionymus lyra 11.7 0 0.95 0 0.95




Material S4: Data sources and categorization of variables and parameters involved in theofnode
N’ No. Fi

the specific level resolution and with negligible uncertainty. Distributions of probability were attributed

trophic carrying capacity. Y’ means Yes and means xed

to parameters and variables with high utaiaty but known. Conservation approach was attributed to

parametersvith high uncertainty hardly quantifiable (s€ableau et al. 2018ndSaulnier et al. 2020

for more details

Data Description Sources of| Information | Category of| Statistical
information at specieg uncertainty distribution
level

0 Fish abundance Survey data Y 2-distribution Gamma

d Survey date N 1-fixed data -

L Fish length Y 1-fixed data -
- a Lengthweight param. Deduced from| Y 1-fixed data -
'% b Lengthweight param. survey data Y 1-fixed data -
% G Growth rate Y 1-ixed data -
§ q Catch efficiency Literature data | N 3-conservative | -
§ DC Diet composition Y 3-conservative | -
- E Energy density N 2-distribution Gamma

Grossefficiency N 2-distribution Inverse gamma
1 Contribution of habitats | Isotopic data N 3-conservative | -
to diet

5 Prey biomass Survey data Y 2-distribution Gamma
‘g B Seasonal P:B coefficient| Literature data | N 3-conservative | -
g P:B Productionto-biomass Empirical model | Y 2-distribution Lognormale
8 Regeneration rate Literature data | N 3-conservative | -
2 E Energy density Y 1-fixed data -
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Le chapitre précédent montre que la limitation troph&gielus probablé@ | * aut omne pour | e
agés de moins d’ un an (GO), quand |l a production
plus tét dans la saison et que les densités de juvéniles présentes exercent encore une forte pression de
prédation sur la acrofaune benthique. Les vasieres intertidales, habitat déja identifié comme essentiel
pour | alimentation présentent des EE a |’ aut omn
proportion des ressources qui y sont disponibles, accentuanataotéze essentiel. Au printemps, les
fortes productions d invertébr és bent hi ques (cc
supportent la consommation des GO. Les estimations de EE a cette saison sont pourtant élevées pour les
juveéni | ed), siggérant uaerfortd pBession de prédation locale. Les résultats indiquent que la

7

capacité trophique est supérieure en début fin d

une limitation trophique. Cette période parait ainsi appropriée pos ' i nt éresser a | ' o
processus a plus large échelle.

L’ objectif de ce chapitre &est d’ étudier l es va
d’"explorer | ’"occurrence d’une pot entoinel lae |I'iémiotl a

de densités de prédateurs sur les mémes sites et aux mémes années. Les données de production de
macrofaune benthique et par conséquent des proies qui en sont issues sont trés limitées en raison de la

| ourdeur d’' anal y slassiqgdeenentéehartilorm@ aberineé quantitative. En revanche

grace aux échantillonnages effectués avec des chaluts a perche dans les suivis réguliers des nourriceries
du gol fe de Gascogne, des données deleglesnphus t é et
petits individus pouvant étre considérés comme d
de ces deux sources de données (benne et <chal ut
permettre de valider un proxy ou indice k& production benthique des nourriceries cétiéres (niveaux

de production et composition spécifique). Les variations annuelles de cet indice seront mises en relation
avec les densités de juvéniles GO de poissons dans des régressions quantiles permettamtdt er | ' as

l'imitant de | ’indice de production benthigue sur
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4.1 Abstract

Coastal and estuarine habitats function as nurseries for many commercial marine species. In these
ecosystems, the hypothesis that feogply limits juvenile fish density and survival has been widely
debated. Direct approaches that test this hypothesis in temperdietsmit nurseries are datatensive

as they rely on beam trawl to collect juvenile feafd grab or core to collect tireprey within the
macrobenthic community. Thus, application has often been limited to a few sampling stations and
temporal snapshots. However, scientific beam trawl surveys, conducted periodically in nurseries,
sample, besides juvenile fish, benthic itebrates including potential prey species. Using data collected
solely from beam trawl surveys, we tested whether food supply limits juvenile fish densities in several
French nurseries. First, we validated that data of benthic invertebrates from bottbsutvays could

be used to estimate an index of benthic prey production, by comparing data collected by grabs and trawls
at the same sampling locations. Using this index on an extended trawl dataset, we estimatecLiater
variability of benthic prey mduction among several nurseries along the coast of the Bay of Biscay.
Estimates of benthic prey production index were similar among nurseries, although, these nurseries
displayed different local hydrological patterns (currents and residence time) delenias finally used

to investigate whether benthic prey production limits yeafithe-year fish density using quantile
regressions. We found a significant and positive relationship between the benthic prey production index
and youngpf-the-year fish densies, including flatfish and round fish species. Hence, our study supports
the hypothesis that trophic limitation occurs for juvenile fish in coastal and estuarine nurseries during

their first year of life, although other factors likely limit them locally

Keywords: youngof-theyear fish, macrobenthic production, trawl, grab, Bay of Biscay, quantile

regression

Graphical abstract
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4.2 Introduction

Estuaries and coastal areas are among the most productive ecosystems in {{&zhaldkde and Odum,

1961; Costanzat al, 1997) They function as nurseries for many marine fish species by supporting
production of juveniles, which replenish adultckt® offshorgBecket al, 2001; Dahlgrert al, 2006;

Seitz et al, 2014) Recruitment ite. entry of young individuals into the fishery) of these nursery
dependent species is most likely regulated during their juvenile ®tiyges and Cadigan, 1993; Ustups

et al, 2013)by multiple limiting factors(Gibson, 1994)Wouters and Cabral (2008uggested that
nurseries concentrate more macrobenthic prey for demersal juvenile fish than do surrounding habitats.
Hence, juveniles concentrate in nurseries, which leads to delegigndent mortality that cause a
“bottl eneck” ef fect i n t he(lemandnBeeerton,000; Craggad, r ecr ui
2007) Although the densitglependent processes that influence recruitment remain under debate, some
studies suggested that prey production malhiéng (Nashet al, 2007; Le Pape and Bonhommeau,

2015; van der Veest al, 2016). Prey production in nurseries becomes limiting when demand exceeds

production, resulting in potential mortality and competition among predators.

Several approaches have been used to test thdifaitation hypothesis for juvenile marine fish in
coastal and estuarine nurseries. Direct approaches usually compare prey praaficcitbrequirements

or consumption of juvenile fish. They have beerfgrered using data from experimental poi@saig

et al, 2007)or directly collected in the fiel@iTableauet al, 2019a) and usually calculated the ratio of
benthic prey consumption by juvenile fish to benthic prey biomass or production using trophic models
(Chevillot et al, 2019)or bioenergetic approach@ginagre and Cabral, 2008; Tableaual, 2019a)

These studies yielded conflicting results and remained cautious in their conclusions, as they were
generally based on a temporal snapshetgne year). These approashare efforintensive because

they require the biomass of both prey and predator to estimate prey production and juvenile consumption
(e.g.Bennettand Branch, 1990; Collie, 1987; Vinagre and Cabral, 2008)

Another approach to test the fetichitation hypothesis is to analyse time series of predator and prey
data(Crawford and Dyer, 1995; Beaugraedal, 2003; Okamotet al, 2012) For instance, analyses

of predatotprey time series showed a relationship between-arnauval fluctuations in anchovy biomass

and the number of nesting seabif@sawford and Dyer, 1995Although not demonstrating a causal
relationship, the analysis supported the hypothesis that when food supply is low, birds are unlikely to
allocate energy to breeding. Similarlypag the North Sea coast, a letegm dataset showed a decrease

in nutrient loading, which presumably caused a change in the spatial distributileunbnectes
platessguveniles(Stattrupet al, 2017) Joint analysis of predator and prey could provide argtsria

the debate on food limitation, especially when it is performed in a causation détaexand Sasaki,

2017) Quantileregressions used in this context may be very helpful in identifying limiting faq€ade



and Noon, 2003; Planque and Buffaz, 2008)e the foodimitation hypothesis can be tested by

examining several quantiles of the predadmy relationshiTableauet al, 2016)

A long time series for juvenile fish and their prey is rare in temperatdastifim nurseries, especially
because benthic prey are commonly sampled using gears deployed over smakcglatalsuch as
grabs or coregCollie, 1987; Bennett and Branch, 1990; Eleftheriou, 2013; Tatdeal, 2015)and
because several replicates are required to obtain relevant estimates. The spatial (several km) and
temporal scales (several seasongears) required when sampling to investigate variability in benthic
prey production and its consequences on juvenile fish often preclude acquisition of such data.
Alternatively, trawl surveys in nurseries also sample invertebrate species and are peafunoegty

across the French cogdstB r i n d etAln2009y Grabs and trawls sample two distinct portions (> 1
mm for grab; depending on mesh size and degree of clogging for trawl) of the same benthlratgerte
community (Eleftheriou, 2013)and the overlap between them is assumed to contain prey items that
may be consumed by juvdmifish.

We investigated whether benthic prey production limits the density of juvenile fish in coastal and
estuarine nurseries using data collected solely from trawl surveys. First, we verified that data from
bottom trawl surveys could be used to estimateindex of benthic prey production, which is
traditionally assessed using grab samples. Second, using this index, we estimasahurgbvariability

in benthic prey production among several nurseries. Third, we used quantile regressions to test the
hypothesis that trophic limitation occurs in youoigthe-year (YOY) benthalemersal fish density in
nurseries. This potential limitation was tested for a variety of YOY fish, including flatfish and round

fish species.



4.3 Materials and methods

4.3.1 Datacollection

Nurseries surveyed

The study included nurseries located along the French coast of the Bay of Bigcdy Table 1) that

were previously identified as important grounds for juvenile flaffishPapeet al, 2003a; Trimoreau

et al, 2013) The Bay of Vilaine, the outer Loire estuary, and two semalosed bays (Pertuis Breton

and Pertuis d'Antiche) were sampled concurrently using a beam trawl and grab in late summer 2008,
2016 and 2015, respectiveKidure left panel). These data were usedrteet the first objective of the

study (.e. verify that beam trawl data could be used to estimate an index of benthic prey production).
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Figure 1. Location of the study sites along the French coast of the Bay of Biscay (middle panel). Locations
of the sampling stations with the two sampling gears, grabs and trawls (mean location), in 2008 in the Bay
of Vilaine, in 2016 in the Loire estuary and in 2015 in both Pertuis stations (left panel). Locations of the
sampling stations with only trawls deployed (gey circles) in the Bay of Vilaine (8 years), the Loire estuary
(4 years), and the Gironde estuary (2 years) (right panel).

These nurseries differed environmentally in sediment composition and bathymetry (Table 1). The Bay
of Vilaine is mainly a muddy nursge with sampling stations of varying depths3a m), whereas the
two Pertuis are haifinuddy and hatsandy shallow nurseries, and the outer Loire estuary is mainly sandy

with a gradient of depthsTéble 3. Each nursery surveyed was divided into stratinelé by the



bathymetry and the size distribution of sediments (assessed using the grab samples, Supp. Mat. A). Thus,
three bathysediment strata were defined in the Bay of Vilaine (V1, V2 and V3, from upstream to
downstream), three others in the outereastuary (L1, L2 and L3), and two at each Pertuis site (PAL,

PA2 and PB1, PB2). The number in each code corresponds to the distance from the mouth of the estuary
(1 = upstream, 3 = offshore).

Table 1. Description of the nurseries and sampling design use® define the benthic production index,

including the mean bathymetry and mean percentages of mud (< 63 um), sand (> 63 um and < 500 um), and
gravel (> 500 um) contents of the sediment of the nurseries.

Bay of Vilaine | Outer Loire Pertuis Breton | Pertuis Antioche
Characteristic V) estuay (L) (PB) (PA)
Sampling year 2008 2016 2015 2015
Mean mud percentage (%) 70.0 10.5 52.7 53.7
Mean sand percentage (%) 25.0 86.0 41.2 40.5
Mean & 1 SD) depth (m) 154+ 0.5 11.0+04 59+x04 75+0.3
Number ofstrata 3 3 2 2
Total number of trawl 42 34 15 16
stations (and by stratum) (V1:17,v2:8, | (L1: 2, L2: 25,| (PB1: 7, PB2: 8) (PAl: 3, PA2: 13)
V3: 17) L3:7)
Total number of grab 36 19 6 9
stations (and by stratum) (V1:17,Vv2:6, | (L1:3,L2:11,| (PB1: 3, PB2: 3) (PAl: 3, PA2: 6)
V3: 15) L3:5)

In addition to the surveys during which grab and trawl samples were collected, annualtedseated

trawl surveys were performed irregularly from 2€8RtL6 in late summer/early autur(idelaunay and

Bri nd’ Ama During thi Petid®,)the following three nurseries were sampled at least 2 times:
the Bay of Vilaine (8 years), the outer Loire estuary (4 years), and the outer Gironde estuary (2 years;
Figure right panel). Benthic invertebrates and YOY fish collected during the 14 surveys (rweaesy

were used to meet the two last objectives of the stuelygstimate inteannual variability in benthic

prey production index and test the trophic limitation hypothesis in YOY fish).
Grab data collection

Grab samples were collected using a 0.1 m? Van Veen grab, with three replicates at each sampling
station.Once aboard, the grab content was sieved through a 1 mm grid mesh and kept in a 7% formalin
solution in plastic zigiop bags. In the laboratory, organisms were rinsed and sieved with fresh water in

a column of five successive sieves with square meshrsizgig from 16 to 1 mm. Organisms retained

in each sieve were then stored separately in a 70% ethanol solution, keeping in mind that handling,
fixing samples with formalin and storing with ethanol likely led to underestimate bion{&=sstsnet

al., 1996; Wetzekt al, 2005) Invertebrates from each sieve were identified to the lowest taxonomic
level, counted and weighed. Biomass per taxa was determined as wet mass (WM) and then converted

into ashfree dry mass (AFDM) using specific coefficients from a global database ofrsomv factors



(Breyet al, 2010) When no conversion factor was available at the species level, the conversion factor
for the next highest taxonomic level was used. Data from replicates of each sampling station were
summed, and biomass was standardized based on the area s@epderkeplicates x 0.1 fit The

sampling design is detailed Trable 1
Trawl! data collection

Bottom trawl samples were collected using a 2.9 m wide and 0.5 m high beam trawl with a 20 mm
stretched mesh size in the cod ehdwls were performed durirdpylight hours at a mean speed of 2.5
knots for 15 minTrawled benthic invertebrates were rinsed aboard, identified to the lowest taxonomic
level, counted and weighed. Biomass per taxa was determined as WM, which was converted into AFDM
as described in stton 2.1.2. Trawled fish were collected, identified, counted, measured and weighed at

the species level, with 494 stations sampled during the 14 surveys (rygaesy.
4.3.2 Select YOY fish

The fish selected were the eight marine nurskyendent species Withe highest biomass: four flatfish
species Arnoglossuslaterna Dicologlossacuneata Pleuronectesplatessa Soleasoleg and four
“round” fMedahgiusneraogusMallusurmuletusTrisopteruduscus Callionymudyra).

The eight speciesepresented an average of 68% of the total biomass in each rygaeryength
frequency distributions were usemlidentify age groups in the survey. Gaussian distributions were fit

to cumulative lengtfirequencies over the years. The maximum lengthcéstsa with each Gaussian
distribution was used to categorise a presumed-glaas of all individuals captured. This procedure
was performed using thdclustfunction of themclustpackaggScrucceet al, 2016)of R softwargR

Core Team, 2019)YOY individuals {.e. the first Gaussian distribution) were selected. Then, a
minimum and maximum lengths of 7 and 15 cm, respectively, were set to select individuals that feed
almost exclusively on macrobenthic invertebrate prey within the size range fidti cohort (see Supp.

Mat. C). These size thresholds for individual fish assumed that fish smaller than the minimum length (7
cm) prey on pelagic and benthic invertebrates that our sampling device could not camgure (
copepods), whereas individuddésger than the maximum threshold (15 cm) have a high proportion of
small fish in their die{(Tableauet al, 2015) When length data were missing (as @rlyra before

2008), mean individual mass (total biomass divided by the number of individuals) was converted into
mean individal length using the coefficients a and b from the-gieght relationship estimated for

each species with all length data available in the data set froni2B0®4 Only individuals whose mean
individual length met the size ranges of the species wererkéq@ analyses. Relative YOY fish density
(number of individuals.hy was estimated at each station from catches without correcting for catch

efficiency.



4.3.3 Select potential benthic prey for YOY fish

First, as habitatorming species are known to shape the habitat and strongly influence the benthic
community(Chaalaliet al, 2017) the sampling stations (grab and trawl) dominated by those species
(Haploops nirae Crepidulafornicataand Ampeliscaspinipes)were excluded fnm the analyses. Rare
species, defined as species found only once in a neysaryor with a biomass lower than 0.1% of the

total biomass of the nurseygar, were also excluded from the analyses as they add little to the analysis.

Then, benthic organisnfsom the grab and trawl samples were selected independently to match the
species composition of the potential benthic prey of the YOY fish community. It was assumed that YOY
fish are opportunistic feeders that consume a variety of benthic prey no lamgardartain sizg8esyst

et al, 1999; Griffinet al, 2012) Hencea benthic invertebrate was identified as potential prey if it was
smaller than the maximum mouth height of a juvenile fish. Data on mouth heights of the three most
abundant specied( merlangusS. soleandT. luscu} in the studied areas were usedefirtk a mean

height of 20 mm (unpublished data). As benthic organisms collected with trawl were not sized, but only
counted and weighted, we decided to select potential prey of the YOY fish using a filter based on mean
individual mass. To set the threshaldder which an invertebrate can be considered as prey for YOY
fish, we used the benthic organisms collected with grab and categorised into size classes described
previously (section 2.1.2). Mean individual body mass of the organisms retained in eadlizewwahl
calculated. A threshold of 0.66 g WM.ikhdi.e. ~0.1 g AFDM.indY), corresponding mainly to benthic
organisms smaller than 16 mm (the largest mesh size), was ideasifigatential prey. This threshold

was applied to select potential prey froemthic invertebrates using the grab and the beam trawl. Once
applied to the grab data, the rare species and mean individual body mass filters selected 73.3% of the
total biomass in the entire datasie¢.(from all three nurseries where grab and trawl were deployed
concomitantly). Once applied to the trawled benthic species, 10.3% of the total biomass of the entire
dataset was retained. The benthic organisms included in those percentages (respectiveind3.3%
10.3%) were considered as potential prey and were used to estimate respectively benthic prey production

using grab data and benthic prey production index using trawl data.
4.3.4 Dataanalysis

Estimate benthic prey production (from grab data)

Benthic prey poduction was estimated by multiplying mean annual biomass by the annual production
to-biomass ratio (P:B), which was calculated for each taxon at each station using the artificial neural
network model developed IBrey (2012) The input data for this nael are 17 categorical parameters

that describe biological and functional traits.g. taxon, habitat, feeding and mobility), depth,
temperature and individual mean body mass. The parameters required by the model were collated

according toSaulnier et al. (2018nd supplemented with data from an online resource (Baabgi



Traits Information Catalogue of The Marine Life Information Network
http://mwww.marlin.ac.uk/biotic/). The bathymetry for each station was extracted frorGdheral
Bathymetric Chart of the Oceans 30 arsecond grid (GEBCO_2014, version 20150318,

http://www.gebco.neWeatherall et al., 2015Mean annual bottom temperature for each nurgeay

was extracted from a multiecadal hindcagif a physicabiogeochemical model of the Bay of Biscay
(Huretet al, 2013) Il ndi vi dual mean body mass waasanauall cul at

biomass by its mean annual abundance.

Benthic prey production was first calculated at the scale of the sampling stationk®Pn?.y?):
0 #2ZB "RZ2%Zz - j Equation 1

wherek is the stationj is the speciesCRis a coefficient (unitless) that accounts for seasonality in the
macrobenthic biomass (set to OT&bleau et al., 2015B is the biomass (in g AFDM) sampled during
the survey (grab or trawlk; is the energy density (in kJ.g AFDMobtained from a general database
(Brey et al, 2010)and P:B is the productiete-biomass ratio (in ) detailed at the beginning of the

subsection. The distributiorf biomass and estimates of production are shown in Supp. Mat. B.

The patchy spatial distribution of benthic invertebrates led us to consider multiple sampling stations
within a similar habitat. Therefore, benthic prey production was finally estimated atde of each
stratum, as it is likely that, at this scale, the benthic communities are composed of species with similar
environmental requirement3otal prey production per unit area in each strat@mif kJ.m2.y?)
equalled the sum of each samplsigtion:

B

0 B

Equation 2

where, s is the stratum and A is the total area sampled at each station k by th8.grab) (
Estimate benthic prey production index (from trawl data)

To verify whether the beam trawl data could be wsedn index of benthic prey production, we filtered

the benthic organisms captured by the trawl, as it was done for the grab data, to keep only the potential
prey. An index of benthic prey production was then estimated at the scale of the stratum img apply
Eq. 1 and 2 to the filtered trawl data.

To test the trophic limitation hypothesis in YOY fish, the index was calculated at the scale of the nursery,
instead of the stratum, as the objectives of this part of the study was first to explord¢espptich
variability in prey production among nurseries. Moreover, YOY fish may move among strata during
their first year of life and do not necessarily feed where they were caught; thus, the nursery scale was

deemed more relevant. To raise to the nursery siteddndex was calculated by applying Eq. 1 and


http://www.gebco.net/

then, based on Eg. #he total benthic prey production index per unit area in each nuBerin(
kJ.m2.y1):

B

0 B

Equation 3

where, n is the nursery and A is the total area sangtledch station k by the trawd4000 nf).
Determine the reliability of bottom trawl! data for estimating an index of benthic prey production

The linear relationship between the estimates of benthic prey production using grab data and the
estimates of behic prey production index using trawl data was done by calculating Pearson correlation

on the logtransformed benthic prey production.
Investigate whether benthic prey production limits YOY fish density using quantile regressions

Quantile regressions weused to assess the relationship between benthic prey production index (log
transformed to be consistent with the previous section) and the density of juvenile fish. This approach
is useful when testing the effect of a potential limiting factor but nosureg®y other factor@Cade and

Noon, 2003; Tableaet al, 2016) A limiting factor is detected when higher quantiles have significant
regressions and steeper slopes than lower quantileBypé¢hesised that benthic production limits the
density of juvenile fish. Lower and upper quantiles(a0d 98") were tested by performing bootstrap
analyses with 1000 replicates (Supp. Mat. E2). The null hypothidsisw@as thatthe relationship
betwea benthic prey production index and juvenile fish abundance did not differ from a randomly
generated relationshipVhen the mean of the distributionptalues was less than 0.0¢% was rejected

and the regression was considered significant. Rejelijrigr both quantiles would indicate potential
limitation by the prey production or that an indirect factor influenced both compartments. Rdjkcting
for only the upper quantile would indicate that the prey production may be limiting but that other factors
most likely also interacted (s@@bleau et al. (203&or more details on assumptions associated with
guantile regressions and trophic limitation). The quantile regressions were performed ugpiragnthen
package(Koenker, 2018pf R software at the species, species group (flat or round fish), and YOY
community scales. Other quantiles (8nd 8%' for upper quantiles and"and 1% for lower ones)

were also tested but are not shoas the results were similar to those presented in here.

4.4 Results

4.4.1 Trawl and grab: two correlated characterisations of benthic prey production

The two gears sampled different but complementary body mass spectra in the benthic community in the
four nurseriesn the Bay of BiscayKig. 2). As expected, the beam trawl sampled larger individuals

(mostly epibenthic megafauna) than the grab (mostly endobenthic macrofauna). The overlap between



the two body mass spectra showed that the trawl also sampled poteytigllhB8% of total catches by
biomass and 35.2% by abundance for the entire dataset). The communities of invertebrates sampled with
both gears had similarities, witbweniafusiformisdominating the two communities (from grab and

trawl collection) in stratm V1,Abra albain strata V3 and L3, andorbula gibban stratum PA2Table

2, Supp. Mat. D). Although the proportion and abundance of species caught with each gear differed, the
two body mass spectra and the identity of the species support the hygptithetie two gears sampled
complementary parts of the same large community of benthic invertebrates in the nurseries. The part of
the body mass spectrum from trawl data not considered as potentidlegtég (ight side of the vertical

line, Fig. 2B) contained small individuals of motile epibenthic species, su&rasgon crangorand

Liocarcinus holsatusand larger benthic species not consumed by YOY (Supp.at.
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Figure 2. Weight spectra of stationspecific mean body mass of benthic invertebrates in the four coastal
areas of the Bay of Biscay sampled by (A) grab and (B) trawl. Data are logifansformed. The red vertical
line shows the threshold of mean body mass (i.e. 6.6 wet mass (WM) ind* T see section 2.1 for details on
the setting of the threshold value) used to identify potential prey of juvenile fish.

Benthic prey production index estimated from trawl data in the four nurseries studied ranged from O
kJ.m2.y!(strata in which no selected organisms were present) to 0.7%.kd.nkEstimated of benthic

prey production from grab data ranged from 84.2 to 675.6%ynfFig. 3). Annual production rates

for potential prey from grab data wer2000 times as high dsose from trawl data. Nevertheless, the
benthic prey production estimated by the two sampling gears were positively and significantly correlated
(Pearson's r = 0.9p,< 0.01,Fig. 3). This relationship was also observed using estimates of the biomass

of potential prey (Pearson's r = 0.4¥< 0.01). Based on the strong correlation, the benthic prey



production index estimated from trawl data was could be used and applied to the time series collected

in the selected nurseries.
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Figure 3. Log-linear relationship between annual prey production estimated from trawl and grab data for
each stratum in the four nurseries studied. Symbols are labelled with the names of the strata in each nursery.
Production estimates are in kJ nfy™.

The site and sedimeatfects could not be statistically tested given the small number of points in each
nursery. Nevertheless, the description of the sites showed that three strata in the Bay of Vilaine had the
highest estimates of potential prey production for both gearsordicg to the bathgediment
conditions in each stratum, the highest productions (> 400kyjroccurred in sandy mud, except in

the outer estuary of the Loire, where environmental constraints such as low salinity or maximum

estuarine turbidity may strict production Table 2.



Table 2. Sediment type (according the typology o€hassé and Glémarec (1976)f each stratum associated
with dominant prey species using the two sampling methods (macrofauna: grab sampling; megafauna:
trawl sampling, Supp. Mat. D), and the total production estimated from grab samples and detailed mean
characteristics (sediment fractions and depth).

. . Total Sediment fraction (%)
Dominant prey species
productio (mean = SD) Depth Number
Sediment | collected in| ningrab ) Coarse (mean = of grab
type / collected  in trawl (kJ.m2y | Mud Fine sandand  SD) stations
grab samples sand
Stratum samples 1 Gravel
PAl | Sternapsis 84.2 975+06|21+£11|03+x04|52+05 |3
scutata
V2 Sternapsis Nuculaspp.,| 251.8 90.0+5.3| 7.2+£5.1| 28+15| 11.4+22| 6
scutata, Philine
= Amphiura aperta
= filiformis
PB1 | Sternaspis Corbula 237.4 912+54|76+55|1.0+1.1|48+31 |3
scutata gibba,
Spisula Ophiura
subtruncata | spp
V1 | Owenia Owenia 417.3 653 +|226 +|120 +|79+22 |17
fusiformis fusiformis 26.0 14.0 22.4
V3 Abra alba, | Ophiura 446.7 67.3 +|(20.7 +| 118 +|228+6.2| 15
Owenia spp., Abra 17.2 11.2 11.7
-é fusiformis alba
2L Limecola 137.1 39.7+38| 580 +|24+24|6.4+0.6 3
& balthica 4.9
PA2 | Corbula gibba| Ophiura 406.8 31.8 +| 586 +|22+25/90+43 |6
spp., 221 279
Corbula
gibba
L3 Spisula Annelida 382.3 14.0 +| 515 +£|343 £|194+£26|5
elliptica, Abra 13.0 23.4 33.6
% alba, Lagis
o koreni
§ PB2 | Spisula solida| Alcyonium | 121.9 141 +( 595 +|239 +|70+£50 |3
= spp., 11.3 14.6 4.7
Ophiura
spp.
L2 Spisula solida | Asterias 179.3 10+10 | 629 +£|355 +|91+33 |11
% rubens 334 335
n




4.4.2 Inter-annual variations in the benthic prey production index

Inter-annualvariations in the benthic prey production index were quantifiégl @). Estimates for the

Bay of Vilaine (8 years sampled) ranged from 0.029 to 0.362%yin 2012 and 2014, respectively.
Estimates for the outer Loire estuary (4 years sampled) dange 0.001 to 0.433 kJ:Aytin 2012

and 2008, respectively. Estimates for the outer Gironde estuary (2 years sampled) ranged from 0.259 to
0.642 kJ.imt.y'tin 2016 and 2009, respectively.

Vilaine Loire Gironde

Figure 4. Inter-annual variations in the benthic prey production index. Note the irregular frequency of
sampling. Benthic prey production index is in kJ.nm?.y %,

o
)
1

o©
I
1

o
N
1

0.0

Benthic prey production index

Dominant prey species from the trawl data were similar among the three nurseries and were also similar
to those in the communities described in the trawl data used for the (Ddkixira ophiura had the

highest occurrence (93% of the case studies]13 of 14), whileA. alba, Ophiura albida, Amphiura
filiformis, Lagis korenj and Philine apertaoccurred in more than 70% of the case studies. Motile
epibenthic species were also observed, sudb. asangonand Amphipoda (in 64% and 38% of the

nurseryyearsstudied, respectively).
4.4.3 Relationships betweerbenthic prey production index and juvenile fish density

When investigating the relationship between benthic prey production index and YOY fish density, the
slopes of the upper quantiles {Y@lways differed ignificantly from O for all species except luscus
WhenT. luscusvas kept in the analysis, slopes of the upper quantil&$ @ not differ from O for the

round fish group and the YOY communitl. luscusvas the dominant species in the YOY commynit

in number so it highly drove the results for the round fish group or the community of YOY fish. After
removingT. luscusfrom the analysis, slopes of all fish groups (flatfish, round fish groups, and YOY
community) differed significantly from OT@ble 3 Supp. Mat. E1). Conversely, the lower quantiles
(10" were nossignificant for all species.

Table 3. Slopes of quantile regressions of YOY fish density (no Haat three scales as a function of the

benthic prey production index (log scale) for lower (18) and upper (90") quantiles. Asterisks indicate slopes
that differed significantly (p < 0.05) from 0. The percentage of nommpty stations (out of 494 stations



sampledinthe 14 nurseryy ear s) i s i ndi cat-éid iinnditchae elbiclsihp meoddeusmnf.o ri
of empty stations was greater than 10% and 90% of the dataset for the lower and upper quantile regressions,
respectively.i NSO i n d i-sgrificamtgesultn n

10" ooh Percentage of nen

Scale quantile | quantile | empty stations
YOY community NS NS 95%
YOY community withoufTrisopterus luscus NS 120.7* 92%
Round fish group NS NS 92%
Trisopterus luscus Pouting NS 60%
Merlangius merlangus Whiting 44 .5* 62%
Callionymus lyra- Common dragonet 52.9* 49%
Mullus surmuletus- Striped red mullet 4.5* 32%
Flatfish group 33.8* 55%
Solea solea- Common sole 29.1* 45%
Pleuronectes platessaEuropean plaice 2.8* 13%
Dicologlossa cuneata Wedge sole 6%
Arnoglossus laterna Mediterranean scaldfish 1.8* 15%

4.5 Discussion

We hypothesised trophic limitation by macrobenthic prey production on YOY of bdathersal fish
species. To test this hypothesis, we developed a benthic prey production index and validated it using
data from grabs and trawls in four coastal nurseries. idex was then calculated from data collected
using trawls in nurseries in the Bay of Biscay to estimate and describe prey production in each nursery,
and investigate whether microbenthic prey production limits the YOY fish community. Results indicated
that benthic prey production significantly influenced YOY fish density (except that aiscu},
suggesting that benthic prey production may regulate juvenile fish density, although other factors likely
limit them locally such as abiotic parametéFsimoreauet al, 2013)or predation pressuf&llis and

Gibson, 1995; Leopoldt al, 1998)

45.1 Selected trawled benthic invertebrate production: a macrobenthic prey

production index

The benthic communities captured by trawl and grab gears have been previously compared to assess
regional biodiversity pattern@Rufino et al, 2017)and congruence of biodiversity structure among
ecoswtem componeni&arakassi®t al, 2006) but never, to the best of our knowledge, to calculate a
benthic production index. Howevdre Pape et al. (2007 cluded some benthic megafauna collected

from trawl surveys classified into trophic guilds to improveitttiish habitat models. The beam trawl



can be considered a "generalist" gear because it samples large areas, motile or slightly motile bentho
demersal fish and invertebrates, and sessile invertebrates buried to different depths in the substrate,
dependingon the degree of compaction of the substrate. The beam trawl can cover several types of
sediment. The size of the smallest benthic organisms captured depends on the mesh size at the cod end
(here, 20 mm) and whether it becomes partially clogged. Thecgrabe considered a more "specialist”

gear because it targets soft bottom small areas and often a single sediment type, and slightly motile and
sessile epiand endenvertebrates. The size of organisms is determined by the size of the mesh in which

grab ontents are sieved (1 mm).

In this study, the benthic organisms sampled with the grab and the beam trawl belonged to two
overlapping size components of the same benthic community. The similarity in species composition for
both gears at the stratum scalppgorted this hypothesis. The same environmental facteesliment

type, bathymetry, and hydrological conditiondikely shaped these two componefRufino et al,

2017) Since juvenile fish species can targetyosbme small individuals of invertebrates in trawl
samples as prey, only the organisms overlapping in size (defined using a threshold of mean individual
body mass) in the two gears were analysed. The biomass threshold of 0.1 g AFiM66d) WM.ind

1 ca) is the largest prey that juvenile fish can catch given their moutliTsibkeavet al, 2015, 2016)

This threshtd is certainly speciespecific, but as the study was performed at the community level, using
the mean mouth size of several fish spe€iebleauet al, 2015; Hiddinket al, 2016)likely smoothed
interspecific differences. We cannot exclutat other prey characteristics could influence the prey
selection by fish juveniles (texture, activitsgn der Veer et al., 2018ut, to our best knowledge, such

data are nissing in the literature for the fish studied.

The benthic prey production index included taxonomic groups (bivalves, polychaetes, ophiurids, and
crustaceans) matching the dominant potential prey found in grabs. The species in the grab and trawl
samples wre consistent with the YOY diet in the nurseffeasquauét al, 2008; Tableaet al, 2015)

For instance, both samples contaifedaperta which are consumed by YOS. solean the Bay of

Vilaine (Kopp et al, 2013) and small echinoderm®phiuraspp.,A. filiformis), which can be grazed

by flatfish and round fish speci@duineveld and Van Noort, 1986; van der Veeal, 1990; Ntiba and
Harding, 1993) Analysis of the potential prey species sampled by the trawl highlighted taxonomic
differences in the same size distributions that the grab had sampled. The trawl giksal saotile
suprabenthic organisms such as si@afirangon which escape more easily from the grab via flushing.
Flatfish such a®. platessaandS. soleanay feed on small individuals of these suprabenthic species
(Amaraet al, 2001; Pasquauet al, 2008) as may round fish such @&s luscusin the Loire estuary
(Robinand Marchand, 198&y M. merlangugDemainet al, 2011a)However, defining potential prey

using only mean body mass resulted in many trawl stations that contained no potential prey, and benthic
prey production estimates from grab and trawl samples that differed by three orders of magnitude, as

the trawl sampled mainly larger individuals. Ndteiess, the two communities represented by each



gear were significantly and highly correlated, suggesting that production estimates based on trawled

benthic invertebrates can be a reliable index of benthic prey production for juvenile fish.

According to he sediment types in the strata, sandy mud was more productive than other sediments.
Areas of sandy muds have been described as having the highest biomass along the coast of the Bay of
Biscay(Chassé and Glémarec, 197@hy in the PertuiHily, 1976). Benthic community composition

in sandy mud areas differe@. fusiformisdominated the estuarine community of the Vilaine gite,

alba dominated the offshore strata community of the Vilaine site,Gangibbadominated the sandy

mud of the Pertuis d’" Anti oche. H o vDe fusfarmisand h ey al
Ophiuraspp. The most estuarine stratum of the Loire estuary was also composed of sandy muds but had
lower production than the other threeata. This estuarine habitat may be influenced by maximum
turbidity, which could reduce macrobenthic biomass and juvenile fish degihégchand, 1993)
However, this estuarine habitat was sampled on 3 stations which was the lowest number of stations of
the sampling design and could lead to a potential underestimation ofdoerehiproduction because

of the patchy spatial distribution of benthic invertebrates. Moreover, it is noteworthy that sites were
sampled in different years, when climatic conditions may have differed, which may have caused

confounded site effect with yeaffect.

We caution against using the benthic prey production index calculated from beam trawl samples as an
absolute measure of production; instead, we recommend using the index only as a relativeaéstimate

the benthic prey production available. Indeech e or der of magni tude of th
cannot be compared to those obtained using another type of gear. The index was designed and validated
with data from temperate coastal and estuarine nurseries in the Bay of Biscay. It would beiirdormat

and useful to increase the number of case studies, in particular in other geographical context to see if the

strong correlation still holds.

4.5.2 Variability in macrobenthic prey production among nurseries: potential

influences

Coastal nurseries along tBay of Biscay have a similar range of depfhdable 2 and temperature, but
differences in local hydrodynamics influence the main sediment characteristics. For instance, the
intensity of currents and water discharges in the outer Loire and Gironde asistati@ times as high

as that in the Bay of Vilaine. Mean annual flow-&5 n¥.s? for the Vilaine River vs=850 and~780

m3.stin the Loire estuary and Gironde estuary, respectiiRtyneroet al, 2013)

It might be expected that the higher river discharges and thus higher nutriefRoadgsoet al,, 2013)
from the two large estuaries would produce more benthic prey than in the Bay of Vilaine. Yet, according
to the index, benthic prey production in the Bay of Vilaine is in the same order of magnitude as those in

the outer estuaries of Loire and Gironde. Séhsimilarities in prey production might be related to the



longer residence time of water in the Bay of Vilaj@daton and Garreau, 199®pn in the two other
nurseries(Lazure and Salomon, 1991)Ve hypothesized that a longer residence time would allow
primary producers to take up more terrestrial nutsiesmtd organic matter, which could benefit
secondary producers and the rest of the coastal food web as shown in W&iarsderet al, 2006)
Conversely, the higher river discharges in the Loire and Girortdaréss flush nutrients and organic

matter out to the ocean, resulting in prey production similar to that estimated in the Bay of Vilaine.
Nevertheless, our data did not enable us to explain that pattern and it would be interesting to use a larger
dataseto properly explore the potential drivers of inteamual and intesite variability in benthic prey

production.
4.5.3 Macrobenthic prey production limits YOY fish density

The hypothesis that YOY fish density was higher in years and sites with higher benghicoghaction

was supported by the quantile regressions. Unlike the mean of a distribution, upper quantiles can indicate
that a tested limiting factor (here, available food resources) may be acting on the same processes as other
unknown limiting factor(Cade and Noon, 2003Yhese models have been used to investigate the
influence of food supply on demersal fish abundance around the Balearic Istatigs western
MediterranearfJohnsoret al, 2012) Significant relationships at the upper quantile in the present study
suggest that benthic prey production limits YOY fish density in coastal and estuarine nurseries along
the By of Biscay.

Food limitation for juvenile fish in nurseries has been widely deb@dted?ape and Bonhommeau,
2015) In this study, years with low benthic prey prodoictindex had lower juvenile fish density, while
years with high benthic prey production index had a wider range of densities, including the highest
densities. This suggests that the prey production likely plays a role in regulating juvenile fish density a
our study nurseries. This result agrees with thostabfeau et al. (2016)n the Bay of Vilaine that
showed that juvenile fish biomass overlapped benthic prey production spatially. Available food
resources that do not meet the energy needs of all individuals can result in trophic competition and thus
trophiclimitation. This was presumably the case in another French nursery (the Bay of the Seine), where
consumption of YOY of several fish species followed benthic prey production over gy &aregeriod
(Saulnier, 2019) Cther studies, including this one, confirm the importance of trophic limitation
mechanisms in the first year of life for fish in coastal nursévies der Veeet al, 2016; Tableaet al,

2019a) Frequency and intensity of food limitation may differ among nurseries and periods of the year,

but this could not be tested due to our uabeéd dataset coming from annual surveys.

All YOY fish species showed a positive relationship with the benthic prey production index at the upper
guantile, excepl. luscus which may have different feeding or behaviour ecology. This species seems
to have an aggregative behaviour that is not exclusive to soft bofRenkenst al, 2011) which

could partly explairthe highest densities sampled at certain stations in the three nurseries. Mdreover,



luscusis a suprabenthic feeder that targets Amphipoda, Mysidacea, and epibenthic D¢PBaytaa

and Marchand, 1986; Haerlynck and Hostens, 1993; Fraretaal, 2004) and the latter two orders

were sampled less by the grabs. YO¥ merlangushas similar feeding habittHamerlynck and
Hostens, 1993%ut showed a positive relationship to the benthic prey production index, perhaps because

its juveniles settle in san®emain, 201Q)

The nonsignificant lower quantile suggests that other untested factors likely limit fish density in the
nurseries. Abiotic fadrs such as bathymetry, sediments, and wave exposure partly determine the
distribution of juvenile flatfish in coastal nurser{ge Papeet al, 2003a; Trimoreast al, 2013) Local

abiotic conditions may not be suitable for juveniles even if benthic prey production at the nursery scale
is high. Moreover, contamination and pollution in nurseries caneinflel juvenile growth and survival
(Marchandet al, 2003; Gillierset al, 2006) Also, although juvenile fish experience less predation in
nurserieGibson, 1994)they have several potential predators, such as predatory invert¢Gtadgs

1986) othe fish speciegEllis and Gibson, 1999nd sea birds (e.g. cormorariteppold et al., 1998)
Because this study showed apinic limitation of juvenile fish by prey production, it emphasised
bottomup regulation of the fish by their prey. However, -ttpvn processes can also influence
populations of juvenile fisfivander Veer and Bergman, 1987; Baker and Sheaves, .2008over,
predation and food limitation are not opposing processes and may interact in regulating fish populations
(Hixon and Jones, 2005¥or instance, starvation can increase fish activity, leading to greater exposure
to predatior{Myers and Cadigan, 1993; Bieb al, 2003) Greater predation can then become an indirect

consequence of food limitation.

Finally, juvenile marine fish concentrate on nursery grouiiés and Beverton, 2000yhere the
available food may be limiting during their first year of life. The index of benthic prey production
provided in herewill give the opportunity to nursergledicated surveys to investigate the relative
variability of the benthic production of their nurseries, thereby contributing to the understanding of the

regulation of juvenile fish and hence variability in fish recreitinfor commercially important species.
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4.7 Supplementary materiel

Supplementary Material A: Bathy-sediment strata in the four coastal nurserigb®Bay of Biscay

For each nursery (theuterLoire estuary, the Bay of Vilaine, and the two senclosed bays, Pertuis

d'Antioche and Pertuis Breton), strata were defined based on the bathymetry and sediment composition.

Sediments were collected witlda m2 Van Veen gral sample (~500 g) was extracted and then stored

in a plastic bag{ wi r )at +d°@.n the laboratorythe samples were dried at 80°C in an oven during

48 hours. 100 g of the dried samples were then sievadolumn of14 successive sieves with square

mesh sizes ranging from3@o 10000 um. Sediments were than categorized into four categories

according to grain size: gravels with a diameter between 2000 and l@Q@0arse sand between 500

and 200Qum, fine sand betweerBéand 50Qum and mud, inferior to 6@m.

fine sand
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Figure Al. Sediment composition of each grab sampling station in 2008 in the Bay of Vilaine, 2016 in the

Loire outer estuary and 2015 in both Pertuis.

We used four variables to define the strata (associatectadth station sampled): bathymetry, anste

to the mouth of the rivepercentage of mud, and percentage of coarse sand. Clustering was performed

using the R packag€lustGeo(Chaventet al, 2017) We used awardike hierarchical clustering

algorithm that includsspatial/geographical constraimsth two dissimilaritymatrices (DQbased on

the above variableand D] based omeographic distancemsly) andami x i n g

p ar awhieht e r

sesthe importace of each matrixithe number of clusters was cho$grvisual inspection of theard

like dendrogram from clustering on DO (without the geographical constramd) then the mixing

a

[



parameterthat was thebest comprmise between loss of batsgdiment hmogeneity anddss of

geographical homameity was set. Strata were designed separately for each site.

Table Al. Clustering parameters and strata description for each nursery.

U (mixing
Site k (number of clusters) parameter) | Strata description
Vilaine 4 (but only 3 stratpas the4™ | 0.1 V1: sandymud estuarine straturtx6 km from the river mouth),
stratum consisted of 2 shallow (512 mdeep
stations with coarse V2: muddy coastal shallow stratu{®14 m deep
sediments included in V1) V3: sandy muatoastal deeptratum(>18km from the mouth17-
34 m deep)
Loire 3 0.2 L1: sandy mud estuarirghallowstratum(5-6 m deejp
L2: sandycoastal shallow stram (5-14 m deep
L3: sandy (but muddier than L2pastal deep stratu(@6-23 m
deep
Pertuis 2 0 PB1: muddy coastg(close to the continenshallow stratm (2-8
Breton m deep
PB2: coarse sediment coastal deep strafd-12 mdeep)
Pertuis 2 0 PA1: muddy coasta(close tothe mouth of the rivgrshallow
Antioche straum (4-5 m deep)
PA2: sandymud coastal (22 kmfrom the mouth)deep stratm

La mise a jour automatique des citations est désactivée. Pour voir la bibliographie, cliquez sur Actualiser
dans l'onglet ZoterChavent, M., KuentSimonet, V., Labenne, A., & Saracco, J. (201QustGeo: an R

package for hierarchical clustering with spatial constraintSomputational Statistics 1-24.
https://arxiv.org/pdfL707.03897.pdf



https://arxiv.org/pdf/1707.03897.pdf
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Figure A2. Bathy-sediment strata in (a) 2008 in the Bay of Vilaine, (b) 2016 in the Loire outer estuary and
(c) 2015 in both Pertuis stations. Locations of the sampling stations with grabs are indicated with the blue

stars.



Supplementary Material B: Variability in biomass and production sampled by trawl and grab in

nurseries along the Bay of Biscay within each batbgimentary stratum
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Figure B1. Boxplots of biomass of prey by station estimated from (top) grab and (bottom) trawl
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Supplementary Material C: Lengthfrequency distributions for each species and details on size

seledion procedures
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Figure C1. Length-frequency distributions for each species using lengths collected between 2004 and 2016
(the period c. When several cohort could be distinguished, Gaussian distribution was used to determine the
Young-of-the-year size class (vertical red line). Grey rectangles represent the second step of the fish
selection: individuals that feed almost exclusively on macrobenthic invertebrate prey, which was set toi[7
15] cm size range (see main text for more details). Finally, theed rectangles represent the final fish

selection: Youngof-the-year within the [7 T 15] cm size range.



Supplementary Material D: Composition of potential prey sampled by grab and trawl! in the three

nurseries (V: Bay of Vilaine, L: outer Loire estuaapd G: outer Gironde estuary)
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Figure D1. Composition (in production) of potential prey sampled by grab and trawl in the three nurseries

(V: Bay of Vilaine, L: outer Loire estuary, and G: outer Gironde estuary).



Supplementary Material E: Quantile regresions (1& and 9¢') for each species and each community

level
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Figure E1. Graphic representations of the quantile regressions (f0and 90") of benthic food

production index on fish density for each species and each communigvel. Black lines indicates
10" and 90" regression lines.
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Discussion générale
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Le stade juvénile desspéces marine®urriceriedépendantes est caractérisé par une forte concentration

des individus dans les zones de nourricerie et ce stade est crucide penouvellementle ces

populations et pour le maintien des activités halieutiques qui en dépdésdentbar- ICES, 2017)

Cependant, les processus de régulation dedéjgéndants qui y ont lieflles and Beverton, 2000;
Ohlbergeret al, 2006; Archambaulet al, 2014) e t plus préci sément I " i mpo
mécanismes sotjacentssont encor@ébatus, en particulier le réle du facteur trophique Pape and

Bonhommeau, 2015)

L' odtjief génér al de cette thése était d’alimenter
des nourriceries coOotieres et de son caractere |
concentrée sur les processus ayant lieu a une firdléspatit e mpor el |l e (|1 échel |l e ¢
de |la nourricerie et |’ échelle de | a saisan). Ce
(1) les estuaires et les baies cotieres supportant la fonction de nourricerie sostadeesprésentant

de fortes variations spatiald®eterson, 2003; Nagelkerkest al, 2015) et temporelles, en lien

n ot amme n tdrodymaeismelsaisbnni@larchand, 1993; Romest al, 2013)impliquant que

(2) les processus et les variables responsaidefa limitation trophique comme la compétition
trophique ou | a production de p(Beukema, 1974 lcawson var i a
et al, 2018; Saulnieet al, 2019) Ainsi, on peut supposer si la capacité trophique du milieu est limitante,

alors elle agirait a certaines saisd®s$hl, 1985; Chevillotet al, 2017)ou bien dans certains habitats
spécifiguegBeukema and Cadée, 199Dk plus, ces fines échelles sont adaptées pour un dialogue avec

les gestionnaires deeilieux. Les conflits entre les activités humaines et les fonctions soutenues par

ces écosystéemes font de la compréhension des processus a fines échelles un véritable enjeu pour la

gestion. Une seconde appr oche ulakimiaianirepeigueoenr mi s
testant | " occurrence potentielle de ce processus
Cette discussion présente et discute | es principcg
dans | e smperieehtselleirevient serles principaux challenges méthodologiques de cette thése

et elle propose quelgques pistes d'amélioration p

ce travail.



5.1 Fonctionnementtrophique a fine échelle spatiale d la nourricerie de

| 6estuaire de | a Seine

5.1.1 Intégration de la matiére organique par les juvéniles le long du gradient du fleuve

Les sources de mati ére organique sur l esquel | es
multiples et diversesmatiéres vivantes (phytoplancton, microphytobenthos (MPB), macrophytes) et
particules détritiquefRiera and Richard, 1996; Le Pagteal, 2013) Le gradient estuarien structuee |

mélange de matiére organique disponilhiénartet al, 2017) A. Englef, dans le cag de son stage

de Master 2, a quantifié la contribution des sources primaires (MOP marine, MOP fluviale et
microphytobenthos) dans le régime alimentaire des juvéniles de sole et de plie le long du gradient
estuarien de | a Sei namgeisotdpigugStodket aldZ20l8)admettard @domme de mé

covariable | e gradient estuarien (la distance au
de caractériser | e gradient estuarien classique
Printemps Automne
MPB h MPB

- MOP ﬁuviale' = MOP fluviale|
MOP marine
MOP marine

o
/

Aval Amont Aval Amont

Proportion dans l'alimentation

Vasiéres Vasiéres
Fosse Nord intertidales Fosse Nord intertidales
Embouchure Chenal de navigation Embouchure Chenal de navigation
Fosse Sud Fosse Sud
Figure 1: Contributiondessor ces de mati re organique dans | 6ali ment
“ Il dautomne | e | ong dtaval).teszoriemrisdescarsspandgent aug zones oAl augum t
poi sson nbéa ®t® ®chantill onn®. Fierd2019¢ adapt ®e du rapp

Il a aussi mis en évidence des différences-sééson concernant la MOP marine, largement dominante
dans |l es secteurs avals (embouchure et fosse su

contribution chutait et celle du MPB augmenta avec en moyenne 30 % de |

de plies et de soles (exemple de la sole Fig. 1). La forte contribution de la MOP marine au printemps

" Alexandra Engler, stagiaire de Master 2ezwadrée avec Pierre Cresson (unité HMMH, Ifremer Boulogne sur
Mer)



pourrait s’ expliquer par un bl oom phytopl ancton

ldut omne pourrait étre due soit a | export de |

courants(Yokoyamaet al, 2009; Kanget al, 2015) soit a une production locale de MPB en partie

avale(Rigoletet al, 2014)ou encore a la récente migration ge® i ssons s’ ét ant nour
dont la signature isotopique refléterait encore la contribution des secteurs amont. Pour les individus issus

du secteur amont, |l e MPB est une des sources pri
contribuant entre 20 et 40 % a leur alimentation, une contribution dans les mémes ordres de grandeur
gue dans d’'autres estuaires. Dans | " estuaire de
soles GO a été estimée entre 25 et {Ké6teckietal, 2010) t out ¢ o mmesystemas(Baied ' aut r
du Mont Saint Michel, Tage, Charente) sauf dans le delta du RbéRapeet al, 2013)ou les juvéniles

de sole dépendent principalement de (Darnawmbet i ér e d
al., 2004) Les caractéristiques propresaudpltaur r ai ent étr e a |IKostecki gi ne ¢
et al.(2010)ont également montré que la contribution des différentes sources variait avec le débit. Celui

de la Seine en 2017 étant particulierement faible par rapport a léstrigwww.hydro.eaufrance)fr

l a mati ere organique d’  origine terrestre a vrais
moyenneCes résultatseront également a confirmer en utilisant les sigeatisotopiques des sources
directement issues de | estuaire de Seine en 20:
d’autres sites).

5.1.2 Caractérisationdel 6 ut i diesathiabnt ats doéali mentati on

Les sources de matiere ganique consommeée par les juvéniles donnent un premier apercu de

| " hét érogénéité spatiale du fonctionnement tropht
par | es juvéniles de poissons. L' esdiutapardes de | a
variables biotiques (salinité, profondeur, sédiment, morphologie) se traduisant dans les caractéristiques
des communautés macrobenthiq(Bsiébautet al, 1997; Baffreatet al, 2017; Dauviret al, 2017)

Dauvin and Desrog2005)proposent une définition des grands habitats de la baie de Seine basés sur ces
critéres et adoptés par les gestionnaires de cet estuaire. Mieux compreragr&cleé drophique des
nourriceries cob6btieres nécessite une meill eure co

et la quantification és liens trophiques entre ceabitats. Ces problématiques ont été abordées dans

cette théseasooastti bmgiendeée$s habitats a | ali me
souligner | e réle trophigue des habitats ainsi (
de faciliter |l e dial ogue aveu utlisenscesi mmésds aepeses s d e
spati aux. En outre, | * esti rmdtaildmedd alta ooomntEesi hw
étape essentielle dans |’ estimation de | a capaci
Les habitats d’ali ment at & poissors snariesnnourriegiddégpengaatsi r | e s

sélectionnés traduisent a la fois les niches écologiques et les capacités de déplacement de ces especes.


http://www.hydro.eaufrance.fr/

Les juveéniles de sole et de bar supportent des dess@amst and Lasserre, 1978; Champalle¢l.,

1992)et exploitent activement les habitats amont, et en particulier les vasieres intertidales, alors que la

plie, décrite comme une espece plutbt marine exploite essentiellement les habitatGieams 1973;

Poxton and Nasir, 1985).es capacités de déplacement des juvéniles de sole et de plie étaitanodér
(LePapeandCogng2016) i1 s montrent un elocale»l.apréogd hee dd ea | i’ meem
ou ils sont captur és. Les résultats du stage d
opportuniste des juvéniles de s@zarnaudeet al, 2001; Koppet al, 2013)et ont montré une forte

affinité des juvéniles dgl i e pour |l es bival ves, espéces domi-r
juvéniles de merlan explorent les différents habitats, grace a uleuneecapacité de déplacemebe

laméme maniere)lut i | i sati on des di fférents habitats au
desécosyst émes dddalmarshagits Ic’OGitmpeorrst alnnce de consi dér
unemosaiqud " habitats, dynamiqgue spatial ement et temp
ces systemeColombancet al, 2020)

Les contenus stomacaux reflétent |’ alimentation
integrele régime alimentaire sur une plus longue période, en lien avec le renouvellement cellulaire du

tissu considéréTieszeretal, 1983) Le renouvell ement cefrdukaditenpa
plusieurs moigBuchheister and Latour, 201@our les juvéniles de poissons dont la croissance est

él evée, on peut supposer gue |l a signature isotop
devie. Ainsi,les r aceur s trophiques utilisés ne permetten
les juvéniles pendant la saison estivale, entre les deux périodes étudiées plus précisément. Le projet
MODHANOUREé t udi ait |’ évol ut i on e gravité deolaidissibuttbre spatialteo i s d |
des juvéniles de poissons dans | ' estuaire de S
saisonniers, dont un patron sortant et un patron sortant puis revenant en automne, notamment pour les
solesetlesplies@ Br i n d etalnOL8)Explorer les raisons de cette migration (en lien avec la

di sponibilité alimentaire par;vaxderwper et,al, 2006) | ' ac't
permettrait aussi de mieux comprendre | e foncti

réflexion sur la capacité trophique, si ces migrations sont liée$aitenir trophique.

5.1.3 ROletrophique des habitatsde la baie de Seine

L’utilisation des courants par l es juvasieres | es p
intertidales avait déja été démonstuairéqdoridetals | ' est
1999; Cabral, 2000; Laffaillet al., 2001; Kostecket al, 2012; Le Papet al, 2013) Dans cette thése,

l a contribution de cet habitat a | alimentation

des vasieres sont exploitées par les juvéniles de sole et de bar et ¢tlbs@unau moins a la moitié

8 Porté par le GIP Seinaval (phase 5)



de leur alimentation pour les individus situés dans les habitats proches des vasieres. Les vasieres
intertidales sembl ent donc attractives pour | es
présentent Lrcecsorctagppeb |l @'sedpe suppor t eCGorophiime mer si c
volutator, la polychéteHediste diversicolorou encore le bivalveScrobicularia planaavec des
productivités élevées (ratio P/B @evolutatorsupérieur a 5 at) ou de fortes biomasses. €ant des

espeéces classiquement retrouvées dans les ensembles benthiques des vasiéres intertidales, comme dans

| " est uai (Moreird, UL999)@u grcore dans la baie du MeaintMichel, ou on observe

également de fortes densités en juin/juilideziane and Retiére, 2001Lette différence dre
communauté intertidale et communauté subtidale se retrouve aussi dans les communautés de
zooplancton pélagiques et avec les poissons zooplanctivores échantillonnés dans la zone subtidale se
nourrissant sur les communautés intertidales comme décritdars st uai r e(Davidetdl,a Gi r or

2016) Les températures plus élevées au printemps peuvent également expliqonaeldegjuvéniles

dans ces habitats. En 2017, cet habitat présenta
pour |l es juvéniles GO jusqu' a une moyenne de 8¢
potentiellement ces ressources (voir 5.38., i est fort probable qu’ a

production de macrofaune de cet habitat soit consommeée et que la capacité trophique soit atteinte. Cet
habitat de faible surface joue donc un réle primordial dans la capacité trophiquecderieerie de
Seine.

Parmi les habitats subtidaux,’ e mb o soutibntiégadement de fortes productions de proies, une forte
consommation des juvéniles de poissons et montre des faibles valeurs de EE (la production de proies
supporte largement la consomtion des juvéniles), ce qui lui donne un rdle trophique de tout premier
ordre. Cet habitat a | a particularité d’' étre treé€
forte production de proies est un pattern récurrent pour cet hébaatnieret al, 2020) C’  est
égal ement un habitat avec une grande diversiteée d
observé auparavafiDauvin and Desroy, 2005¢ontrairement aux vasiéres intertidales qui présentent

un corridor d’ espeéeces pordetsudsdntrnoinstproduttiees qué lesslesue s s u
autres habitats et présentent des niveaux de consommations également inférieurs, en pattidalier p

fosse nord. Cette fosgst connue pour sa faible production benthigdeuny et al, 1998; Saulnieet

al,2020) dont | " explication réside possiblement dar

nord oupar sa proximité au port du Havre.

Finalement, les habitats présentés comme des entités distinctes présentent un certain degré de

connectiviteé, via | es mouvements des masses d’' ea
forte amplitude du maeng e . Dans un systéme microtidal ou | es
vue hydrodynamique, |l a connectivité entre habit

prédateurs supérieufSlarley et al, 2019)



5.1.4 ROdle trophique dans uncontextede dégradationdes habitats cotiers

Comme décrit dans [ i ntroducti on, | " estuaire d
mor phol ogi ques au cours du siéecle dernier, causa
perte de vasiéres intertidal@elsinne, 2005)Cette perte de surface se traduit par la perte de la fonction

de nourricerie pour les juvéniles de s@ochetteet al, 2010; Archambaulet al, 2018)et par la

diminution de la qualité des ressour¢kes Papeet al, 2007b) Ce contexte pousse les usagers de cet
estuaire, ses gestionnaires et les scientifigues impliqués a mieux en comprendre le fonctionnement et

Il " i mpoe tches di fférents habitats pour préserver o

Une précédente étude avait déja montré que les habitats de la fosse nord et du chenal de navigation

présentaient des signes de sti@®chioet al., 2015) Cette theéese s’'inscrit d
travaux en adaptant | ’'échelle d’"étude a | a gesti
En outre, on peut également s’ attendre a des év

élévation du niveaudefaer ou wune mar i ni (saléyetal n200d)poulant@lew sy st er
tour causer |l a perte ou |l a dégradation d’'habita
dégradés aux plus préservés. Par exemple, dans les baiegsmardr i cai nes, hiveauugment

de la mer pourrait engendrer une perte des habitats intertidaux de 20 @&abfaithet al, 2002)

5.2 Apports de la these dans le débat sur le caractere limitant de la capacité

trophique desnourriceries pour les juvéniles

521 Capacit® tr op ldsgéualesencdd@ar®la péedde ferte croissance

des juvéniles

La capacité trophiqgue a été abordée a traversef f i caci t é d’' exploitati on
potentiellement sensibles dans les interactions fueinile: la fin du printemps~ juin), juste apres

|l i nstall ation des juvénil es -~sctobre)lsatlafirodéarforta cer i e
période de croissance des juvéniles. Au printemps, les estimations de EE pour les GO sont plus faibles

(en moyenne 0,5 %), malgré quelques disparités spatiales entre les habitats. Ceci suggére que la forte
pression de pr é dvaemassine dejuvéniles &l&fin gugprintelpis axmplépour

la plie; Nash and Geffen, 2012pincide («match») avec la forte production de proi@cette méme
période. Au printemps, l a quantité de nutri ment
température et | augmentation de |l a | ongueur des:s
caractérisée par des blooms phytoplancoes et microphytobenthiqu@deipet al, 1995, p 1995; Glé

et al, 2008) Cette production primaire, accompagnée de matiére organique apportée par le fleuve,
soutient l a production secondaire, nikoestalorskes pr

synchrone avec la forte production de proies. Ce synchronisme est favorisé notamment par la



saisonnalité des périodes de reproduction des es
l a production n’' hepabrdeesassénah fdibbod, 2@EDe au | o1

plus, il semble que | arrivéeddes!l oy édhidrs sup e
Comme A.Lemointa pu | " observer sur | a nourricedl5e de |
pour les juvéniles de sole et de plie. En 2017, les plies GO sont déja présentes lors de la campagne du
mois de mai alorsug les soles GO en sont encore absentes. Le pic de densité pour ces deux espéeces est
en juin. L’année 2017 est <car actparrdpmé&lastumtion une i
moyenne 200@015. Sous nos latitudes tempérées, la périogmuie de la plie précéde celle la sole

(Gibson, 2005) Cet étalement des arrivées des larves réduit probablement la pression de prédation
exercée sur la communauté de proies. En effet, au printemps, les juvéniles se nourrissent principalement

de méiofaune du fait de la taille de leur bou(@ee, D89; Coull, 1990; Aarniet al, 1996) On peut

supposer que les premiers arrivants se nourrissent de cette ressource puis en grandissant, accédent a des
proies de plus grande taille dont | a.lppasgmer ti on
(« shift ») alimentaireentre méiofaune et macrofaune est souvent décrit autour de 40 mm pour les
poissons platéPihl, 1985; Gee, 1989; Coull, 1990; Aarmeipal, 1996; Andesenet al, 2005) Ainsi les
changements ontogéniques dans |’ alimentation, <co
une réduction de la compétition interspécifique et ainsi a une réduction de la pression de prédation

exercée sur un comgamnent de proies.

A |l inverse des GO, |l es estimations de EE pour |
%). Les juvéniles G1 accedent a des communautés de proies sensiblement différentes de celles des
juvéniles GO du fait de leur taille demouche. Cette valeur de 20 % semble élevée comparée a la
littérature: entre 2 et 16 % pour les G1 sua@nées dans la baie de Se{Baulnieret al, 2020)ou

autour de 5 % dans la baie de Vilaiff@bleauet al, 2019b) De plus, cette valeur est probablement
souse st i mée du fait de | a non prise en (Cableapet e de |

al., 2015) Néanmoi ns, i s’agit d’ une valeur lessti mée
autres études citéesaessus. Ceci suggere que les juvéniles G1 exerceraient une tres forte pression de
prédation sur la macrofaune benthique a la fin du printemps. En juillet, les densités de G1 sur la zone

d’' étude di mi nuent mdnrpour la $ole)meetietchule paurrait &re I@ad uae offre
alimentaire insuffisante induisant de |l a mortal]

zoneg(Nash and Geffen, 2012)

La période automnale était supposee étre une périosldsénl e, car | ' of(Beaukeman pr oi
1974; Saulnieet al, 2019)et les Empératures baissant conduisenhaalentissement de la croissance
journaliereC’ e st n ot amme pli¢ (Cibtteet at, 204 3b,c2014d; xan Hea Veet al, 2016)

Les estiméions de EE pour les GO sont en effet supérieures par rapport a celles du prirt&@nips (

9 Andréa Lemoine, stagiaire de Mastez®encadrée avec Camille Vogel (unité HMMH, Ifremer Port en Bessin)



jusqu’'a 85 % |l ocalement dans | es vasieres intert
période, du fait de la mortalité des mois précédentsis rfes besoins énergétiques individuels
proportionnels a |l a taille induisent une demand
printemps. Ainsi, ces valeurs de EE peuvent traduire une limitation trophique pour les prédateurs
étroitement dépendantes invertébrés macrobenthiques, comme les poissons plats ou le callionyme

lyre. En outre, les estimations de EE pour les juvéniles G1 a cette méme période sont du méme ordre de

grandeur que celles des GO. Enageraienttagantpgé deiproigse , | e

Mal gré | " effort pour esti mer |l a capacité trophi
incertitude persiste encore sur la saison estivale. On sait que la consommation des juvéniles GO atteint
un pi c au powrda baie d 'Seine ént2017. Le taux de consommation des juvéniles de plie
atteint également un maximum en aodQt sur la nourricerie de la baie de PgNdstiet al, 2007) Les

patrons de migration saisonniers des juvéniles indiquent égalemelesquaEssons se déplacent vers

I " aval de | ' estuéBr e nd btalp®iBnkafin, de tomboeasesoéhudes dans

la mer de Wadden concluent a une diminutlerla croissance en été en comparant la température et la
croissance journaliére estimée sous des conditions optimales de nourriture a la croissance beslervée

et al, 2008; van der Veeat al, 2010; Freitagt al, 2012; Poieset al, 2018) Des hypotheses autour

de la régulation par la nourriture ont été émiJe=al et al, 2008; van der Veast al, 2016) La forte
consommation des juvéniles en été nous amene a questionner le réle du facteur trophique sur la
croissance e fine sur une potentielle diminution du taux de survie, par inanition ou par prédation
résul tat d’"un comportement [(Bira et al,r2008; mctairetdaé, r ec h e
2006) Des estimations de | " offre alimentaire et de

de creuser cette hpthése.
5.2.2 La capacité trophique dand 6 ® v o duwdntexterclimatique

Le changement climatique menace tous les écosystémes momrdidesk espéces y résidant. Les
nourriceries cotiéres et leur fonctionnalité sont également affectées par ces chan@éohestset al.,

2018) Dans leur étude sur la baie de Somktel.ean et al(2018mont r ent un déclin d’
de | > abondance des poissons dans cette nourri ce
reproductiorr, soit les espéces décrites dans leedércette thése. Les changements de température et

de salinité impactent également la productivité benthiqgue, comme dans les zones cotieres de la mer
Baltique ou on a constaté une altération de la productivité des zones entre 6 et 20 m de profondeur,
pouvantengendrer un manque localisé de nourriture pour les poissons dént€riakarset al, 2015)

Le changement climatique affecte également la phénologie des e@padeget al, 2006; Durantet

al.,, 2007; Nixonet al, 2009) Pui squ’ i | i mpacte | a phéshambpeotgi e de
se demander comment cela se répercutera sur les interactiongppédiggursVa-t-on vers un pic de

mé obent hos avancé qui ne coinciderait plelles avec



pas égal ement agaméogédsse adcelérdeaas génitburs) aoreduisant a unglpente
précoceet une croissance larvaire plus court@@®elques éléments de réponse sont apportés dans

| "estuaire de | a Gironde ou des changemwsdet s de
proies (avancement du pic de production du zoopl

juvéniles de poissons pélagiques), mais ou | on
conjoint des juvéniles avec leur prg@hevillotet al, 2017) Dans cette méme nourricerie, la fonction

de nourricerie est questionnée et la problématique de la capacité trophigue atteinte a été soulevée par

| "augmenst avabeurdse d’' Ef ficacité d’ Exploitation e
construits a trois périodes successi@sevillotet al, 2019) Ainsi, mieux comprendre la fonctionnalité

des nourriceries est urgent pour prédire | "impac

et ses répercussions sur les populat{@ieevillotet al, 2017)

5.2.3 Occurrence de la limitationtrophique

Dans |l eurs theéses, A. Tabl eau et E. Saul nier sc
d’ étude pour interpréter | es val eurnss dé'|EBE goib tle néu
fine explorée dans |’ estuaire de | a Seine a cel
s’est avant tout centré sur | a production de prc
par | e biais$idauparndrcedeétdbnnées issues d’ éche
a |l a densité de juvéniles, métrique souvent mobi

(Le Papeet al, 2003b; van der Veet al, 2011; Trimoreaet al, 2013) et pas a la consommation des

juvéniles comme c’'est | e cas c hemdudliandé paessuret al
les densités de juvéniles a ainsi été moviéles régressions quantiles sur plusieurs années et plusieurs
nourriceries. Une hypothése proposée pour |l a va
cascade trophigueagp t i r de | ' apport des nutriments et de 1
productions primaire et secondaire (développé plus amplement dans |& gad)ie_e suivi régulier de

ces nourriceries grace aux campagnes NurBer i n d etaln2@i9)xdevrait continuer a fournir des

données permettantda f f i ner | " i ndi ce, de | e confronter a |
second vol et du modeéel e de Tabl eau et al (2019
environnement aux dans | es variations susceptible
Desdonnéede proies ont égal ement été collectées dan.

donc conjointement a la série de données sur les juvéniles. Ces données, recues tardivement dans le

cadre de cette these, s o nt oirp la écuirence e ghéngmenerde ét ud
' imitation trophique. On s’ attend alors a ce Que
EE entre |l es différentes années oscill ent aut ol

ponctuelle,a s’ attend alors a plus de variations dans



Limitation trophique récurrente Limitation trophique ponctuelle

EE stable EE variable
FP FP
A
FC ( Y FC
</ U
Années - Années -
Figure 2: Exempl e t h®orique de | 6®volution de |l a producti
juv®niles (FC) sous | 6hypoth se doéune Idibminteatliiomi ttar
ponctuelle.
5.3 Adaptations méthodologiqueset pi st es doéoam®l i orati c

5.3.1 Adaptation du modélede capacité trophique

Le modéle de capacité trophiqgue Thibleau et al. (201%stime la pression de prédation des juvéniles

sur les ressources alimentaires présentes dans les nourriceries cétiéres. Ce modéle intégre la production
de proies et la consommation des juvéniles sur la saison de forte croissance. Il était donc nécessaire
d’"adapter ce modeéel e dpcewrt i mapgormdr edea | la’ ochajpeacctiitfé

Il " habitat emoisye | a période (

La premi ére étape de |’ est i rastlecalauiddedreroducion@eo n s o mma
la quantité de matiére constitutive produite). Le modét@lrsuppose une décroissance exponentielle

de | " abondance au cours de | a s aidepemdanttdashandoi s s an
Geffen, 2012) Théoriguement, les juvéniles GO arrivent sur la nourricerie entre mai et juilldepuis
nombre décroit en raison de | a mortalité en fin
zones plus profondes. Or, les données mensuelles ne vérifiaient pas cette hypothése notamment pour la
limande ou la sole (Fig. 3Ceci estvras mb | abl ement | i é a un décal age
di stribution des juvéniles plutét qu’a une varia

étant de 1 cm étirées.
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Figure 3: Evolution de la densité de juvéniles par mois dan | aire detlaSeine pour 3 espéces la limande
(L. limanda, la plie, P. platessaet la sole communeS. soled
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Ainsi , |l a production a été calculée a partir di
| > hypot hése d’ un ebobdantenneoyeens sur lenaois.iLe projed MODHAN®UR a

montré qgque pour <certaines espeéeces, l es aires de
suivi utilisé pour ce travail de these, smamme po
marin ou | e fl et dquBirirnednebAmPOa8)rd Snaplpugetruasiure des

une plus large couverture spatiale permettrait alors de mieux cainpries processus de mortalité /
immigration, pour les especes clés de la nourricerie. La deuxieme adaptation pour le calcul de la
production des juvéniles concerne le parametre de croissance. Le modéle initial suppose une croissance
constante (1 paramétpar espéece) durant la période de forte croissaBependant, ce parametre
évoluant(Amara, 2003; Teadt al, 2008; Ciottiet al, 2014) des estimations mensuelles ont été faites

a partir de la courbe de croissanmmur estimer la croissance spécifigue moyenne au cours de cette
période. Selon lesavaux de F. Qquempérs ur | > évol uti on mensuelle de |
et de sole entre 2000 et 2015, les plies montreraient une diminution du taux de croissance dans les années
récentes a | "inverse des quetes wusiivant® biaise brebableméent de n
le taux de croissance obserflée Pape and Bonhommeau, 20E)le possible décalage entre aire

d’" étude et aire dendi dtersi bwttieoamprddateomédeca| i cat

de croissance mensuels moyens paraissait la meilleure estimation pour ce paramétre.

Une fois la consommation des juvéniles estimée, la seconde amélioration consistafiatiakseisur

les différents habitats. Pour ce faire, les résultats du modéle non spatialisé ont été combinés avec les
sorties des modeéeles de mél ange isotopique estim
poi ssons. L’incertit ucdmenthisotopiquera cahdui a utilser plusidues f r ac
valeurs plausibles. Les résultats étaient robustes aux différentes valeurs de taux de fractionnement pour

la plie et la sole, mais moins pour le bar et le merlan, ce qui est couramment le cas avec ce paramet

(Bond and Diamond, 2011Yne valeur moyenne a donc été choisie avecadestats a interpréter avec

PF]l orian Quemper, stagiaire de césure encadré par Ani
CAPES en 2019.

11 Pour rappel,d taux de fractionnement correspond a la déféice observée dans la signature isotopique entre

une proie et son prédateur, résultant de la discrimindggrisotopes en fonction de leur masse atoniayseles
processus d’'assimilation et d’ ' excrétion.



précaution pour ces espeédas Finalementun des intéréts des modeéeles de mélange bayésens

|l " obtention de 1l a distribution associ ée aux pal
Il > al i ment at i @parandétg). Op dans uirs soutigle tenps, une valeur fixe a été utilisée

pour la spatialisation.e. la médiang La priseen comptale cette incertitudeutour de ce parametre

devra étre intégrée au modéle.

La troisieme adaptation concerne la productierproies et plus particulierement la mensualisation du
ratio production sur biomasse. Au vu de | a dive
d’"une mensualisation a |’ échelle de | a communaut
La littérature sur la saisonnalité des ratios P/B des populations et de la production de la macrofaune
benthique a | ' échell e de (Béukema 097N Saulaiat talé 200} a n t p €
différents scénarios ont été élaborés par précaution avec différentes valeurs de coefficients pour

mensualiser le ratio P/B.

Enfin, | a derniére adaptation a consisté en | aj
des copépodesarpacticoidesomme praes potentielles des juvéniles. Cet ajout était essentiel pour

| " estimation de | a capacité trophique au printen
compartiment(Widbom, 1984; ©ull, 1990; Aarnioet al, 1996; Gléet al, 2008) L' ajout d i
suprabenthoaurait aussi été un ajout notable, notamment pour les poissonds» tels que le bar,

l es gobies ou |l es gadidés dont une dpprolegHostensd e | ' a
and Mees, 1999; Laffaillet al, 2001)particulierement abondantes dans le chenal de navigation de la
baie de SeinéMouny et al, 1998; Dauvin and Desroy, 200%)es fortes deritgs de merlan qui y ont

été observées a | "automne 2017 pourraient étre |
5.3.2 Quid des compétiteursdesjuvéniles ?

Certains invertébrés bent hi gue fstedas rubensa onévetta f aun e,
grise Crangoncrangonou encore des crabé&#carcinusspp se nourrissent en partie de macrofaune
benthiqugEvans, 1983; Christianeat al, 2017) Saulnier et al(2020)montrent que la consommation

de cegrédateurs est du méme ordre de grandeur de celle de la communauté de juvéniles de poisson en
bai e de Seine entre 2008 etAst2ridastubens Deodoemsnecess p o ur

données en 2017 font gu’ el lexestimations, mais qea aspeaes € et
représentent potentiellement une certaine pression de prédation sur les espéces consommeées par les

juvéniles de poisson.

Les oiseauxéchassiers, canards ou moueftdarn et al, 2017) exercent également une pression de
prédation sur les proies macrobenthiques dans les zomdie®leur sont accessibles, particulierement
sur les vasieres intertidal¢Moreira, 1995; Rosat al, 2008; Hornet al, 2017) & marée basse.

L’utilisation des ressources macrobenthiques de



(Rosaet al, 2008; Hornet al, 2017) par observation du comportement des oiseaux deuts

prélevements de faune sur les vasi¢hareira, 19950 u encor e | ' ¢éOe 8hetetsae des f
2013) L'"estuaire de | a Seine abrite de nombreuses
migration OuesPaléarctique et Est Atlantique i | accueill e égal emeest beau
(200 espéces réguliéreBisson et al(2019)en hivel GI P Sei ne Aval and Mai son
pour se reposer ou s'ali ment erementlafréquentatioededesh abi t
popul ations, C 0o mme ¢ eaVoeetteaélégantdreéurvirostra avbsetiedont Iés p o u r

effectifs ont drastiguement chuté depuis 10961 P Sei ne Aval and .Mai son de

5.3.3 Indice de production benthique

Le suivi des évolutions temporelles des proies

potentielle de la limitation trophiquédCrawford and Dyer, 1995; Okamotet al, 2012)

L”"échantillonnage quantit ateisft (choaurtrea)x dcea Itae mpac rc
mesur es (tri, détermination, comptages, pesées’
d’abondances et de biomasses | ongues de macrof a

d’ abondan c esesdejuvéniles depoissans Ises chaluts classiquement utilisés pour collecter

les juvéniles de poissons échantillonnent également des invertébrés benthiques, dont les petits individus
représentent les proies communément retrouvées dans les contentifs.d@es individus ont été
sélectionnés pour construire un indice de |l a pro
délimiter. Les méthodes d’interpolation spatiale
nonconcluantesenai son d’un nombre trop |imité de statio
Pertuis), | "agr égat i on-sédmentaireéesthapparlieecondne le Imeillels t r at
compromis en bonne <corresponda nesteaired eu dés’baies Hee | | e

| * étude.

La bonne correspondance, 3mnatrelesestimations demproduciicies e ur d e
les données issues de bennes et celles issues des données sélectionnées des chaluts a permis de construire

cet indice
5.4 Perspectivegle recherche

5.4.1 Compréhension plus fine du fonctionnement trophique des nourriceries

confrontation aux théoriesécologiques

La disponibilité en ressources trophiques est un des facteurs majeurs dans les choix des prédateurs et
dans les intexctions entre espécé€Stephenset al, 2019; Francoi®t al, 2020) Plusieurs théories

écologiques peuvergxpliquer le comportement de recherche de nourriture des especes dans leur



environnement et les interactions entre especes (Fig. 4). La théorie classique de la compétition trophique
prévoit quant a elle que quand les ressources alimentaires sont abghdsaupiEslateurs se nourrissent
d"une plus grande diversité de proies, car | a c
les ressources se raréfient, la compétition augmente et on observe alors une diminution et une
ségrégation interspédifile des niches trophiques. Cette ségrégation permet alors la coexistence des

espéces dans un méme environner(€ltyed and Eason, 2017)

L ' @ptimum FragingTheory» ( OFT), ou théorie de | optimisati

gu
capturer et digérer une proie et (MacArthurandBianka, as si m

’

un individu maximise | e gain net d énergi e,

1966) Lesinverttbh é s bent hi ques n’ont pas tous | a méme de
biochimique,i.e. de leur composition relative en lipides, glucides et prot§Besy et al, 2010) Par

exemple la densité énergétique des bivabra albaet Scrobicularia planae st d ' ekdgti ron 1
quand celle du polychétéediste diversicoloet des copépodes harpacticoides est supérieure g3 kJ
(Brey et al, 2010) Quand | es ressources trophiques sont ab
prédateurs ciblent alors | es proies présentant |
la niche trophigue soit étroite, constituée seulement des proies les plusti§nesy Les stratégies de

chasse varient selon les prédateurs| es proi es | es plus intéressante
considérée. Par exemple, le turb@cophthalmus maximusest dérit comme un prédateur

exclusivement visuel alors queeplie,Pleuronectes platessat i | i se | a vue et | ' ol f &
proies (De Groot, 1971)Quand les ressources alimentaires se raréfient, les différentes espéces de
juvéniles élargisent leur assiette, car les proies a gain net énergétique élevé se font plus rares et
demandent alors plus d" énergie pour @étre débusgq

recouvrements de niches inespéces potentiellement plus élevés.

Largeur
de la niche trophique

Recouvrement
entre niches trophiques

a »
> >

- + - +

Disponibilité des ressources alimentaires Disponibilité des ressources alimentaires

Figure 4: Prédictions de changement de la largeur de niche trophique et du recouvrement entre niches
trophiques inter-espéces en fonction de la disponibilité alimentaire selon la théorie de la compétition
trophi que ( CToptimanm foragmd theery »d(@FT). Figgre adaptée deStephens et al. (2019t
Correa and Winemiller (2014)



Ces théories répondent difféeremment a la disponibilité en proie, mais ne sont pas exclusives. En effet,
on peut supposer que dans un environnement riche en proies, deux espéces sélectionnent les proies les

plusintétres ant es éner géti guement alors que si Il " envir
type de proies pouvant mener a une ségrégation de leurs niches trophiques, permettant la coexistence de
ces especes dans cet € c 0 s y sgtegdm dopardCét dusdhole] twis ¢ a s |
carnivores topr édat eur s d eEst (Steiirmetzet alg RB020)Spodr qui les proies
préférentielles sont des ongulés, mais qui se spécialisent sur différentes proies alternatives dan

contexte de diminution de |l a densité d’'ongul és.

Ces théories pourraient étre testées a partir des données disponibles dans le cadre de chkite thése
contenus stomacaux et les signatures isotopiques des juvéniles de poissons, celles de leatdgsroies
échantillonnages des différents compartiments de proies potentielles, avec le printemps considéré
comme | a saison de forte disponibilité en proies
une offre alimentaire moins fournibarnaude etla(2001)ont montré une ségrégation trophique entre

4 especes de poissons plats dans en Méditerranée en se basant sur un indice de recouvrement de contenus
stomacaux. Cette ségrégation est favorisée par les différences morphologiques et de rythtaéralime

des différentes espéces. Dans son stage, A. Engler a commencé a étudier ces questions et a trouvé une

certaine partition des ressources entre les juvéniles de plie et de sole.

De pl us, l es individus d’une mé sseurcess pce’'cees tp ecuev equ
appelle en écologie trophique IdNiche Variation Hypothesis ou encore | ' hypot heés:
niche(Van Valen, 1965) La ni che peut varier en fonction de

observe égal ement des variations dans | utilisat
une spécialisatiomdividuelle comme observé pAraujo et al.(2011) Ces derniers auteurs décrivent

3 causes possibles de la spécialisationindividuelle( 1) une di fférence dans |’
due a des variations individuelles phénotypiques, (2) une difféckecea s | e cri t eére d’ op
ressources et (3) une différence dans les capacités a atteindre le choix optimum (par exemple, a cause
d’"un statut social). Ces aspects pourraient égal

des juvénile de | estuaire de Seine et mieux comprendr
alimentaires pour in fine, analyser leur fonctionnement dans un contexte de potentielle limitation

trophique.
5.4.2 Combiner lesapprochespour appréhender la question ded limitation trophique ?

Ce travail de these supporte |’ hypothése de |
Différentes approches pour tester la densité dépendance et estimer la capacité trophique dans une
nourricerie sont répertoriées dan | ' i nt roduction de <cette thése.
approches conjointement & un cas d’ étude pour | €

de suivi sur plusieurs années pourrait grandement alimenter nos conclusions quamitatianli



trophique dans les nourriceries coétiéres. Face a une question complexe, et notamment dans la recherche
d" " une relation de cause a effet dans un milieu n
des preuves de différentes naturagjssant a différentes échelles spatiales et temporelles. La
convergence des approches permettrait de vérifier avec plus de confiance que la limitation trophique est

un processus régulateur déterminant dans la dynamique des populations de juvénitsods. poi

La baie de Seine semble étre udfappoches. Edéfféttavedla appr
construction de | extension du port du Havre dan
suivis des compartiments biologiquesipant étre affectés par ces modifications. De plus, le GIP-Seine

Aval, crée en 2003, centralise les connaissances acquises et les données collectées par les différents
projets. Dans le cadre du projet MODANOUR, la méthode skif¢hinning» (Nashet al, 2007)a été

appliquée a partir de la série temporelle de collecte mensuelle pour trois espéces de poissons plats. Cette
mét hode permet de conclure sur |’ atteinte ou no
densitédépendante en suivant’ é vol uti on du poids moyen individu
densité au cours de la saison de forte croisséBegonet al, 1986; Nah et al, 2007) Ainsi, il

sembl erait que |l a capacité d’'accueil soit réguli
( Br i nd'etAamd0a8) La diminutiondun ombr e d’ i ndi vidus pouvant é
départ de |l a zone d’' étude et non a de | a mortald]
cohortes dont la zone d’'étude recoupe biteen | a

croissance. Comme évogqué a la fin du paragraphe 5.2.3 (occurrence de la limitation trophique), des

données de macrofaune benthique coll ectées dans
d’"étre récupér ées. L e s uletitcanalyses conjdirdemgnt avdc eddles des i en
juvéniles de poissons permettraient alors | ' esti
série temporelle. L”"évolution relative de ces e

environnementales, notamment le débit, pourraient nous aider a démontrer le caractére limitant ou non

du facteur trophique dans cet écosystéme et a en comprendre ses variables forcantes.

Enfin, si le processus responsable des phénoménes de mortalité d@rasigante dans les nourriceries

est |l a |imitation trophique, on peut s’'attendre
affectées par ce manque de ressources trophiques. La question est de savoir si le ralentissement de
croissance est tectable avec des échantillonnages mensuels de juvéniles de poissons. Si la détérioration

de | état physiologique du poisson est rapide, I
seront échantillonngd.e Pape and Bonhommeau, 2015ans le cadre de cette these, des données de
croissances journalieres issues de |l a |l ecture d
pieces calcifiées situées dans l'decihterne qui croissent en couches concentriques pendant toute
'ontogénése esans résorptiofCampana and Neilson, 1985 prés avoir vérifié que le taux de
croissance de | " otolithe (mesuré par | a distance

cCroi ssanc e (ed.Bsnaid etialn 2015y Llie dulnerne et al., 2Q16f) pourrait comparer celui



obtenu entre la naissance et le printemps pour les individasitdtdnnés au printemps a celui des

individus échantillonnés a |’ automne. Une di ff é
sélection des individus. On s’ attend a ce que |
survécu. Cependant i | est i mportant de préciser qu’' une
juveéniles de poissons n’implique pas forcément
peuvent impacter la physiologie des individus comme par exemple la coati@mirchimique
(Marchandet al., 2003)

La mer intérieure de Wadden (Pays Bas) ou | " e

nourriceries trés étudiéggan der Veert al, 1991, 2001; Vinagre and Cabral, 2008; Fraetal,
2009; Vinagreet al, 2009a; Freitast al, 2016; Junget al, 2017)s er ai ent égal ement de
potentiels pour ce travail muéipproches, aprés recensement des données disponibles.

5.4.3 Quel réle du débit dans la variabilité interannuelle de la capacité trophique ?

Si le facteur trophique joue un réle majeur danulation des jeunes stades de poissons dans les
nourriceries comme tend a | e démontrer cette t|
variations et les facteurs environnementaux impligué® relation positive entre I'abondance des

poissons juéniles dans les nurseries cotieres et les facteurs environnementaux locaux tels que le débit

du fleuve a été démontrée dans plusieurgloaseragan and Bunn, 1999; Le Papeal, 2003b; Taylor

et al, 2010; Duttereret al, 2013; Nyitrai et al, 2013) Cette variable de forgcage mériterait
particuliérement d’' élteporrsuitexdp hostraaex. Ldsamsgementede débite n t u

affectent ainsi le gradient de salinité, les courants, la stratification, les apports organiques et minéraux,

la qgualité de | ' eau, autant de f ac t(Drinkwaser amdi i i mp
Frank, 1994) L' expl i cation du |l ien entre dpedeietde et ab
nombreuses hypothéses sont proposées dans | es ét

débitengendre des courants de surfemes le large. Ce mouvement entraine un mouvement antagoniste
avec | a masse d’ ealuacgpamntc hael odrugLatvoerand Salehoadskdpl)a i r e
pouvant permettre aux larves de rejoindre plus facilement les nourrigexiBapeet al, 2003b; Taylor

et al, 2010) Un débit élevé peut aussi stimuler lesldépments ou les migrations des individus et ainsi
augmenter leur capturabilittoneragan and Bunn, 1999) Le débit agit aussi sur
de poissons en réduisant la dessalure quand le débit diminue. Par la suite, ce phénoraeoie pesit
répercussions sur la péchdfowell et al, 2005) Une autre hypothése souvent proposée est la cascade
trophique: le débit améne des nutriments et des matiéres organiques incorporés dans la chaine trophique
estuarienne, alimentant les juvénild3rinkwater and Frank, 1994; Loneragan and Bunn, 1999;
Darnaudeet al, 2004) Cette derniere hypothése serait intéressante atestersd | * ét ude des v
de | a capacité trophique. L’'apport de nutri ments

l a production secondaire d’ iponseade la producéos bebtleique hi q u e



secondaire aux apports de nutriments n’ est pas f
ou montrer une forme de dérflsefson and Rasmussen, 2000; Abdelrhman and Cicchetti, Rahg)
les estuaires danois, lapports en azotsoutennentainsila biomasse benthigyeu s q useudl auu n

dela duqueklle diminue (Josefson and Rasmussen, 20000En e f f et , | "apport en
un double effet la stimulation de la production, mais également une surcharge organique causant par
exemple des culitions anoxiquegAbdelrhman ad Cicchetti, 2012; Dolbetht al, 2012) Ainsi, le

débit est une variable structurante des écosystémes cétiers et ses variations influencent trés srement la
capacité d’  accueil des juveénil es. C' e glifféreatg al e me n

compartiments physique et biologique du systéme. Elle doit donc étre interprétée avec précaution.
5.4.4 Lien avec le recrutement des especesurriceries-dépendantes

Le renouvellement des ressources marines exploitépend dda biomassede génitets et de la

mortalité | ors des jeunes stades de Vvi e, du st a
du recrutement ainsi que | es facteurs responsabl
Dans le cas des espéces marinegnteriesd é pendant es, l es occufs et l ar

juvéniles se concentrent sur les nourriceries estuariennes et cétiéres. Rijnsdorp et al. (1992) ont
également trouvé une relation positive avec le niveau de recrutement (moyen et maximalaetr e de s
nourriceries de soles. Les facteurs générant de la variabilité dans le recrutement agissent sur la phase
larvaire pélagique alors que les facteurs la régulant sont prépondérants lors de la phase démersale
juvénile (van der Veert al, 2000) Le recrutement est donc régulé dans la phase juvénile, sur les
nourriceries cétiérevan der Veeet al, 2000; Ustupgt al, 2013; Le Papet al, 2020)

Les juvéniles de différentes nourricerie@ignent la population adult®ar exemple, le stock de la sole
du golfe de Gascogne est alimenté par les juvéniles provenant des différentes nourriceries cotieres le

long du gol&. A partir des données issues des campagnes de suivi des nourriceries et des campagnes au

| arge ciblant | es adultes, il serait pertinent d
d’"une cohorte de |’ age @Oon des dmées decampagihes cibdanttes L W i
juvéniles avant | e recrutement dans | a pécherie

(Le Papeet al, 2020)
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Fonctionnement et capacité trophique des nourriceries cotiéres et estuariennes : exemple de la Seine

Mots clés : Limitation trophique, Habitats, Juvéniles, Bioénergétique

Résumé: Les zones cotieres et estuariennes
remplissent la fonction de nourricerie pour de
nombreuses espéces de poissons démersaux. Ces
zones étant limitées spatialement, elles disposent de
ressources finies ou les juvéniles de poissons se
concentrent, engendrant de la régulation densité-
d®pendant e. On parl ecualldesr
nourriceries. La prépondérance des mécanismes
sous-jacents a cette mortalité, dont notamment la
limitation trophique, est encore source de débat dans

l a communaut ® scientifiqu
th se est doesti meeau $em des |
nourriceries estuariennes

réflexion sur le caractére limitant du facteur trophique
dans leur fonctionnement. La démarche a été menée
selon deux échelles spatio-temporelles : fine sur
| 6estuai r e datsdetndbrecerieet ( h

périodes de croissance des juvéniles de poissons) et
large sur le golfe de Gascogne (plusieurs nourriceries
sur deux décennies). Les résultats soutiennent le réle
du facteur trophique de certains habitats clés de la
nourricerie de la baie de Seine, en particulier son
embouchure et ses vasiéres intertidales. Ces
derniéres étant largement réduites dans cet estuaire,
une attention particuliere pourra leur étre portée dans
le cadre de la restauration de la fonction de
nourricerie. Par ailleurs, les juvéniles agés de moins
ddébun an sont plus suscep
de ressources alimentaires a la fin de la forte période
de croissance (automne). Les résultats sur le golfe de
Gascogne suppor tdewrdprotedsosc
m° me soi l interagit tr s
dans ces écosystémes complexes et dynamiques.

Functioning and trophic capacity of coastal and estuarine nurseries: example of the Seine estuary and

eastern bay

Keywords: Food limitation, Habitats, Juvenile fish, Bioenergetics

Abstract: Estuarine and coastal ecosystems are
composed of spatially restricted habitats fulfilling a
nursery function for many demersal fish species.
These nursery-dependant species concentrate at the
juvenile stage in these habitats, resulting in density-
dependent regulation. The predominance of the
mechanisms underlying this mortality is still a source of
debate in the scientific community, in particular trophic
limitation. The overall goal of this thesis is to estimate
the trophic carrying capacity within estuarine and
coastal nurseries and to provide food for thought on the
limiting nature of the trophic factor in their functioning.
The approach was carried out on two spatio-temporal
scales: fine on the Seine estuary (nursery habitat and.
growth periods of juvenile fish) and wide on the Bay

of Biscay (several nurseries over two decades).
Results (fine scale) support the importance of the
trophic factor of key habitats in the nursery function of
the Bay of Seine, including the estuary mouth and the
intertidal mudflats. As these are largely degraded in
this estuary, special attention may be given within the
framework of the restoration the nursery function.
Moreover, young of the year juvenile fish are more
likely to suffer from a lack of food resources at the end
of their first growth period (autumn). Results (wide
scale) on the Bay of Biscay also support the
occurrence of this trophic limitation, even though it
most probably interacts with others, in these complex
and dynamic ecosystems.



