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Avant-propos

Ce travail de these reposait sur trois parties a priori bien distinctes: une partie
méthodologique, une partie sur modélisation du réseau trophique de la vasiere de Brouage, et
une partie sur I’étude de la théorie de la stabilité des écosystéemes. Cependant, les premiére et
deuxiéme parties ne pouvaient pas étre réalisees de maniere indépendante puisque la
modélisation du réseau trophique de la vasiére de Brouage necessite des résultats obtenus
dans la premiére partie. La derniere partie sur la stabilité a été réalisée en parallele des deux
autres, mais la discussion sur la stabilité du réseau trophique de Brouage ne pouvait se faire
qu’une fois les résultats de la modélisation obtenus. L’architecture particuliére de cette thése a
engendré un effet domino inévitable : les problémes rencontrés sur une partie ont généré des
conséquences sur toutes les autres ; aucune partie de ce travail ne pouvait compenser les
lacunes éventuelles d’une autre. C’est la principale raison pour laquelle mon travail de these

ne s’est pas déroulé comme prévu initialement.

Avec le recul, les problemes liés a la méthodologie ont été soulevés des mon stage de Master
2 que j’ai réalis¢ sur le sujet. Afin d’essayer de comprendre et de cerner les problemes
rencontrés, j’ai débuté sur des modeles de réseaux trophiques réduits. Les problemes ont
persisté lors de ma premiére année de these puisque les résultats obtenus n’avaient aucun sens
et étaient loin de toute réalité écologique observée sur le terrain. Lors de mon premier comité
de thése (Mars 2010), la discussion autour des probléemes méthodologiques a conclu a un
probléme lié a 1’algorithme de la méthode lui-méme. En effet, I’algorithme (développé sous
MATLAB) que j’avais en ma possession €tait un hybride de deux méthodes. La résolution de
ces problémes nécessitait I’intervention d’Alain Vézina, auteur de ’algorithme, d’ou mon
séjour de deux mois (été 2010) a Halifax en Nouvelle-Ecosse (Canada). Cette collaboration a
été tres bénéfique : les problémes d’algorithme ont enfin été résolus. J’ai pu alors m’attaquer a
la réalisation des modeéles pour la partie méthodologique. Ce travail a été long et fastidieux.
Les résultats definitifs pour la partie méthodologie n’ont été obtenus qu’en juin 2012. Une

soumission de ce travail a pu étre réalisée les 23 Septembre 2012.

En paralléle, j’ai réalisé une large étude bibliographie sur la stabilité et la maturité des
écosystemes sous la forme d’un article de review. Bien que complexe, ce sujet m’a réellement

passionnée. L’écologie théorique n’est pas facile de prime abord car la littérature qui en est
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issue est trés diversifiée et contradictoire. Il n’a pas toujours été évident de comprendre les
concepts, les théories, de faire les liens entres eux et enfin de les synthétiser de la maniére la
plus simple et compréhensible possible. Pour un premier papier, les difficultés étaient
multiples, et avec le recul ¢a n’était peut-€tre pas la meilleure fagcon de commencer cette
these. Cet article de review était prévu a 1’origine pour un numéro spécial d’Estuarine Coastal
Shelf Science; il devait constituer I’introduction générale aux notions retrouvées
ultérieurement dans les articles de recherche du numéro. Malheureusement, les articles visés
par la review n’ont pas pu étre réalisés, celle-ci ne correspondant plus au sujet du numéro
spécial, elle n’y avait plus sa place. Aprés un gros travail de fond, une seconde soumission a
Ecology Letters, n’a pas remporté le succés espére. Apres amelioration de la forme, cette

review a été soumise a Ecological Indicators.

La deuxiéme partie de mon travail consistait a modéliser le réseau trophique de la vasiere de
Brouage, il a été réalise en dernier. La encore je me suis heurtée a quelques contraintes. Les
modeles réalisés reposent sur des données issues de I’ANR blanche « Rdle trophique des
biofilms microbiens dans les vasiéeres intertidales» (VASIREMI) qui s’est déroulée entre 2007
et 2011. Ma thése commencant en octobre 2009, j’ai débuté au milieu du programme de
recherche. Les campagnes de prélevements/mesures sur le terrain ayant été réalisées en février
et juillet 2008, peu de résultats étaient disponibles a mon arrivée. Une grande partie des
données finalisées a été récoltée entre ma premiére et deuxiéme année de these. Ce travail de
récolte, qui peut paraitre anodin, a au contraire été relativement compliqué et il a nécessité
beaucoup de patience, de persévérance et de diplomatie. Cette étape s’est cependant
accompagnée de discussions trés enrichissantes avec mes collégues sur la maniére dont ils
percoivent le rdle et I’importance de leur sujet d’étude au sein du réseau trophique cotier.
L’intégration des données aux modéles a ensuite nécessité une bonne connaissance des
différents objets d’étude, une compréhension suffisamment fine des prélévements/mesures/
analyses/expérimentations réalisées (incluant les modes méthodologiques) afin d’étre siire de
leur bonne traduction en flux de matiére et d’énergie. Il a été parfois difficile de comprendre
la logique et le raisonnement scientifique qui ont mené aux résultats obtenus, surtout dans des
domaines tres diversifiés et hors de mon champ de compétences, que j’ai progressivement dit

appréhender.

Vi



Au cours de cette thése, j’ai eu I’occasion de travailler un mois en Allemagne afin de
travailler en collaboration avec le couple Asmus. Les donneées utilisées dans le troisieme
chapitre de thése décrivent la baie Sylt- Remag, située dans le nord de I’Allemagne. Harald et
Ragnhild Asmus étudiés cet écosystéeme depuis de nombreuses années et ont largement
contribué a I’obtention des données utilisées pendant ma thése. Ce travail en collaboration
avec eux m’a permis de profiter de leurs connaissances du milieu et de leur expertise afin de

construire le modele de la baie de Sylt- Ramg.

En parall¢le de ce travail de these, j’ai participé a 1’élaboration de trois publications (voir les
Annexes). Ma contribution a ces papiers n’a pas été du méme ordre. Pour le premier, Niquil et
al. 2011, j’ai réalisé la review bibliographique sur l’analyse inverse. Ma contribution au
deuxieme papier (Grami et al., 2011) était plus méthodologique : j’ai aidé a la mise en place
du modeéle du réseau trophique du lac Pavin. Enfin, dans le dernier papier (Tortajada et al.,
2012) j’ai contribué a la discussion sur les indices ENA et sur 1’évaluation de la stabilité qui

leurs sont associée.

De maniére plus personnelle, cette thése et ses nombreux aléas m’ont permis de développer et
d’acquérir des connaissances et des compétences variées et inattendues. J’ai da faire preuve
d’efficacité, de rapidité, d’adaptabilité et d’autonomie. J’ai appris a avoir une vision globale
des écosystemes, a transposer des données spécifiques a un objet d’étude, a une réalité
écosystémique. J’ai d0 développer mes connaissances sur les différentes espéces présentes
dans 1’écosystéme considéré ainsi que sur les processus a travers la lecture de la littérature
associée et les discussions avec des experts du domaine. Ceci a inévitablement développé
mon aptitude au travail en équipe et mon intérét pour la compréhension des organismes, des
virus aux oiseaux en passant par tous les compartiments vivants et non-vivants du réseau
trophique. D’un point de vue plus technique, j’ai développé mes capacités a la programmation
sur MATLAB et j’ai acquis une compréhension fine de la méthode de reconstruction des
réseaux trophiques. D’un point de vue théorique, j’ai compris les lois thermodynamiques
régissant les écosystémes et j’ai pu me faire ma propre opinion sur la notion de stabilité des
écosystémes par le décorticage des théories et des concepts associés.

Cependant, la plus grande lecon de cette these est humaine : malgré les embdches, le travail,
la persévérance, I’obstination dans la recherche de la perfection, conduisent a 1’aboutissement.
Néanmoins, ce travail n’a ni la prétention d’étre parfait, encore moins d’étre une référence en
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la matiere. Il correspond a une synthése de données dont I’interprétation reste personnelle.
Comme pour tout modele, des choix doivent étre réalisés afin de trouver le bon équilibre entre
la simplification et la réalité écologique. Ces choix se sont basés sur une approche scientifique
la plus objective possible ; au moment ou je les ai fait, ils me paraissaient les plus justes. J’ai
cependant conscience qu’ils sont fortement dépendants de 1’expérience. Mes choix et mes
modéles restent donc discutables car inféodés & ma vision, mon ressenti et mon expérience.

Pour conclure, j’ai la conviction que méme pour un écosystéme donné, il existe autant de
modeles que de modélisateurs.
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Chapitre 1

Contexte

Les écosystéemes sont soumis a des activités anthropiques croissantes (Millennium Ecosystem
Assessment, 2005) qui ont un effet néfaste sur leur fonctionnement et leur durabilité. L’un des
grands challenges actuels pour I’écologue est de comprendre pourquoi les écosystémes sont
plus ou moins résistants aux pressions humaines directes (exploitation accrue des ressources
naturelles) comme indirectes (pollution, réchauffement climatique, etc.). Depuis plusieurs
décennies, de nombreuses études sur la stabilité des écosystemes ont vu le jour. Un
écosysteme est considéré comme stable lorsqu’il a la capacité de maintenir son état a travers
le temps quel que soit les perturbations subies. Ces études se sont d’abord intéressées a
I’impact de la diversité sur la stabilité des écosystémes par des approches expérimentales (e.g.
McNaughton, 1977; Pimm, 1991; Naeem and Li, 1997). Les résultats de ces études, souvent
tres contradictoires, ont prouvé I’importance de parameétres autre que la diversité pour
conclure sur la stabilité des écosystémes. Les chercheurs se sont alors tournés vers les liens
entre les espéces, et notamment les liens trophiques, jusqu’a étudier les propriétés
d’organisation et de fonctionnement des réseaux trophiques en lien avec la stabilité associée

des écosystemes (McCann et al., 1998; Dunne et al., 2002, 2004; Rooney et al., 2006).

Les réseaux trophiques correspondent a des schémas des flux d’énergie et de matiére entre les
organismes lorsqu’ils sont consommés ou consomment d’autres organismes (Pimm, 1984).
Les relations trophiques entre les espéces donnent une vision holistique du systéme puisque
les communautés s’organisent principalement en fonction de leur alimentation (Elton, 1927).
Les écosystémes, selon ’architecture de leur réseau trophique, sont plus au moins stables,
certaines architectures apportant de la stabilité et d’autres pas (Link et al., 2005). 1l est donc
important de comprendre quelles architectures des réseaux trophiques apportent aux
écosystemes une résistance face aux perturbations anthropiques auxquelles ils peuvent étre

soumis.

Comme de nombreux écosystemes littoraux, les pertuis charentais, et plus particulierement la
baie de Marennes-Oléron, sont soumis a des activités anthropiques variées. En effet, ce bassin
est connu pour sa forte activité conchylicole (mytiliculture et ostréiculture). Le bassin de

Marennes-Oléron est le premier bassin Ostréicole de France avec une production qui atteint
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45000 a 60000 tonnes d’huitres par an (Soletchnik et al., 1999). Le bassin de Marennes-
Oléron est encadré par deux estuaires (celui de la Charente au nord et celui de la Seudre au
sud) et peut également étre soumis a la pollution déversée par ces deux fleuves. Cette baie est
¢galement tres fréquentée par les touristes tout au long de I’année avec 35 millions de nuitées
comptabilisées en 2009 (1 nuitées = une nuit et une personne) et un pic en de fréquentation en
Aolt (Conseil Général). Tous ces éléments sont susceptibles de perturber les différents
écosystemes composant le bassin de Marennes-Oléron.

La vasiére de Brouage qui constitue a elle seule 30% de la zone découvrante du bassin de
Marennes-Oléron (Leguerrier et al., 2004) en est un site d’étude privilégié. Ce site a fait
I’objet de nombreuses études depuis le milieu des années 1990. La production primaire de la
vasiere de Brouage, qui est une vasiére nue, est principalement assurée par un biofilm
constitué de micro-algues benthiques, appelées microphytobenthos, et de procaryotes. Tout
d’abord, la dominance de la communauté des diatomées au sein du microphytobenthos a été
démontrée ainsi que des variations annuelles de sa biomasse (Cariou-Le Gall and Blanchard,
1995). De maniere plus fine, la structure et la composition taxonomique de la population de
diatomées a été analysée et a mis en avant des variations annuelles de cet assemblage qui est
caractérisé par des comportements physiologiques différents (Haubois et al., 2005b). La
production photosynthétique du microphytobenthos a pu étre quantifiée et reliée a des facteurs
environnementaux tels que la température et le cycle tidal (Blanchard et al., 1997; Guarini et
al., 2000b). Des exopolysaccharides (EPS) de deux fractions différentes (les EPS dit ‘bound’,
liés aux diatomées, et les EPS colloidaux qui sont libres) sont plus ou moins sécrétés par les
diatomées en fonction de leur production (Orvain et al., 2003a). Ces deux sortes d’EPS sont
lices a des activités métabolique différentes qui restent encore a définir (Orvain et al., 2003a).
Les diatomeées benthiques sont de forme pennée (Round et al., 1990) et de nombreuses
espéeces (dites épipéliques) ont la capacité de se déplacer verticalement au sein des sédiments
(Underwood and Paterson, 2003). Herlory et al.(2004) ont étudié ce phénomene sur le site de
la vasiere de Brouage et ont montré que la migration des diatomées est régulée par le cycle
tidal et nycthéméral. Ainsi les diatomées s’accumulent a la surface du sédiment a basse mer
afin de réaliser la photosynthese, puis migrent en profondeur du sédiment lors de I’immersion
et/ou la nuit (Herlory et al., 2004). Les recherches ultérieures se sont penchees sur le devenir
de la production microphytobenthique a travers 1) des processus biologiques ; i.e. intégration
au réseau trophique benthique, ou 2) des processus physiques ; i.e. remise en suspension dans

4



Chapitre 1

la colonne d’eau a marée haute. Le microphytobenthos, intégre le réseau trophique benthique
via la méiofaune (Montagna et al., 1995; Rzeznik-Orignac and Fichet, 2012) et les
déposivores (principalement Hydrobia Ulvae * (Haubois et al., 2005a)) qui 1’ingérent
directement. La dynamique des populations de brouteurs de microphytobenthos, hydrobies
(Haubois et al., 2002; Haubois et al., 2004) et nématodes (Rzeznik-Orignac et al., 2003) a été
bien décrite. La pression de broutage sur le microphytobenthos a été estimée pour ces deux
espéces de brouteurs (Haubois et al., 2005a; Rzeznik-Orignac and Fichet, 2012). Le broutage
des hydrobies ne parait pas étre influencé par la taille des diatomées mais est contrdlé par la
dynamique a court-terme de la biomasse de microphytobenthos (Haubois et al., 2005a). Les
nématodes broutent au minimum 13% de la production microphytobenthique (Rzeznik-
Orignac and Fichet, 2012). A marée haute, une partie du biofilm est susceptible d’étre remise
en suspension. De maniere générale, la remise en suspension du biofilm est liée a celle du
sédiment (Lucas et al., 2000). L’érosion des sédiments est controlée tout d’abord par des
processus physiques (Le Hir et al., 2000) et plus particuliérement favorisée par 1’action des
vagues sur la vasiére de Brouage (Bassoullet et al., 2000; Gouleau et al., 2000). Le réle des
organismes benthiques dans [’érosion des sédiments et la remise en suspension du
microphytobenthos a également pu étre mis en avant. En effet, les invertébrés benthiques via
la bioturbation favorisent la remise en suspension du microphytobenthos (Orvain et al.,
2003b; Orvain et al., 2004; Orvain et al., 2006). D’autre part, un biofilm microphytobenthique
bien développeé et jeune stabilise les sédiments et empéche/limite 1’érosion et la remise en
suspension (Orvain et al., 2003a; Orvain et al., 2004). A travers le processus de remise en
suspension, le biofilm constitue un élément clé de liaison trophique entre le benthos (vasiére)
et le pélagos (colonne d’eau). Le microphytobenthos remis en suspension est intégré au réseau
trophique pélagique et peut étre ingéré par les organismes suspensivores, comme démontré
par la comparaison des signatures isotopiques de la source et d’un consommateur potentiel

(Riera and Richard, 1996).

Ces nombreuses études ont constitué une étape essentielle qui a permis de démontrer

I’importance de la production microphytobenthique sur la vasiére de Brouage et son

! Hydrobia Ulvae a été renommée Peringia ulvae. Afin de faciliter la compréhension du texte pour les
non spécialistes de la macrofaune, il a été choisi de garder le nom Hydrobia ulvae tout au long du
manuscrit.
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intégration aux réseaux trophiques benthique et pélagique via sa remise en suspension.
Cependant, en 2006, de nombreuses questions restent encore en suspens notamment en ce qui
concerne les procaryotes (bactéries et archées) qui constituent le biofilm microbien avec le
microphytobenthos: qu’en est—il de la production procaryotique et de I’interaction procaryotes
et EPS produits par les diatomées ? Quel est le devenir de la production procaryotique (i.e.
quantification de la ‘bactérivorie’) ? Mais aussi, quel est le role de la lyse virale dans le
controle de la production du biofilm microbien ? Quelle part de la production du biofilm est
exportée par les oiseaux et par les poissons ? Comment quantifier plus précisément la remise
en suspension du biofilm microbien ? Comment interagissent le microphytobenthos et les
procaryotes remis en suspension avec le réseau trophique pélagique ? Ces diverses questions
ont été abordées entre 2007 et 2011 par I’ANR blanche «R0le trophique des biofilms
microbiens dans les vasiéres intertidales» (VASIREMI) dont les protocoles et les résultats

principaux sont présentés ci-apres.

Ce travail de thése s’intégre a ce projet de recherche par 1’intégration de toutes les données de
I’é¢tude et la réalisation de modéles de réseaux trophiques. Cette approche statique est
complémentaire d’un modele dynamique qui permettra de coupler des processus biologiques
et physiques. Des modeles du réseau trophique de la vasiére de Brouage ont déja été réalisés
(Leguerrier et al., 2003; Leguerrier et al., 2004; Degré et al., 2006). Ces modéles ont mis en
évidence certaines carences dans les données notamment au niveau du compartiment
microbien. Les modeles de ce travail de thése sont une synthése des résultats du programme
VASIREMI, comblant certaines des lacunes constatées dans les précédents modéles. Les
modeles de cette these ont été construits sur une échelle temporelle et spatiale correspondant
aux caractéristiques de 1’échantillonnage du programme VASIREMI, ceci afin d’éviter une
perte de qualité des données. L’ANR VASIREMI a approfondi nos connaissances sur les
processus biologiques a marée basse. Ainsi dans un premier temps, seul le réseau trophique a
basse mer diurne est présenté ; le but étant de partir de ce que I’on connait pour essayer de
mieux appréhender ce que 1’on ne connait pas/peu. Les résultats du modele basse mer ont
ensuite servi a 1’¢laboration de deux mode¢les pleine mer : un modéle qui considere la remise
en suspension du biofilm microbien, et un autre ou la remise en suspension n’a pas lieu. Le
découplage des processus a basse mer et a pleine a aussi pour objectif de soulever de
nouvelles hypothéses sur les processus ayant lieu a pleine mer qui n’auraient pas pu étre
visibles dans un modéle moyennant les données sur une journée. De plus, les échantillonnages
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réalisés lors des deux campagnes de terrain de ’ANR VASIREMI (février et juillet) se sont
concentrés sur la zone médiane de la vasiére qui est caractérisée par une structure en seillons
et banquette (Figure 1). Par conséquent, et afin d’éviter 1’affaiblissement de la fiabilité des
données VASIREMI par des extrapolations, les modeles représentent uniquement ce qui se
passe sur cette zone médiane de vasiére, ainsi les tables ostréicoles et le haut de 1’estran ne

sont pas pris en considération

La construction des réseaux trophiques est trés gourmande en données puisqu’elle nécessite la
connaissance des espéces du réseau trophique ainsi que les mesures des interactions entre les
espéces in situ. Malheureusement, les limitations temporelles, techniques et financieres
inhérentes aux études de terrain empéchent d’obtenir toutes les informations nécessaires a la
quantification des flux composants les réseaux trophiques. Ces lacunes peuvent étre
compensées par I’utilisation d’'une méthode mathématique, appelée modélisation inverse ou
analyse inverse, qui estime les valeurs manquantes des flux. Les réseaux trophiques ainsi
reconstruits peuvent étre soumis a une analyse de leur structure et de leur fonctionnement afin
d’évaluer leur stabilité¢ face a des perturbations naturelles ou anthropiques. L’Introduction
Générale de ce travail de thése présentera dans un premier temps le programme de recherche
ANR VASIREMI et ces principaux résultats, puis la modélisation inverse, outil numérique
principal de cette thése, et enfin les objectifs de la thése.

VASIREMI : un programme de recherche consacré a 1’étude du rdle fonctionnel
du biofilm microbien des vasiéres intertidales

L’ANR VASIREMI coordonnée par Christine Dupuy se concentre sur 1’étude d’un habitat
tres étudié localement : la vasiere de Brouage. Cette vasiére nue, caractérisée par la formation
d’un biofilm microbien a marée basse, a fait ’objet de nombreuses €études antérieures a
I’ANR VASIREMI, centrées sur le microphytobenthos et ses consommateurs directs
(Hydrobia ulvae et nématodes) (voir le ‘Contexte’). Lorsque le projet débute, des zones
d’ombre restent encore a éclaircir, particuliéerement en ce qui concerne les procaryotes
benthiques qui auraient un role essentiel au sein du benthos, d’aprés un modéle de réseau
trophique (Leguerrier et al., 2004),. D’autre part, la remise en suspension du biofilm

Microbien est un phénomeéne qui a été mis en évidence mais qui n’est pas bien quantifié. Le
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devenir des micro-organismes (microphytobenthos et procaryotes) remis en suspension dans
la colonne d’eau ainsi que leur interaction avec le réseau trophique pélagique sont encore mal
connus. L’objectif de ’ANR VASIREMI était de compléter les connaissances déja acquises
par la comprehension du devenir du biofilm microbien au sein du réseau trophique benthique
et du réseau trophique pélagique via sa remise en suspension. Un des objectifs spécifiques
était d’approfondir les relations entre la production du microphytobenthos, 1’excrétion des
EPS et la production bactérienne. Les différentes études ont nécessité des approches in situ et
expérimentales en laboratoire ; le couplage des deux constitue I’une des originalités de ce

programme de recherche.

Cette ANR, financée de 2007 a 2011, a été divisée en 5 thémes de recherche principaux :

1. Le réseau trophique benthique.

2. Le couplage benthos-pelagos par la remise en suspension des micro-
organismes benthiques.

3. Le réseau trophique pélagique.

4. Le devenir de la production du biofilm microbien a travers 1’analyse par
isotopie stable.

5. L’intégration des processus par la modélisation couplée du benthos et du

pelagos.

Outre différentes études réalisées en mésocosme, 1’essentiel de cette ANR repose sur deux
campagnes de terrain réalisées en Février (du 16 au 24) et Juillet 2008 (du 13 au 26) sur un
cycle de vives-eaux/mortes-eaux. Le site d’échantillonnage se situe dans la partie haute du
milieu de vasiére qui est caractérisée par une structure de seillons et banquettes (voir la figure

I-1). L’échantillonnage a été réalisé tous les jours lors de la basse mer.
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1. Le réseau trophique benthique

BIOFILM

Production Production
primaire bactérienne

Figure 1-2 : Schéma représentant les flux, les influences, et les compartiments étudiés dans le
réseau trophique benthique (theme de recherche 1). Les chiffres en italiques sur les fleches
indiquent les différentes sous-parties de ce theme de recherche.

Ce premier théme de recherche de I’ANR s’articule autour de plusieurs problématiques
centrées sur le biofilm. Dans un premier temps, il s’agit de déterminer la production
bactérienne en association avec le microphytobenthos (1.1, figure 1-2). L’hypothése de départ
supposait que les EPS excrétées par les diatomées pouvaient étre un substrat potentiel a la
croissance bactérienne (Middelburg et al., 2000; Goto et al., 2001). La production bactérienne
a donc été suivie en parallele de la production des EPS en fonction de la période du cycle tidal
et de I’age du microphytobenthos. Suite aux travaux réalisés au cours de ’ANR, I’hypothéese
de la stimulation de la production bactérienne par 1’excrétion d’EPS par les diatomées a été
nuancée, puisque selon les fractions d’EPS (« bound » ou colloidaux) considérées et 1’état du
biofilm microbien, les conclusions ne sont pas les mémes : les EPS colloidaux stimulent la
production bactérienne de maniere systématique alors que les EPS « bound » ont tendance a
I’inhiber. De maniére générale, a I’échelle de la journée, les périodes de forte production

bactérienne correspondent a des phases de faible activité photosynthétique. Ainsi les bactéries
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ont une production plus importante pendant les phases d’immersion alors que le
microphytobenthos concentre son activité en période d’émersion diurne (Agogué, comm.
pers.).

A une échelle temporelle plus grande, une variabilité saisonniere de la production du
microphytobenthos a été observée. En effet, la biomasse des diatomées photosynthétiqguement
actives est 4 fois plus faible en été qu’en hiver. En ¢été, les diatomées sont soumises a des
intensités lumineuses et des températures trés fortes qui limitent la photosynthése et donc la
production associée, c’est ce qu’on appelle la photo-/thermo-inhibition (Lavaud, Lefebvre et
Mouget, comm. pers.). D’autre part, un controle top-down des diatomées est observé sur le
terrain. En effet, la forte pression de broutage, notamment par les hydrobies (Hydrobia ulvae),
entraine une diminution de la biomasse active de diatomées et donc de la production associée

(Dupuy et Lefebvre, comm. pers.).

Antérieurement a I’ANR VASIREMI, différents organismes benthiques susceptibles d’avoir
un role dans le devenir du biofilm (figure 1-2) avaient été identifiés. Tout d’abord, les virus
(1.2), abondants dans les sédiments (Hewson et al., 2001; Sime-Ngando and Colombet, 2009),
semblent avoir une influence sur les bactéries sans toutefois que celle-ci n’ait été clairement
quantifiée. Les expériences de suivi de mortalité bactérienne en présence de virus, realisées au
cours de I’ANR, ont démontré que les virus benthiques affectent la production bactérienne a

hauteur de 11% en hiver et 40% en été (Montanié, comm. pers.).

D’autre part, la macrofaune et la méiofaune sont également des consommateurs du biofilm
microbien (1.3). Les premiéres études sur la vasiére de Brouage ont montré que la méiofaune,
dominée par les nématodes, broute au moins 13% de la production du microphytobenthos
(Montagna et al., 1995; Rzeznik-Orignac and Fichet, 2012). H. ulvae, espéce abondante sur la
vasiere, broute une large gamme de taille de diatomées (Haubois et al., 2005a). De plus, leur
broutage est influencé par la biomasse de microphytobenthos (Haubois et al., 2005a). La
bactérivorie de ces especes benthiques était alors mal connue. Le couplage d’une approche in
situ et d’une approche in vitro, au cours de ’ANR VASIREMI, a permis de mettre en
évidence et de quantifier les flux reliant le microphytobenthos et les bactéries, a la
macrofaune et la méiofaune. Les résultats ont montrés que la bactérivorie et I’herbivorie sont
bien présentes chez les nématodes, les foraminiféres et la macrofaune, mais I’herbivorie est
toujours dominante (Pascal et al., 2008b; Pascal et al., 2008c; Pascal et al., 2008d; Pascal et
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al.,, 2009). La bactérivorie dépend de la disponibilité du microphytobenthos, si le
microphytobenthos est en quantité suffisante, il est préféré aux bactéries, dans le cas contraire
les bactéries constituent une source alternative. Cependant, dans tous les cas considéreés,
moins de 6% de la production bactérienne est consommeée par la méiofaune et la macrofaune
(Pascal et al., 2009). De plus, les comparaisons de signatures isotopiques des différentes
sources alimentaires (MPB, Matiére Organique du Sédiment (SOM) et Matiére Organique
Particulaire de I’eau (POM)) ont montré que le MPB représente en moyenne 72% du régime

alimentaire de la macrofaune en hiver et 68% en été (Richard, comm. pers.).

Les mulets (Liza aurata et L. ramada), connus pour fréquenter la vasiére de Brouage, sont des
espéces limnivores se nourrissant sur la matiere organique a la surface des vasiéres. lls
peuvent également exercer une pression trophique sur le biofilm microbien (1.4). L’ANR
VASIREMI s’est penchée sur cette pression de broutage exercée par les mulets en couplant
une étude comportementale du nourrissage (fréquence des préléevements et temps de
prélévement) a des analyses isotopiques du foie, du muscle et du sang des poissons prélevés
sur le terrain. Il est apparu que les mulets arrivent a pleine mer le ventre vide afin de
s’alimenter sur le biofilm et repartent, en fin de pleine mer, le ventre plein (Feunteun et
Charpentier, comm. pers.). lls agissent donc comme des exportateurs de carbone de la vasiere
vers le large. Les mulets se nourrissent principalement sur la méiofaune, puis sur le MPB et
de maniére plus exceptionnelle sur les bactéries (Como, comm. pers.). En été, il a été observé
que le taux d’ingestion est multiplié¢ par 5 et la fréquence d’alimentation est plus importante
(Como et al., soumis). Une estimation de la fréquentation de la vasiere par les mulets devait
étre réalisée par la méthode de capture-recapture. Malheureusement, la péche n’ayant pas été

assez fructueuse, la fréquentation n’a pu étre raisonnablement estimée.

En hiver la vasiere de Brouage accueille de nombreux oiseaux migrateurs, et principalement
le Tadorne de Belon (Tadorna tadorna). Cet oiseau qui se nourrit directement sur les
invertébrés benthiques peut perturber le sédiment et le biofilm microbien associé. Les
résultats ont montré que le Tadorne se nourrit principalement sur les hydrobies (85%) et dans
une moindre mesure sur d’autres invertébrés (Viain et al.,, 2011). Aucune des especes
d’oiseaux se nourrissant sur la vasiere de Brouage ne semble ingérer directement du biofilm

(Bocher, comm. pers.).
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2. La remise en suspension des micro-organismes

Remise en suspension
(bactéries, MPB, virus)

BIOFILM

Production Production
primaire bactérienne

Figure 1-3 : Schéma présentant le processus de remise en suspension considéré dans le theme
2 de recherche, intitulé ‘remise en suspension des micro-organismes’. MPB =
microphytobenthos.

L’érosion des sédiments est contr6lée par le coefficient de frottement sur le fond qui est lui-
méme dépendant de I’intensité du courant et du vent induisant les vagues (Le Hir et al., 2000)
ainsi que de 1’érodabilité du sédiment qui est définie comme la résistance du sédiment face a
I’érosion (De Jonge and Van Beusekom, 1995). L’érodabilité du sédiment est extrémement
variable spatialement et temporellement puisqu’elle résulte d’une relation complexe entre les
propriétés physico-chimique du sédiment, la macrofaune présente et le microphytobenthos
(Herman et al., 2001b; Orvain et al., 2004). Partant de ce constat, les chercheurs de ’ANR
VASIREMI se sont interrogés sur la remise en suspension des micro-organismes dans la
colonne d’eau (figure 1-3). Par le couplage d’une approche in situ et de mesures
expérimentales par érodimétrie, il a été démontré que I’intensité de la remise en suspension du
biofilm microbien est influencée par 1’age du biofilm et par la bioturbation exercée par la

macrofaune (Orvain, comm. pers.). En été, I’activité de la macrofaune est importante, limitant
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le développement du biofilm et ainsi sa remise en suspension. Les conditions hivernales sont
donc plus favorables a une forte remise en suspension du biofilm vers la colonne d’eau. Les
expérimentations d’érodimétrie ont montré qu’une vitesse de frottement sur le fond de 2,545
cm.s™ est nécessaire au transfert des diatomées et des bactéries attachées a des particules de
sédiment vers la colonne d’eau. Les bactéries libres et les virus sont remis en suspension pour
des frottements plus faibles. Les bactéries libres sont peu endommagées lors de la remise en
suspension, elles conservent donc leur bon état physiologique et sont intégrées au réseau
trophique pélagique (Agogué et Mallet, comm. pers.). Au contraire, les bactéries attachées
sont endommagées et elles n’apportent au reseau trophique pélagique que de la matiere
organique supplémentaire. Il apparait que la remise en suspension des virus ne semble pas
croitre avec une augmentation du frottement sur le fond. Ceci pourrait étre dd & un
phénomeéne d’absorption-désorption sur la matiére en suspension dans la colonne d’eau. Un
suivi Lagrangien (i.e. suivi des masses d’eau) a confirmé ces résultats expérimentaux, ¢’est-a-
dire un enrichissement des masses d’eau en chlorophylle a (proxi de la biomasse
microphytobenthique), en procaryotes attachés et libres, en virus, en ciliés et en nanoflagellés.
En ¢été, la remise en suspension transfére une quantité plus importante d’organismes
hétérotrophes qu’autotrophes vers la colonne d’eau. Cependant, les micro-organismes remis
en suspension s’intégrent trés rapidement au réseau trophique pélagique et sont donc
consommés. Un suivi Eulérien (point fixe) a montré un apport d’eau du large moins chargée
qui a un effet de dilution sur 1’azote inorganique et sur mati¢re inorganique particulaire, sur

les diatomées et sur les bactéries (Guizien et Dupuy, comm. pers.).
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3. Le réseau trophique pélagique

Réseau trophique pélagique

3.1

Remise en suspension
(bactéries, MPB, virus)

BIOFILM

Production Production
primaire bactérienne

Figure I-4: Schéma présentant le troisiéme axe de recherche de I’ANR VASIREMI qui
comprend ’intégration des micro-organismes remis en suspension dans la colonne d’eau au
réseau trophique pélagique (3.1) et la consommation du biofilm remis en suspension par les
bivalves suspensivores (3.2).

Ce 3°™ volet a consisté & comprendre I’influence des micro-oragnismes remis en suspension
sur le réseau trophique pélagique (figure 1-4). L’hypothése de départ était que le biofilm remis
en suspension pourvoit les bactériophages et les brouteurs de microalgues. Le rdle des virus
pélagiques était alors inconnu. Les résultats obtenus au cours de I’ANR ont montré que, en
été, une action synergique des flagellés et des virus provoque une chute de 43% de la
croissance bactérienne (Ory, comm pers). La remise en suspension n’a que peu d’effet sur le
potentiel de lyse virale et I’interaction bactéries-virus-nanoflagellés. Cependant, la production
bactérienne est multipliée par 2 a cause de I’effet positif de la matiére organique dissoute

(MOD) benthique importée par la remise en suspension en été. En hiver, ’apport de MOD
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benthique multiplie par 4 la croissance bactérienne qui est cependant modulée par un import
de flagellés benthiques stimulant la production virale. La boucle microbienne est donc

stimulée par la remise en suspension indépendamment de la saison (Ory, comm pers).

La prédation du mésozooplancton sur les nanoflagellés et le phytoplancton est inhibée lors de
la remise en suspension du biofilm microbien. Les changements dans la diversité des proies et
le changement de régime alimentaire du meésozooplancton impacte la production de ce
compartiment. Certaines espéces voient leur production stimulée tandis que d’autres sont

défavorisees et leur production diminue.

Les thémes de recherche 4 et 5 sont basés sur des approches complémentaires et intégratrices.
Les isotopes stables en carbone et en azote ont éte utilisés pour décrire le devenir de la
production du biofilm microbien au sein des réseaux trophiques benthique et pélagique
(théme de recherche 4). Le cinquieme theme de recherche a consisté a modéliser les résultats
précédemment trouvés au cours des théemes 1 a 4. Le présent travail de thése rentre dans ce
cadre en complément des modéles dynamiques développés par Katell Guizien et ses
collaborateurs. Les modeles de ce travail de thése sont des modeéles statiques. lls
correspondent a un bilan des flux trophiques a un instant donné et ils prennent en compte une
tres grand diversité fonctionnelle, du microbien aux prédateurs supérieurs (oiseaux). Ces
modeles ont pour objectif d’intégrer I’ensemble des données VASIREMI et les connaissances
engendrées ultérieurement pour le méme site d’étude. Ces modéles ont aussi pour but de
comparer les propriétés d’organisation des réseaux trophiques par 1’utilisation des indices de
I’analyse des réseaux écologiques ou ENA (‘Ecological Network Analysis’) appliqués en

sortie de la modélisation inverse, méthode présentée ci-apres.

Chaque réseau trophique est caractérisé par une architecture qui lui apporte des propriétés
spécifiques. Ces propriétés émergentes déterminent la stabilité des écosystémes, c’est-a dire la
pérennité de leur état en présence des perturbations environnementales subies. Le but
principal de cette these est donc de comprendre la structure et le fonctionnement du réseau
trophique de la vasiére de Brouage en fonction des variations saisonniéres (été-hiver) et des
variations hydrodynamiques (avec ou sans remise en suspension). Ce travail de thése a tout
d’abord demandé¢ un travail méthodologique important. En effet, la construction des réseaux
trophiques est exigeante en termes de quantité et de qualité des données car dans 1’idéal
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chaque flux doit étre quantifié. Malgré les efforts développés lors de I’ANR VASIREMI pour
engranger un maximum de données sur tous les compartiments du réseau trophique, des
données sur les flux restent manquantes. La construction des réseaux trophiques doit donc
passer par une ¢étape indispensable d’estimation des flux manquants, qui est réalisée par une
méthode mathématique appelée analyse inverse ou modélisation inverse. Afin d’obtenir des
résultats fiables et pertinents sur les architectures des réseaux trophiques considérés et les

éventuelles conclusions sur leur stabilité, cette méthode a d’abord di étre optimisée.

L’analyse inverse : une méthode de reconstruction des réseaux trophiques

1. Qu’est-ce qu’un modele ?

Un modele est une construction simplifiée de la réalité d’un processus ou d’un systéme, visant
a le décrire, a le comprendre et/ou a prévoir son évolution. Un méme objet peut-étre modélisé
de multiples fagons en fonction de ce que I’on veut déduire du mod¢le. Un modéle est donc
construit pour répondre a un probléme spécifique posé en amont. Si la problématique change,
le modele changera afin de répondre complétement aux nouveaux objectifs. Deux grands

types de modeles se distinguent: les modéles prédictifs et les modéles descriptifs.

Un modele prédictif a pour objectif de prévoir le comportement d’un processus ou d’un
systéeme face a des conditions variables. Ces modeéles permettent par exemple de prévoir
I’effet du changement climatique sur 1’élévation du niveau marin, ou encore de prédire, a une
échelle plus petite, le temps de découvrement de I’estran, pour une période donnée. Un
modele descriptif a une toute autre vocation puisqu’il tente de représenter la réalité¢ observée.
Les modeles utilisés dans cette thése s’inscrivent dans cette catégorie. lls décrivent et
représentent de manicre simplifiée les réseaux trophiques, c’est-a-dire les flux de matiére et
d’énergie reliant les espéces entre elles, sur une échelle de temps déterminée
(I’émersion/immersion, le jour, la saison, I’année). Ils présentent la particularité¢ de prendre en
compte une grande diversité des flux et des compartiments fonctionnels. Les modéles de
réseaux trophiques, auxquels on s’intéresse ici, correspondent a des modeles statiques,
puisqu’il s’agit d’un bilan a un instant donné, sans notion d’évolution dynamique au cours du
temps. Bien que ces modeéles soient statiques, leur architecture et leurs propriétés
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d’organisation permettent d’envisager, par le biais de la théorie écologique, des propriétés

dynamiques liées a leur stabilité.

2. La modélisation inverse

Les origines de la modélisation inverse prennent racine en océanographie a la fin des années
70. L’océanographie physique, comme la recherche sur les réseaux trophiques, nécessite de
nombreuses mesures sur le terrain. La quantité d’informations obtenue in situ est, en général,
trés éloignée de la quantité de parametres nécessaires a la description de la circulation des
océans (Parker, 1977). La modélisation inverse apparait comme la solution a ce probléme.
Elle est appelée ainsi car elle a une fonction opposée a la vocation habituelle d’un modele. En
effet, la méthode inverse estime la valeur des paramétres inconnus a partir des observations in
situ disponibles et du modéle du systeme considéré (Parker, 1977). De maniere générale, un
modele décrit le comportement d’une variable d’état a partir de parameétres connus et de
conditions initiales (Vézina and Platt, 1988). Dans le cas de la modélisation inverse, la
procédure est opposée, c’est-a-dire que 1’observation des variables d’état est utilisée pour
déterminer les paramétres inconnus (Vézina and Platt, 1988). Un algorithme mathématique
permet, a partir du modéele et des observations faites sur le terrain, d’estimer les valeurs

possibles que peuvent prendre les paramétres inconnus.

Cette méthode mathématique a été transposée de 1’océanographie physique aux réseaux
trophiques afin d’estimer les valeurs manquantes des flux dans un réseau trophique. Les
variables d’état considérées sont alors les biomasses de chaque espeéce. La premicre
application aux réseaux trophiques fut réalisée par Klepper et Kramer (1987), puis fut reprise
par Vézina et Platt (1988) pour en faire la méthode constituant la base de la modélisation
inverse telle qu’elle est utilisée aujourd’hui. Différents types d’écosystémes aquatiques ont
déja été modélisés : les premiers réseaux reconstruits par analyse inverse étaient surtout
planctoniques (Vézina and Platt, 1988; Vezina and Pace, 1994; Niquil et al., 1998; Vézina and
Savenkoff, 1999; Savenkoff et al., 2000), puis ils se sont élargis aux communautés

benthiques.
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3. Les étapes de 1’analyse inverse

L’analyse inverse peut-étre décomposée en 4 étapes :
1) Détermination de la topologie du réseau trophique.
2) Détermination des équilibres de masse et des équations.
3) Ajout de contraintes biologiques.
4) Calcul de la solution ou des solutions.

3.1. Détermination de la topologie du réseau trophique

Cette étape consiste a déterminer dans un premier temps les acteurs du réseau trophique
autrement dit les especes et compartiments ‘non vivants’ constituant 1’écosystéme considéré.
Il est possible, par souci de simplification, de regrouper certaines especes entre elles pour
former des compartiments : on parle alors de réseaux trophiques agrégés. L’agrégation peut se
faire selon plusieurs critéres : par groupe taxonomique (Leguerrier et al., 2004), par régime
alimentaire et mode de nutrition (Leguerrier et al., 2003), etc. Johnson et al. (2009) ont
montré que ce dernier critere est celui qui altére le moins la structure du réseau trophique et

qui est le plus proche de la réalité.

Une fois les compartiments vivants et non vivants déterminés il s’agit de définir quels sont les
flux possibles entre ces compartiments c’est-a-dire les liens trophiques unissant les
compartiments. Des questions essentielles se posent alors : Qui mange qui ? Qui ou quoi est
importé ou quitte le systéme ? Quelle est la forme de la matiere non vivante rejetée ? (Niquil
etal., 2011).

Les compartiments sont toujours codés par 3 lettres (exemple : microphytobenthos = mpb).
Puis les flux définis précédemment sont également codés et stockés sous forme d’un vecteur
colonne nommé x. Les flux sont écrits sous la forme « C (pour carbone) espece source TO
espece puit ». L’espéce source est 1’espece d’ou part le flux (expéditeur) et 1’espéce puits
correspond au destinataire du flux. Si on considére le flux de broutage de microphytobenthos
par les déposivores (dep), le flux est alors codé CmpbTOdep. La production primaire brute

(gpp) du microphytobenthos est symbolisée par CgppTOmpb.
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3.2. Détermination des équilibres de masse et des équations

Les équilibres de masse pour un compartiment donné correspondent a un bilan des flux
entrant et des flux sortant. Les flux entrants sont définis comme les flux dont le destinataire
est le compartiment considéré. Ils correspondent a la consommation et a 1I’import de ce
compartiment. Au contraire les flux sortant sont déterminés comme les flux dont I’expéditeur
est le compartiment considéré. Les flux sortant regroupent la respiration, 1’excrétion, la
prédation et I’export du compartiment considéré. La différence : somme des flux entrant
moins somme des flux sortant est égale a zéro lorsque le compartiment présente une biomasse
constante, ce compartiment est alors considéré a 1’équilibre de masse. Dans le cas d’une
différence non nulle, le compartiment est en déficit de masse si le bilan est négatif tandis
qu’une différence positive signifie une accumulation de biomasse. Par défaut, 1’analyse
inverse considére les variations de biomasses négligeables par rapport aux flux, c’est-a-dire
que la biomasse des compartiments est considérée a 1’équilibre (i.e. flux entrants = flux
sortants). A ces équilibres de masse viennent s’ajouter les flux dont les valeurs ont été

estimées sur le terrain.

Les équilibres de masse et les flux connus (i.e. estimé sur le terrain) sont écrits sous la forme
d’équations linéaires : A *x = b. La matrice A (m,n) (i.e. m lignes et n colonnes) est
composee des coefficients des équilibres de masse et des mesures de terrain. x (n,1)
correspond au vecteur de I’ensemble des flux du réseau trophique déterminé dans le 1), et b
(m,1) est un vecteur ligne composé des valeurs des observations de terrain et des valeurs des
équilibres de masse de chaque compartiment. La lecture de la matrice se fait de maniere
verticale (figure 1-5).
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X’
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Figure 1-5 : Schéma représentant les vecteurs et la matrice résultants des étapes 1 et 2. La matrice A’
(n,m) correspond a la transposée de la matrice A et le vecteur b’(1,m) a la transposée du vecteur b.
Prenons pour exemple la colonne 1 de la matrice A’ : cette colonne correspond a 1’équilibre de masse
du compartiment mpb, et se lit : 1*CgppTOmpb — 1*CmpbTOdep — 1*CmpbTOdet — 1*CmpbTOres —
1*CmpbTOexp = 0. La colonne 3 correspond a la mesure sur le terrain de la production primaire du
mpb et se lit 1*CgppTOmpb = 183,60.

3.3. Ajout de contraintes biologiques

Afin d’obtenir des valeurs plus réalistes pour les flux manquants, des contraintes biologiques
sont ajoutées aux équilibre de masse et aux équations. Ces contraintes correspondent a des
taux physiologiques (exemple : efficacité d’assimilation) ou a des données sur les flux ou les
processus provenant d’un milieu/écosysteme présentant des caractéristiques similaires au
milieu/écosystéme considéré. Ces données sont issues de la littérature et sont considérées
comme des connaissances a priori des organismes et du type d’écosystéme. Cette étape de
I’analyse inverse est trés importante car la précision des résultats en dépend : plus le nombre
de contraintes est important et plus les bornes inférieures et supérieures de ces contraintes
seront affinées, et plus les valeurs calculées pour chaque flux inconnu seront proches de la
réalité et donc fiables.
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Les contraintes biologiques sont écrites sous la forme : G * x < h, ou x (n,1) est toujours le
vecteur contenant tous les flux du réseau trophique. G (p,n) est une matrice composée des
coefficients des contraintes biologiques et h (p,1) est un vecteur ligne déterminant les valeurs

de contraintes biologiques. La matrice G et le vecteur h sont construits et lus de la méme

facon que la matrice A et le vecteur b (figure 1-6).

X,

CgppTOmMpb
CmpbTOdep
CmpbTOdet
CdepTOdet
CmpbTOres
CdepTOres
CmpbTOext
CdetTOext

mpbTOres max detTOdep max depTOdet max

0.3 0 0
0 -0.11 0
0 0 0
0 1 1
1 0 0
0 0 0
0 0 0
0 0 0
0 0 22.75)

h’

Figure 1-6 : Schéma représentant la matrice des inéquations G. La matrice G’(n,p) est la
transposée de la matrice G et le vecteur h’(1,p) est le transposé du vecteur h. La premiere
colonne se lit -0.3*CgppTompb + 1*CmpbTOres <0.
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3.4. Calcul des solutions

Grace aux 3 étapes précédentes, un espace de solution, correspondant a un polyédre
multidimensionnel, est formé. Cet espace est limité grace aux équilibres de masse, aux

équations et aux inéquations déterminées au cours des étapes precédentes (figure I-7).

2 dimensions n dimensions

F2 1

F2 <30% F1

F2>5% F1

max F1

Figure 1-7 : schéma représentant la formation du polyédre de solutions. Dans le premier cas a
gauche, seulement 2 dimensions (ou 2 flux) sont considérés. Le flux F, est compris entre 5 et 30% du
flux F;. De plus, le flux F; posséde une valeur maximale, ainsi I’espace de solution pour le flux F, se
réduit au triangle hachuré. Lorsque que le nombre de dimensions considérées augmente, le triangle
hachuré devient la figure complexe, correspondant a un polyédre multidimensionnel.

Apres I’obtention du polyedre, deux méthodes exploratoires peuvent étre envisagées. La
méthode dite déterministe (Vézina and Platt, 1988) ne propose qu’une seule solution qui
remplit a la fois conditions d’équilibres de masse, d’équations et de contraintes biologique a la
sortie de 1’analyse inverse. Une méthode plus récente propose 1’échantillonnage aléatoire de
I’espace des solutions (Kones et al., 2006; Van den Meersche et al., 2009). Plusieurs solutions
remplissent alors toutes les conditions pour chaque flux et sont proposées en sortie de

I’analyse inverse.
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4. De la méthode déterministe a I’échantillonnage aléatoire

4.1. Méthode déterministe

La méthode déterministe, comme expliqué plus haut, ne donne qu’une seule solution pour
chaque flux. Cette solution, s’appuie sur un principe philosophique : le rasoir d’Occam. Ce
principe repose sur la notion de parcimonie et suggere que parmi toutes les solutions possibles
la plus simple est la meilleure. D’un point de vue mathématique, la solution la plus simple est
celle des moindres carrés. Le vecteur solution des flux qui présente la somme minimale des
carrés des flux est alors sélectionné. Cette méthode a été tres souvent utilisée (e.g. Vézina et
al., 2000; Savenkoff et al., 2004; Richardson et al., 2006; Forest et al., 2011) mais également
tres critiquée (e.g. Niquil et al., 1998; Donali et al., 1999; Johnson et al., 2009). Le choix de la
solution déterministe basée sur le principe des moindres carrés a en effet des conséquences
sur la structure du réseau trophique ainsi reconstruit voire méme sur son fonctionnement. La
minimisation de la norme quadratique des flux entraine la surestimation de certains flux et la
sous-estimation d’autres flux par rapport a la valeur réelle des flux. Une étude a montré que
d’une maniére générale ce sont les petits flux qui sont surestimés et les grands flux sont sous-
estimés (Vézina and Pahlow, 2003). Ceci a de graves conséquences sur 1’ordre des flux qui est
complétement bouleversé altérant ainsi la cohérence du réseau trophique. La solution des
moindres carrés impacte également la description du fonctionnement des réseaux trophiques.
En effet, les pertes du réseau trophique (respiration, exports) ont tendance a étre surestimeées
(Eldridge and Jackson, 1993). De plus certain flux existant dans le milieu naturel, sont
estimés comme nuls par 1’analyse inverse (Kones et al., 2006), ils sont donc considérés
comme inexistant dans le réseau trophique reconstruit. Ces deux dernieres consequences
entrainent la sous-estimation de 1’énergie circulant a travers le systéme et de 1’énergie
contenue au sein du systeme. Les indices écologiques ENA (Ecological Network Analysis),
qui mesurent les propriétés d’organisation d’un €écosystéme, ont également tendance a étre
mésestimés par la solution des moindres carrés (Johnson et al., 2009; Kones et al., 2009). Par
conséquent, la solution des moindres carrées donne aux réseaux trophiques reconstruits une
structure artificielle (Stukel et al., 2012) et elle ne parvient pas a rendre compte de la

complexité réelle des réseaux trophiques (Vézina and Pahlow, 2003).
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Cette méthode reste cependant performante pour déterminer les états différents d’un méme
écosysteme et réaliser des comparaisons intra-ecosystémiques (Vézina and Pahlow, 2003).
Par contre, dans le cas d’une comparaison inter-eécosystéeme la méthode déterministe présente
des limites. Dans I’objectif d’'une méthode de reconstruction des réseaux trophiques apportant
des résultats fiables aussi bien sur I’estimation des flux que sur I’interprétation écologique qui

peut en étre tirée, la méthode déterministe ne semble donc pas la plus adaptée.

4.2. Méthode par echantillonnage aléatoire

Contrairement a la méthode déterministe qui ne donne qu’un seul vecteur solution (une valeur
par flux), cette méthode propose plusieurs solutions a partir d’un échantillonnage aléatoire de
I’espace des solutions (le polyedre). Leguerrier (2005) propose un tirage aléatoire des valeurs
a Dlintérieur d’un parallélépipéde comprenant I’espace de solutions, 1’échantillonnage
aléatoire est alors basé sur la méthode de Monte Carlo (Kones et al., 2006). Cette méthode,
utilisée dans des domaines tres variés, comme par exemple la finance, la géométrie, la
biologie, permet d’échantillonner un espace préalablement défini. Cette méthode appliquée a
la reconstruction des réseaux trophiques pose quelques problémes puisque les solutions
proposees peuvent étre soit a I’intérieur soit a ’extérieur du polyedre. Les solutions en dehors
du polyedre ne sont pas acceptables et doivent étre éliminées. La localisation des solutions a
I’intérieur du polyédre doit donc étre testée ce qui se traduit par un long temps de calcul. Un
probléeme supplémentaire se pose puisque 1’espace des solution n’est pas totalement couvert

(Wiback et al., 2004).

Van den Meersche (2009) a proposé une amélioration de 1’échantillonnage aléatoire.
L’échantillonnage aléatoire se fait par la méthode de Monte Carlo en chaine de Markov
(MCMC-LIM) avec un algorithme dit ‘des miroirs’. L’échantillonnage et le déplacement dans
I’espace se font grace a un algorithme ‘hit and run’ (Smith, 1984) qui sélectionne des points
de long d’un segment a I’intérieur du polyédre. La chaine de Markov repose sur la prédiction
des éléments futurs a partir des eléments du présent ; le nouveau point est alors déduit du
point précédent. La distribution de probabilité est centrée sur le point P4, le nouveau point P,
est séparé du point précédent par la longueur du ‘jump’, qui est défini comme 1’écart-type de

la distribution de probabilite.
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A) B)

NON

Figure 1-8 : Schéma montrant la différence entre la méthode d’échantillonnage aléatoire par la
méthode MCMC A) et par la méthode MCMC_ miroirs de Van den Meersche (2009) B). Dans les
deux cas le point de départ est le point P et le point P, le nouveau point échantillonné. i, et i,
représentent les limites du polyédre imposées par les contraintes biologiques (i.e. inéquations).

Dans le cas d’une méthode MCMC sans la technique des miroirs, 1’échantillonnage d’un
second point se fait a partir de la distribution de probabilité du premier point. Lorsqu’une
solution proposée est en dehors de 1’espace, une nouvelle direction est choisie a partir du
point P; d’origine, puis les points sont échantillonnés le long de ce nouveau segment (figure I-
8). L’inconvénient de cette méthode est un temps de calcul conséquent. La méthode MCMC
«miroir » va générer de maniére automatique un ensemble de points situés a 1’intérieur du
polyédre. En effet, les parois du polyedre vont agir comme des miroirs afin de ne proposer
que des solutions a I’intérieur du polyedre. Lorsqu’une solution s’appréte a sortir de I’espace
des solutions, elle est réfléchie contre les parois du polyédre jusqu’a ce que la solution tombe
a nouveau a ’intérieur de I’espace des solutions (figure 1-8). La longueur du ‘jump’ détermine
la distance entre un point Py et P’;. Si le point P’; se trouve hors de 1’espace des solutions, un
symétrique de ce point est déterminé par rapport a la surface du miroir. Si le nouveau point
déterminé tombe & nouveau hors de I’espace de solutions, 1’opération est répétée jusqu’a ce
que le point tombe a I’intérieur du polyedre. Chaque application de la méthode MCMC-LIM
miroir est caractérisée par une valeur du ‘jump’ et un nombre d’itérations. Le nombre
d’itérations défini le nombre de solutions échantillonnées aléatoirement au sein de 1’espace
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des solutions. Ces deux eléments sont essentiels et doivent étre choisis de maniere a couvrir
I’ensemble de I’espace des solutions. Le ‘jump’ détermine la distance entre deux points, ainsi
si un grand ‘jump’ est choisi alors que I’espace des solutions est réduit, le point P, sera
souvent en dehors de 1’espace de solution, ce qui se traduit par un temps long de calcul de
solution. Au contraire, un ‘jump’ trop petit par rapport a I’espace de solution fait que cet
espace est mal exploré : ses limites ne sont pas atteintes. Le ‘jump’ est donc choisi en fonction
de I’espace de solution a couvrir et de maniére a optimiser le temps de calcul de chaque
itération. Le nombre d’itérations est choisi apres le ‘jump’ et il est déterminé de fagon a étre
stir que I’espace de solutions soit totalement exploré. Le nombre d’itérations idéal correspond
au nombre d’itérations a partir duquel la moyenne ou I’écart-type de chaque flux devient
constant. De maniere plus simple, si plusieurs réplicas d’une méme simulation sont réalisés,
pour chacun des flux, les mémes moyennes et les mémes écart-types doivent étre trouvés si

I’espace des solutions a complétement été exploré.

La méthode d’échantillonnage aléatoire présente 1’avantage de proposer un intervalle de
valeurs possibles pour chaque flux. Dans un contexte de comparaison inter-écosystémique, cet
intervalle de solution peut étre utilisé pour définir des bornes minimales maximales aux
indices ENA, qui décrivent les propriétés de la structure des écosystemes et leur
fonctionnement. Des tests statistiques peuvent également étre réalisés a partir de ces

intervalles de valeurs.

L’analyse de la structure et du fonctionnement des réseaux nécessite parfois 1’utilisation d’une
valeur unique pour chaque flux. De maniére intuitive, c’est la moyenne de ’ensemble des
solutions proposées par la méthode MCMC-LIM qui est choisie comme solution unique
(Forest et al., 2011; Grami et al., 2011). Le choix de la moyenne des solutions comme
solution unique ne repose pas sur des fondements écologiques mais plus sur une évidence
statistique. En effet, les solutions pour chaque flux peuvent étre représentées par une
distribution de probabilité : en cas de distribution normale, la solution la plus probable est la
moyenne (van Oevelen et al., 2010). Finalement, on peut se demander si un choix de solution
unique basé sur un fonctionnement écologique ne serait pas plus judicieux. Cette thése se
propose de vérifier cet aspect avant d’appliquer la modélisation inverse a la reconstruction du
réseau trophique de la vasiére de Brouage. Ce travail meéthodologique nécessite la
compréhension des théories associant organisation et fonctionnement des écosystemes avec
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les notions de maturité et de stabilité, afin de déterminer les fonctions écologiques a tester

comme critére de sélection d’une solution unique a la sortie de la méthode MCMC-LIM.

Objectifs

Le but principal de ce travail de these est de comprendre, en couplant approches
mathématique et écologique, comment 1’organisation fonctionnelle des communautés
littorales mene a une plus ou moins grande stabilité des vasiéres intertidales. Ce travail
s’appuie sur la synthése des principaux résultats obtenus lors de I’ANR blanche « Role
trophique des biofilms microbiens dans les vasiéres intertidales » a travers la réalisation de

plusieurs réseaux trophiques. Cette these repose sur deux grands axes :

1- Un travail méthodologique consistant optimiser la fiabilité et la performance de la

modélisation inverse

Par comparaison des résultats obtenus grace a différents critéres de sélection d’une seule
solution (critére initialement utilisé des moindres carrés, critéres statistiques et écologiques),
j’ai déterminé quel est le critére qui fournit la solution la plus fiable, ¢’est-a-dire la solution
qui est la plus proche de la réalité et dont la qualité d’estimation est la moins variable face a la
quantité d’information disponible (i.e. proportion de flux quantifiés). Cette étude demande un
jeu de données complet, c’est-a-dire que tous les flux doivent étre quantifiés, afin de pouvoir
dégrader ce jeu de données et ré-estimer les valeurs manquantes par la modélisation inverse.
Un tel jeu de données est extrémement rare au niveau mondial. Celui utilisé dans cette étude a
été déterminé pour la Baie de Sylt-Remg en Allemagne. Les résultats de cette partie
méthodologique, présentés en chapitre 3, ont fait 1’objet d’une publication soumise a
Ecological Modelling le 23 Septembre 2012.

Les criteres écologiques testés lors de ce premier travail méthodologique ont été choisis
d’apres les théories de la maturité et de la stabilité des écosystemes. Ces théories relient
certains critéres de maturite et de stabilité aux indices de I’analyse des réseaux écologiques
(ENA). Ces indices décrivant I’état des écosystemes, leur structure et leur fonctionnement ont

été utilisés pour tout le travail de thése soit comme critére de sélection d’une seule solution

28



Chapitre 1

(travail méthodologique, chapitre 3) soit pour décrire 1’état du réseau trophique de la vasiére
de Brouage selon différentes conditions (travail de modélisation, chapitres 4 et 5). Ainsi ces
deux axes de travail ont nécessité une connaissance approfondie et une vision globale du
fonctionnement et de la maturation des écosystémes. L’acquisition de ces connaissances s’est
faite a travers 1’¢laboration d’une synthése bibliographique soumise sous forme d’une review.
La premiére soumission a eu lieu en Mars 2011 pour un numéro spécial d’Estuarine Coastal
Shelf Science. Cette premiére soumission n’a pas été acceptée car elle ne correspondait plus
suffisamment au focus de ce numéro spécial qui avait évolué depuis le plan initial, ou les
ENA avaient une place plus centrale. Aprés un travail sur le fond et la forme, le manuscrit a
été soumis une deuxiéme fois a Ecology Letters en Février 2012. Malgré un intérét pour le
sujet, celle-ci a été rejetée car elle était hors du cadre de publication de ce journal. Une
derniere soumission a eu lieu le 19 Juillet 2012 dans le journal Ecological Indicators. Cette
review constituant la base de ce doctorat, elle précéde les autres chapitres et est donc

présentée dans le premier chapitre de cette these.

2- L’étude du fonctionnement d’une vasiére intertidale (vasiére de Brouage) a travers la

synthése des données de I’ANR VASIREMI, par la réalisation de différents réseaux
trophiques

2-1- Le réseau trophique de la vasiére de Brouage en été et en hiver : détermination
de la structure et fonctionnement saisonnier de la vasiére. L’hiver est caractérisé par la
présence d’oiseaux migrateurs, en hivernage ou en pause migratoire, qui s’alimentent sur la
vasiere a marée basse. Ces prédateurs supérieurs exercent une pression trophique
supplémentaire sur le biofilm et le réseau trophique benthique associé. Ces oiseaux hivernent
sur la vasiere et reviennent chaque année sur le site, ce qui signifie qu’ils trouvent leur
nourriture en quantité suffisante. La premiére question qui se pose au vu de ce constat est :
quelles sont les particularités de structure et de fonctionnement du réseau trophique hivernal &
marée basse qui permettent de satisfaire les besoins nutritionnels des oiseaux ? Ce travail

constitue le Chapitre 4 de cette thése.

2-2- Le réseau trophique de la vasiére de Brouage selon différentes conditions
hydrodynamiques : impact de la remise en suspension du biofilm microbien sur le couplage
benthos-pelagos et sa stabilité. Lors de sa remise en suspension le biofilm microbien assure
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un réle d’interaction entre les systémes benthique et pélagique. La vasiére de Brouage a pleine
mer peut alors étre assimilée a un méta-ecosystéme littoral comme défini par Loreau (2003).
Un méta-écosysteme est 1’association de deux écosystemes liés entre eux par un flux spatial
de matiere. Une structure d’écosystéme considérée comme stabilisante integre 1’association de
deux sous-systemes qui montrent de fortes interactions en leur sein et qui sont connectés entre
eux par des liens plus faibles (Levin, 1999). La remise en suspension du biofilm par son role
d’interaction entre le benthos et le pélagos pourrait avoir un effet stabilisateur sur les vasieres
intertidales. Dans cette derniére partie, il s’agit de comprendre I’impact de la remise en
suspension du biofilm microbien sur le fonctionnement du réseau trophique couplé benthos-
pélagos. Les indices ENA sont alors mis en relation avec la stabilité des écosystemes, en lien
avec les théories rassemblées dans le Chapitre 2. Ce travail constitue le Chapitre 5 de cette

these.
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Réseaux trophiques: comment les théories relient-elles les propriétés de
structure et de fonctionnement des écosystemes avec celles relatives a la
stabilité ? Synthese

Dans le contexte actuel de pression anthropique croissante, I’intérét croit pour la
compréhension de la réaction des écosystémes face a des pressions environnementales. La
question centrale est alors de comprendre comment lier la structure et le fonctionnement d’un
écosysteme a sa réponse face a ces pressions en termes de persistance, de résistance ou de
résilience. Les indices de 1’analyse des réscaux écologiques ou « Ecological Network
Analysis » en Anglais (ENA) qui caractérisent la structure et le fonctionnement des

écosystemes peuvent alors étre interprétés en termes de leur potentiel lien avec la stabilité.

Comment lier structure et fonctionnement d’un écosysteme (mesurés par les ENA) a sa
stabilité ?

1- Les écosystéemes ne sont pas des entités figées a travers le temps. Ainsi leur structure et
leur fonctionnement évoluent au cours de leur maturation. A travers la compréhension de la
thermodynamique des écosystemes, il est possible de caractériser la structure et le
fonctionnement d’un écosystéme mature. Les conclusions de cette partie sont principalement
utilisées dans le chapitre 3, ou le travail méthodologique sur la modélisation inverse se basera
sur les fonctions écologiques considérées comme liées a la maturité.

2- La synthese se penche ensuite sur 1I’évolution des théories sur la stabilité, présentée sous
différents angles de vue (persistance, résilience ou résistance) : de la simple observation de la
diversité a I’utilisation des indices ENA.

3- La derniére partie de cette synthese met en relation les indices ENA et la stabilité des
écosystemes. Ces relations avec la stabilité sont exploitées dans le chapitre 5 en permettant
d’extrapoler les descripteurs de fonctionnement du réseau trophique couplé benthos-pélagos a

la stabilité des différentes situations décrites.

Principales idées dégagées :

La littérature mettant en relation la structure et le fonctionnement des écosystéemes avec leur
stabilité est trés vaste et parfois contradictoire. Les écosystémes étant des entités uniques, les
conclusions pour I’un ne sont pas facilement transposables a un autre, ce qui rend difficile

toute généralisation
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D’un point de vue thermodynamique un écosystéme évolue de maniere a faire circuler et a
emmagasiner de plus en plus d’énergie et d’information en son sein. Ceci se traduit par une
plus forte activité du systeme, un plus fort recyclage, une plus forte organisation (i.e. plus
forte Ascendence).

D’un point de vue de sa stabilité, un écosystéme doit avoir une structure et un fonctionnement
laissant une possibilité de flexibilité, par exemple, en alliant faible et forte interactions, en
alliant efficacité et inefficacité, en variant les types de proies (omnivorie)... Ces situations
donnent a 1’écosystéme le moyen de tamponner une perturbation, en modifiant les relations

entre les espéeces.
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Abstract

In the context of present global changes, interest in understanding how systems react to
environmental pressures and stress has increased. Indices that characterize ecosystem health
are helpful tools for the interpretation of ecosystem reactions. The central question is how to
link ecosystem structure and functioning to their response to these pressures: and how to
quantify their persistence, resistance or resilience. Quantification and characterization of
trophic networks by Ecological Network Analysis (ENA) indices are developing rapidly,
especially in the field of coastal ecology, and system structures are interpreted in terms of
their potential for stability. Here we review several theories that relate ecosystem structure
and function to stability. The structure and functioning of ecosystems change during the
maturation of ecosystems. In a first part, the maturation of ecosystems is described using
thermodynamics. The second and third parts of this paper define some concepts for analysing
structure and functioning of food webs and discuss their relation to stability. The last section
describes three ENA indices and their link to stability. It demonstrates that ENA provides
powerful tools for describing local stability, combining quantitative and qualitative concepts.
But it remains uncompleted for describing real conservation cases that combine local and

global stability.

Introduction

Changes in biodiversity, such as species extinction, can lead to large consequences: alteration
of the performance of ecosystems (productivity, decomposition) (Naeem et al., 1994),
modification of biogeochemical cycles (Loreau et al., 2001), extinction of multiple species
through cascading effects (Pimm, 1991) or cause the degradation of ecosystems (Myers et al.,
2007). Modern changes in biodiversity are essentially due to impacts of human activities (e.g.
habitat loss, climate change, invasive species, overexploitation, pollution) and have occurred
more quickly over the past 50 years than at any other time before (Millennium Ecosystem
Assessment, 2005). The conservation of species diversity and the protection of their

environment are critical to maintain functioning ecosystems and ecosystem services.

Food webs are one of the major ways by which species are organized in an ecosystem (Elton,

1927). They represent the trophic interactions between species and thus describe the
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communities and the ecosystem structure. Food webs integrate population dynamics,
community structure, species interactions biodiversity, ecosystem productivity and
community stability (Link et al., 2005). During several decades ecologists have studied the
dynamics of food webs to determine the relationships between the complexity and the
stability of ecosystems. Stability refers to the ability of an ecosystem to maintain its state over
time, against external and internal forces that drive it away from that state. A stable food web
is not a static entity. Food webs can show seasonal variability (e.g. Gironde’s estuary,
Chesapeake Bay) as well as variability over larger temporal scales. In spite of this variability,
an ecosystem can show no modification from a given time 1 to time 2 and it is consequently
regarded as stable. Two schools have been opposed in that respect. The first one considers
that complex ecosystems are more stable than simplier ones based on the observation of the
perennity of natural complex communities in nature (Odum, 1953; MacArthur, 1955; Elton,
1958). In contrast, May (1972, 1973), demonstrated via mathematical modelling that the
complexity does not necessary beget the stability of ecosystems. This demonstration paved
the path for a number of dynamical models which showed that for a given complexity,
different architecture of food web exist, some of them being stable others not (Kondoh,
2005a). Consequently, it appears crucial to determine which kind of architecture provides

stability to the ecosystems.

Two kinds of stability can be distinguished: local and global stability. The local stability
corresponds to the maintenance of the original state after small perturbations (Pimm, 1991), or
small changes away from its equilibrium state (Chen and Cohen, 2001). It does not give
information on how the ecosystem might react to stronger perturbations. When environmental
perturbations occur, an ecosystems can switch from one state to another one (May, 1977,
Scheffer et al., 2001). The threshold refers to the maximum perturbation an ecosystem can
undergo without shifting to another state and corresponds to the basin of global attraction
(Scheffer et al., 2001). Alternative states are observed in the case of coral reef damage
(Bellwood et al., 2004; Hughes et al., 2010), lake and estuary eutrophication (Baird et al.,
2004b).

Food webs can be described by qualitative (diversity, number of flows) or by quantitative
(magnitude of flows) features. Indices derived from Ecological Network Analysis (ENA),
which combines the qualitative and the quantitative aspects of ecosystem dynamics, can be
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considered as emergent system properties (Ulanowicz 1986). ENA is defined as “a systems-
oriented methodology to analyze within system interactions used to identify holistic
properties that are otherwise not evident from the direct observations” (Fath et al., 2007). The
rapid development of the use of ENA, especially in coastal ecology (Christian et al., 2005),
has led to interpretations of these food web properties in terms of their potential for local
stability. Highlighting holistic properties of food webs, ENA indices appear to be a potentially
powerful tool to assess ecosystem stability, with possible applications in management.

The aim of this review is to synthesize current theories which link food web structure and
functioning to stability properties of ecosystems. We focused on local stability and analyzed
more specifically ecosystem response to one important type of perturbation: changes in
species richness through extinction or through colonization by invasive species. The first part
explores the application of thermodynamics to ecosystem studies and describes the maturation
of an ecosystem from an energetic point of view, because two ecosystems at different stages
of maturation will probably have two different responses to perturbations (Pérez-Espafia and
Arreguin-Sanchez, 2001; Brando et al., 2004; Coll et al., 2008). The second part explores the
theoretical debates concerning the role of diversity. The third part analyses the food webs
context of this debate from binary to flow-weighted networks. The last part presents the
theories linking three ENA indices, characterizing different levels of organization through

ecosystem maturation (omnivory, cycling and Ascendency) to community of system stability.

Thermodynamic analysis of ecosystem maturation

Classical thermodynamics is the study of the energetic behavior of non-living systems, where
systems are closed and isolated. Two fundamental laws of thermodynamics were described in
the XIX™ century. The first introduced the ideas of mass and energy conservation: in an
isolated or closed system, the quantity of energy is constant; it only changes from one state to
another. The second law, states that physical processes are irreversible and associated with the
notion of entropy, measuring the disorder in a system. Entropy increases in closed systems
until they reach the thermodynamic equilibrium. This corresponds to the equality between the

entropy of a system and that of its surrounding.
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Entropy and exergy are the two magnitudes which determine the state of a system. Biological
systems are open and exchange energy and matter with their environment (Meysman and
Bruers, 2010). These exchanges give special thermodynamic properties to biological systems
relative to closed systems. Part of the incoming energy is used to order ecosystems and
maintain a low entropy relative to the external environment (Jgrgensen, 1992; Jgrgensen and
Fath, 2004). Exergy is expressed in terms of the work that the incoming energy in the
ecosystem is able to do.

1. Ecosystems are unique

Ecosystems are not isolated, (Marques and Jargensen, 2002), but open and not in
thermodynamic equilibrium because of fluxes and flows of energy and material across the
borders of the system, and within it (Fath and Patten, 1999). Ecosystems strive to maintain a

state of low entropy relative to their surroundings (Jargensen and Fath, 2004).

In nature, all ecosystem processes are irreversible (Jgrgensen and Fath, 2004). At each
process energy is lost in the form of heat that contributes to entropy production (Morowitz,
1968) implying that processes involving energy flux are associated with disorder (Ulanowicz
and Hannon, 1987). There are two primary types of incoming energy : 1) solar energy that
enters the ecosystem via photosynthesis (figure 11-1), 2) the energy bound in chemical
components which flows through the boundaries of ecosystems via inorganic or organic
nutrients pools (Nielsen and Ulanowicz, 2000). Incoming energy is used to move the
ecosystem far from the thermodynamic equilibrium and thus decrease the disorder in the
ecosystem. Part of the incoming solar, or proper, energy is transformed into heat (Marques
and Jgrgensen, 2002) and permanently lost from the ecosystem. This metabolic conversion,
also called exergy dissipation, corresponds to the organism’s respiration. The excess quantity
of incoming energy is stored by biomass building (Marques and Jargensen, 2002). The
difference between incoming energy and dissipative energy equals stored energy (Nielsen and
Ulanowicz, 2000). The energy bound in chemical components is not dissipated from the
system but it is ejected via advective fluxes. The energy exported this way is lost for the
considered ecosystem, but can be used by any other ecosystems (Nielsen and Ulanowicz,

2000).
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Figure 11-1: Diagram of exergy within a food web. Dis Ex: dissipation of exergy and Export
Ex: export of exergy. Modified from Nielsen and Ulanowicz, 2000

2. Ecosystem maturation (growth and development)

As with all living systems and organisms an ecosystem is a structure which comes into
existence, evolves and matures through increasing complexity (Frontier et al., 2004).
Ecosystem growth is considered to be an increase of measurable quantities, such as biomass
(Marques and Jgrgensen, 2002) or flows (Ulanowicz, 1986). Growth can be characterized by
the number of compartments, the biomass of each compartment, and the Total System
Throughput (TST). TST is defined as the sum of all flows in an ecosystem and is a measure of
the total activity of the ecosystem. The development of an ecosystem is an increase in
ecosystem information and in the organization of ecosystem structure (Ulanowicz, 1986;
Jorgensen, 2000; Marques and Jgrgensen, 2002). Ecosystems have the capacity for self-
organization. The concept of self-organization in ecosystems has its roots in the
thermodynamic theory of dissipative structures (Prigogine 1945, 1947) and in Bronowski’s
(1973) concept of stratified stability. Four steps are described for the growth and development

of ecosystems (Ulanowicz, 1997; Jgrgensen and Fath, 2004):

1. Biomass or energy with low entropy enters into the ecosystem
2. The physical quantity of biomass increases within the ecosystem by increasing
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the number or the mass of the components (e.g. species) in the ecosystem

3. Network growth increases the number of trophic connections, and leads to an
increase in the number of matter and energy cycles and an increase of energy flux in and
through the ecosystem.

4. System information increases corresponding to a more efficient organization of

the ecosystem (i.e. that accumulates energy).

2.1. Entropy production

According to the min-max entropy production principle (Aoki, 2008), two or three levels of
entropy exist in aquatic systems. At earlier development, the entropy is low and progressively
increases to reach the highest level at maturity. Entropy then decreases until a minimum level
(i.e. return to thermodynamics equilibrium) during senescence. This tendency is observed in
other biological systems, such as the human body. The dissipation of energy follows the same
tendency: an increase during the growth, to obtain a maximal level of dissipation at maturity,
followed by a decrease with the natural degradation (i.e. ageing) of the ecosystem (Jgrgensen
et al., 2000).

Meysman and Bruers (2010) considered a few ‘entropy production’ hypotheses on food web
models that have been proposed before. They first confirmed that the entropy production rate
in a biological system is always higher than in non-living systems (Ulanowicz and Hannon,
1987). The second hypothesis is called the state selection principle: if a system can attain
multiple steady states, the stable state is the one which presents the highest entropy
production rate. The second hypothesis is not validated: the stable state is not inevitably the
state where the entropy is maximal (Meysman and Bruers, 2010). Thus the entropy is not

really maximized in an ecosystem.

2.2. Exergy

Exergy corresponds to the measure of potential to do work for a given quantity of energy

(Ulanowicz et al., 2006). The calculation of exergy (EXx) is:
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Ex =To«(So-S) (2)
with S, the entropy of the ecosystem, Sy the entropy of the ecosystem’s environment, and Ty,
the environmental temperature. If Ex = 0 the ecosystem is in equilibrium with the surrounding

environment (Jgrgensen, 1992).

Ecosystems evolve toward a state with the highest possible exergy. During development
ecosystems are subjected to pressures at two different levels: the individual level and the
community level. At the individual component scale, the level of exergy could be improved
by an increase of energy imported from outside and by the optimisation of transfer efficiency
(i.e minimum dissipation) (Nielsen and Ulanowicz, 2000). According to the availability of
resources and an organism's needs, an organism can partition its biomass differently (Odum,
2002). For example, a plant can develop large leaves if the light is low and roots could be
developed in the case of low nutrient soil content (Odum, 2002). At the community scale, the
addition of internal flows and cycling optimize exergy (Nielsen and Ulanowicz, 2000). Both
of these strategies lead to an increase of exergy transfer between compartments and exergy
storage (Jergensen and Fath, 2006), measured by an increase of global activity (TST).

3. Maturation and species succession

During the first step of ecological succession, an ecosystem optimizes the utilization of
exergy available in its environment. This increase in energy leads to an increase of biomass
and flows (as described in the previous paragraph). At this stage, organisms present in an
ecosystem waste a lot of energy, thrive in conditions where resources are abundant but the
environment is variable, with high reproduction and turnover rates and low stocks of stored
energy (Ulanowicz and Hannon, 1987). As ecosystems continue to develop, the number of
flows increases and cycling stores exergy; the network grows (Ulanowicz, 1997; Jargensen
and Fath, 2004). The last step of ecological succession is the increase of organization and
information (Ulanowicz, 1997; Jgrgensen and Fath, 2004), and in turn the ecosystem
increases entropy production (Jgrgensen et al., 2000). By a particular positive feedback, called
autocatalysis, one element in a loop influences the consecutive elements (Ulanowicz, 2009).
The autocatalysis exerts a selection pressure on organisms to obtain more and more efficient

autocatalysis. The pioneer organisms are progressively replaced by more efficient
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counterparts. If two organisms receive the same amount of energy at the same entropy, the
organism which extracts more work is considered to be the most efficient from energetic point
of view (Ulanowicz and Hannon, 1987). These new organisms develop with limited resources
and in competitive environments. At maturity, the total dissipation and entropy production are
higher than at the first step of succession (Kleidon et al., 2010). The highest activity of the
most efficient organisms (i.e. more work for a same quantity of energy) implies a greater
dissipation that leads to a greater entropy (Ulanowicz and Hannon, 1987). However the
dissipation/TST ratio decreases due to an increase of TST, so the exergy content within the

ecosystem is the highest possible.
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Figure 11-2: Summary diagram of the growth and development of ecosystems.
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During the process of maturation of an ecosystem, this review once again points out that the
diversity as well as the trophic organization undergo changes. The two following parts
analyse how diversity and flow organization can influence ecosystem stability, apprehended

along the concepts of resilience, persistence, resistance and robustness (box 1).

Box 1: Some concepts of stability

In ecology, every authors have not the same definition of the stability and thus 163
different definitions for 70 concepts of stability have been listed (Grimm and Wissel, 1997).
The fact that the same terms are often used for different things hampers understanding and
distorts conclusions. Furthermore, the diversity-stability relationship can change according to
the definition chosen for a given mechanism (lves and Carpenter, 2007). In this paper, we
focus on four concepts of stability and use one definition for each concept:
- Resilience is the speed with which a system returns to the equilibrium state after a
perturbation (De Angelis, 1980; Pimm, 1991). A long return time corresponds to a low
resilience. The resilience of a community depends on the least resilient species (the slowest to
go back to equilibrium).
- Persistence is the time that a variable stays in the same state before changing to another
(Pimm, 1991). Persistence corresponds to a measure of the ability of a system to maintain
itself through time (Loreau et al., 2002)
- Resistance is defined as the ability of an ecosystem to maintain its original state in the
context of external perturbation (Harrison, 1979). A high resistance corresponds to only small
changes (in number and intensity) within an ecosystem.
- Robustness refers to the durability of ecosystem integrity which is responsible for stability.
Robustness corresponds to a measure of the quantity of perturbation that an ecosystem can
withstand before changing to another state (Loreau et al., 2002). The higher the robustness,

the more stable the food web is.
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Role of species diversity in ecosystem structure and functioning

1. Species richness increases the resistance of ecosystems

McNaughton (1977) suggested that in general high biodiversity acts to minimize the risk of
large changes in an ecosystem in response to environmental perturbations. High richness of
species provides a higher stability to the properties of the communities (Cardinale et al., 2012)
such as the regulation of the variability of populations (Cottingham et al., 2001) and the
stability of the primary production through time (Hector et al., 2010). Experiments about the
invasion of species in grassland plots show that local biodiversity reduces the establishment
of a variety of invaders, as well as the success of invading plants (Kennedy et al., 2002).
Manipulation of diversity in grassland suggests that a high diversity increases inter-specific
competition and thus reduces the risk of invasion (Naeem et al., 2000; Hector et al., 2001).
Besides, in the context of species extinction, a great number of species with the same function
in a community leads to a higher probability that ecosystem properties can be maintained
(Chapin I11 et al., 2000). This hypothesis was tested by experiments and mathematical models
with varying numbers of species per functional group (Naeem and Li, 1997). After the
extinction of one species, secondary extinction is less likely if the number of species per
functional group increases and the number of links remains the same (Naeem and Li, 1997;
Borrvall et al., 2000). The presence of a species assures that its role is fulfilled within an
ecosystem. If this species disappears, its functional role does not exist anymore unless another

species can assume its role.

Food web resistance to species extinction changes depending upon the trophic position of the
removed species (figure 11-3) (Pimm, 1991; Borrvall et al., 2000). The risk of secondary
extinction is higher if autotrophic species are lost than when a member at a higher trophic
level is removed. The loss of autotrophic, or basal, species modifies fundamental ecosystem
processes and impact severely on ecosystem functioning (Knops et al., 1999). An
experimental reduction of plant richness showed that a lower plant diversity leads to a lower
diversity of herbivorous insects, of predators and of insect parasites (Knops et al., 1999). Thus
autotrophic species impact on higher trophic levels through bottom-up control. However, an
analysis on time series data (Myers et al., 2007) and a review by (Baum and Worm, 2009)
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showed that the extinction of predators have a degrading effect on oceanic ecosystems.
Moreover, the presence of consumers can prevent competitive exclusion. In absence of
consumers, a dominant species excludes others plants and thus decreases the diversity of the
community (Gough and Grace, 1998). Existence of herbivores in a community leads to the
coexistence of the producers (Brose, 2008). In a simple producer community the producer
which has the greatest nutrient consumption efficiency dominates and increases its biomass
until it out-competes other producers. If herbivorous species are added to this ecosystem, then
they feed on the dominant producers and so regulate their biomass. Consequently, for the
same amount of nutrients, more species could coexist. The top-down control allows an

increase in the diversity of species that can feed on the same resource.

Bottom up control Top down control
Removal of plant Removal of predator

—> Totalloss —> g

Sye

Figure 11-3: Diagram representing the variation of food web reaction according to the species
removed. Red ring are the removed species. Modified from Pimm, 1991. 1. The autotroph is
essential for the chain. 2. The diversity of autotroph species in the consumer diet buffers the
extinction of one of them. 3. The extinction of the top predator species leads to a shortening of
the chain. 4. The top predator removal leads to an increased pressure of primary consumer,
leading eventually to the extinction of some autotrophs.
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2. Influence of resources

The community resistance to species invasion is controlled by others factors than diversity. In
situ experiments showed that diversity explains only 25 percent of the variation of the
community resistance to invasion (Levine, 2000). Resources availability plays a central role
in the relationship between diversity and the success of species invasion (Stachowicz et al.,
2002). Beisner et al. (2006) concluded that resource availability and species richness are
important in resistance to invasive species and thus in the establishment of new invasive
species in established communities. Diversity has a negative effect, while resource availability
has a positive effect on the probability of establishment of invasive species. These results are
confirmed by a microcosm study involving microbial communities, which showed that the
interaction between diversity and resources supply leads to a positive relationship between
diversity and invasions (Jiang and Morin, 2004).

Davis et al. (2000) proposed a fluctuating resources theory to explain the process of invasion.
An environment which has a great variability of available and relevant resources is more
likely to be invaded than an ecosystem with stable resources (Rejmanek, 1989). The success
of species invasion is higher when a perturbation causes an increase in available resources
(Davis et al., 2000). Irrespective of environmental conditions, the total use of available
resources is crucial to avoid invasive species. The complete use of resources can be facilitated
by diversity due to three mechanisms: complementarity or niche partitioning, facilitation and
sampling effect (Fridley, 2001). Complementarity avoids the competitive exclusion of plant
species, for example in the use of different types of resources, or different use of space or time
for the same resource. Facilitation occurs when ““a species modifies its environment in a way
favourable to a co-occurring species” (Fridley, 2001). The sampling effect is a term used to
describe the higher probability to have more productive or more resistant species in a species-
rich community. In general, diversity has a buffering effect : i.e. it reduces temporal variation
in productivity (Yachi and Loreau, 1999) and has a performance enhancing effect (Yachi and
Loreau, 1999; Tilman et al., 2001). Additionally, the temporally averaged mean productivity
is higher. Diversity promotes a sustained and high productivity through a sustained and

complete use of available resources.
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3. Influence of species identity

Each species has a particular trophic behavior, metabolism, etc., that directly influences its
physical surrounding and directly and indirectly other species in its ecosystem. Some studies
have tried to separate the impact of species identity from that of species diversity on
ecosystem processes, especially on productivity (Hooper and Vitousek, 1997; Tilman et al.,
1997; Emmerson et al., 2001; Downing and Leibold, 2002). Laboratory experiments on the
changes in macrofauna composition showed the significant effect of species identity on
ecosystem processes via bioturbation (Solan et al., 2004; leno et al., 2006). Field experiments
in an intertidal system, (O'Connor and Crowe, 2005) draws the same conclusion. Other
studies on manipulation of functional groups showed the importance of species function in the
resilience (resistance) of ecosystems (Sankaran and McNaughton, 1999; Wardle et al., 2000).
Due to the effect of species identity, the species diversity does not guarantee the resistance of
ecosystems to a perturbation. However, a greater probability of resistance is found in more

diversified communities because of the sampling effect.

Number of trophic links and interaction strength

Apart from the effects of species numbers and identity, theoretical and field investigations
have highlighted the impact of patterns of interactions on the relationship between diversity

and stability. The following section brings out some of the salient results from this work.

1. Connectance

1.1. Definition

The topology of a network can be described by several indices (Jordan and Scheuring, 2004),
one of which is the connectance, which measures the amount of trophic connections within a
food web. The connectance (C) is defined “as the fraction of the total trophic connections that

are actually observed in nature” (Paine, 1988) and is characterized by two parameters
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C=t./(S(S-1)/2) Q)
Where S = the number of species, S (S-1)/2= the maximum number of possible binary
connections linking species of a community and t, - the number of trophic links within the

food web.

1.2. Increased connectance minimizes the risk of change

An increase in the number of connections dissipates the effect of fluctuations of distributed
species (MacArthur, 1955) and enhances stability. MacArthur’s hypothesis could be
explained with the principle of “do not put all of your eggs in the same basket”. It is the same
principle within food webs: a species should have several connections with different species
so that if a prey species disappears, the energetic need of the predator species would shift to
another prey species and secondary extinction would be less likely (see omnivory section). In
general, extinctions of random species or of the least tolerant species do not have the same
consequences (lIves and Cardinale, 2004) and depends on the food web structure that creates
compensation. In the case of random removal, compensatory effects decrease the change in
species abundance. Successive extinctions of species diminish the resistance of the whole
ecosystem due to the decrease in the compensation potential. In the case of extinction of the
least tolerant species, the surviving species have a greater average resistance to the stress. A
higher connectance increases ecosystem resistance as well as resilience (De Angelis, 1975).
Connectance appears to be a good indicator of the food web robustness and indirectly of
ecosystem stability (Gilbert, 2009). The robustness of a food web is reduced when the
removed species is the most connected (Dunne et al., 2002). Thus the most connected species
assures a higher connectance and robustness, from which follows that stability increases with
(Dunne et al. 2002, Solé & Montoya 2001).

The effect of connectance on the ecosystem stability depends on the pattern of the
connections. In the case of random removal, a food web with a high level of clustering (i.e.
species are more connected to some species than others) have a higher resistance to the
secondary extinction (Montoya and Sol¢, 2002). On the contrary, a random food web with the
same number of species, the same number of links and the same links density is more

sensitive to the random removal of species (Solé and Montoya, 2001). Another method
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(dominator trees) concluded that a species which plays a central role in energy delivery (the
most connected species) more likely causes the extinction of other species if it is removed
(Allesina and Bodini, 2004). However, the most connected species do not necessarily have the
highest impact on the ecosystem. Indeed, a more detailed study on the hubs (i.e. the most
connected species) dividing trophic connections into two kinds of links: functional and
redundant (Allesina et al., 2009). Redundant links have no impact on robustness when they
are removed. Thus hubs species, which could carry many redundant connections are not

necessarily the most important species in the food web.

2. Interaction strengths

More recent studies have also indicated that interaction strengths, and patterns formed by
interactions, are important for ecosystem stability. The word “interaction strength” is not used
consistently within ecology. The different kinds of interaction strength can be divided into
two groups: those that refer to the effect of an individual of one species on an individual (per
capita effect) or on the whole population of another species near equilibrium (Laska and
Wootton, 1998), and those that refer to the impact of changes in properties of one link or a set
of links on the dynamics of other species or the functioning of the whole system (Berlow et
al., 2004). The first category only refers to the characteristics of a direct link between species.
The second one considers the direct and indirect links between species. In this discussion,
weak interaction strengths refer to species that have a limited direct effect on another species.

2.1. Importance of weak interactions

Oscillations between a consumer and its resource are lessened if there is a weak interaction
for each strong interaction (McCann et al., 1998). This pattern tends to prevent species
extinction, thus the resistance of ecosystem is higher. Neutel et al. (2002) supported
McCann’s (1998) study by showing that weak and strong interaction strengths are organized
in trophic loops that give ecosystem stability. A trophic loop is defined as “a pathway of
interactions from a certain species through the web back to the same species without visiting

other species more than once, hence a loop is a closed chain of trophic link” (Neutel et al.,
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2002). The existence of both kinds of interactions is necessary for the stability of ecosystems.
For a given number of species, suppression of weak interactions destabilizes the system
(Borrvall et al., 2000; Pinnegar et al., 2005). Moreover, if diversity increases, the food web
would be stable if and only if prey-predator interaction strengths are mixed with weak
interactions (McCann, 2000). Thus, weak interactions act as a stabilizing force in food webs

due to their capacity to fluctuate or change within ecosystems.

2.2. Mixing weak and strong interactions provides a higher resistance

A structure with both weak and strong interactions gives an ecosystem a higher resistance to
environmental perturbations. The heterogeneity of interactions modifies the dynamics of an
ecosystem and gives stability to food webs (Rooney et al., 2006). Through a theoretical
analysis, illustrated by examples of food web models, Rooney et al. (2006) characterized
pathways by their turnover rate and showed that a consumer integrates fast pathways and slow
pathways. The turnover rate (production/biomass ratio) of a consumer is linked to the
interaction strengths with its prey items. A fast flow (short turnover) is dependent on many
strong interaction strengths as opposed to as a slow flow. Rooney’s model (2006) showed that
the asymmetry of flow (fast and slow flows) brings stability to the model. A consumer with
weak and strong interactions intensely feeds on the abundant species, regulating its
abundance, and only occasionally feeds on other species, whose populations can increase
without competition with other species. For example, a great asymmetry is observed in the
Gironde estuary (Lobry et al., 2008). Two types of energy pathways were identified one from
detritus, the other from primary producers. Through seasons, the same species shift their food
resources. In summer consumption relies on primary producers and in winter on organic
matter input. The asymmetrical structure leads to an optimal use of resources and guarantees
annual stability. Furthermore, some strong flows and several weak interactions for the same
consumer bring an adaptive trophic behavior to this consumer in response to quantitative or
qualitative changes in resources. Mathematical models suggest that this consumer adaptive
food choice gives persistence to an ecosystem (Kondoh, 2003; Loeuille, 2010). Utilizing
different food web models, (i.e topology, population dynamics), it was shown that adaptive
foraging behavior leads to a great stability (Uchida and Drossel, 2007). Due to its strong and

weak interactions, a species can modulate its predation pressure on other species. The
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predator adapts its trophic behavior to the available resources. Moreover, the stability (in
terms of resistance) depends on the speed in which a predator adapts to his predation pressure
(Rooney et al., 2006). The more quickly adaptation takes place, the smaller are the changes
within the ecosystem. Thus, an ecosystem can keep all its functions and resist perturbations.
McCann and Rooney (2009) by their synthesis of empirical and theoretical papers
demonstrated that food webs are composed of adaptable apex consumers (McCann et al.,
2005; McCann and Rooney, 2009) with slow and fast pathway influencing the dynamics and

the stability of food webs. Most of these ideas are summed up in Table II-1.

Authors |Tested concept |Stabi|ity | Method
Influence of structure complexity
1. diverdity of species
Kennedy et al., 2002 diversity species resistance increases experimental
Brose et al., 2008 diversity species resistance increases experimental
Beisner at al., 2006 diversity spec_les +low resistance increases experimental
production
Naeem and li, 1997 diversity species resistance increases experimental
Borrvall et al., 2000 diversity species resistance increases model
2. Connectance
Dunne et al., 2002 connectance robustness increases experimental
Solé and Montoya, 2001 connectance robustness increases model
Mac Arthur, 1955 connectance resistance increases theory
De Angelis, 1975 connectance resilience increases model
Influence of the functionning of ecosystem
Pinnegar et al., 2005 weak interraction resistance increases model
McCann et al., 1998 weak interraction resistance increases model
Rooney et al., 2006 mlxmg_ strong _and weak resistance increases model
interactions
Kondoh et al., 2003 m|X|ng-strong .and weak persistence increases model
interactions
Uchida and Drossel, 2007 mlxmg-strong .and weak resistance increases model
interactions

Table 11-1: Summary table linking published results, tested concepts and methods to stability.
Warnings: the relationship between species diversity and stability depends on the removal
species (Pimm, 1991; Borrvall et al., 2000) and the relationships between connectance and
diversity depends on the type of species extinction (Ives and Cardinale, 2004). The redundant
links have not impact on the robustness of ecosystems (Allesina et al., 2009).
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Linking Ecological Network Analysis indices to stability

The quantitative and qualitative concepts described above, and associated tools, are combined
within the ENA methodology (e.g. Ulanowicz, 1986, 1997; Ulanowicz, 2004). The following
paragraph reviews the state of the art on theories combining emergent properties characterized
by ENA indices to the stability properties of resilience and resistance. They mainly imply 3
emergent properties.

1. Cycling

A cycle represents a series of transfers between components in an ecosystem beginning and
ending in the same compartment without going through the same compartment twice. From
an energetic point of view, Higashi et al. (1993) defined cycling as a transformation of used,

non-dissipative energy within an ecosystem.

1.1. Cycling indices

The Finn Cycling Index Finn (1976) gives the proportion of the total flow in a system that is
recycled . It corresponds to the ratio between the sum of flows involved in cycling and the
Total System Throughflow. The Total system Throughflow corresponds to the total flow into
or out of each compartment (Fath et al., in press). However in the literature the FCI is often
calculated by Tc/TST where Tc is the amount of system activity devoted to cycling and the
TST corresponds to the input and output for each compartment. This difference in the
calculation underestimates the value of the FCI (Fath et al., in press), the some precautions
must be taken in ecosystem comparison. It was extended by Patten and Higashi (1984) to take
into account the storage (i.e. delayed flows) in compartments, due to its great importance in
the generation of network properties (Patten and Higashi, 1984). Cycling and storage change
the properties of ecosystems, especially the ratio of indirect flows to direct flows and thus the
availability of energy for all trophic level (Patten et al., 1990). The Finn Cycling Index was
corrected a second time because it did not take into account every flow implicated and

generated by cycling (Allesina and Ulanowicz, 2004). Thus Allesina and Ulanowicz proposed
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a new index called Comprehensive Cycling Index (CCI), which gives the real importance of
cycling. Flows involved in cycling are estimated as the difference between the sum of flows
and all simple paths (i.e path without repeated compartment).

Detritus is an essential compartment to consider in a study of cycling. Flows from or to the
detritus pool contribute strongly to the total cycling of ecosystems (Fath and Halnes, 2007).
Detritus is a source of energy and nutrients for living organisms in almost all food webs
(Moore et al., 2004). Cycling allows the use of elements that would otherwise be lost from the
system. Due to this capacity it can modify the physical-chemical characteristics of ecosystems
and in an indirect way impact species. The greater the amount of cycling in an ecosystem, the
more important the indirect effects (Fath and Halnes, 2007). Thus, at the time of food web
construction, it is important to consider detritic compartments. These compartments must be
well described and detailed (i.e. they must not be aggregated). Studies show the importance of
detritus in food web dynamics (Allesina et al., 2005), and in the calculation of system indices
(Allesina et al., 2005).

1.2. Cycling and stability

Cycling seems to increase the resistance of ecosystems. Cycling gives ecosystems a way to
optimize exploitation of their environment. Cycling allows a better use of energy and matter
introduced into the system (Higashi et al., 1993), by transforming energy bound to matter
from non-living states into a form, which can pass through compartments again. When
perturbations occur, cycling reduces impacts on the ecosystem by acting as a buffer against
large changes and can increase the ability of the ecosystem to resist changes. However, the
effect of a perturbation that disrupts the cycling process can be questioned. For instance, if
nitrification is reduced by a perturbation, the cycling of nitrogen is disturbed with severe

consequences on the ecosystem.

Cycling modifies the resilience of the ecosystems. Some studies have shown an increase in
the resilience while others suggested a decrease in resilience at high cycling levels. The
resilience of ecosystems increases with cycling in the case of a modification of nutrient

concentration within ecosystems (Loreau, 1994). Moreover, a sensitivity analysis on a pelagic
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food web model showed that cycling increases the resilience of ecosystem (Hosack and
Eldridge, 2009). Vasconcellos et al (1997) applied a dynamic model (Ecosim) on 18
previously constructed marine mass balance (Ecopath) models to study the effect of an
increase in fish mortality on the ecosystem stability. Results suggested that higher cycling (a
high FCI) decreases the return time to the initial state after a perturbation (VVasconcellos et al.,
1997). However, according to food-web model mathematical analysis, resilience falls with an
increase in number of cycles within the system (De Angelis, 1980). From his perspective, the
behaviour of resilience time appears to be linked to the time energy or matter stays within the
system (De Angelis, 1980). Cycling increases the residence time of nutrients within the
system (Herendeen, 1989). Longer the residence time is, less resilient the system is (De
Angelis 1980). Marleau et al. (2010) moderated previous studies, showing that the resilience
depends on the type of recycled elements. The cycling, of detritus issued from consumers
favours resilience, whereas cycling issued from autotrophs decreases resilience (Marleau et
al., 2010).

The relationship between cycling and stability is not always simple. Indeed, Pomeroy (1970)
and Jordan (1972) showed that the recovery time of a system with high cycling is slower due
to the limited import of nutrients. Baird et al. (2008, 2011) have clearly shown that the
behaviour of energy (or carbon) differs substantially from that of biogeochemical networks in
which currencies such as nitrogen and phosphorus are used. The high redundancy values
calculated for N and P models could buffer perturbations. Considering these studies, cycling
indices alone are not sufficient to determine the resilience of a system. Models with different
levels of limiting nutrients show that the relationship between cycling and stability depends
on nutrient enrichment. At a high nutrient level, resilience is higher with cycling, whereas it is

the opposite at low nutrient levels (Marleau et al., 2010).

2. Omnivory

An omnivore is a species which feeds at more than one trophic level (Pimm and Lawton,
1978). For example, an omnivorous predator feeds on both autotrophs and a variety of

heterotrophs (figure 4). Omnivory is often associated with the notion of redundant
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connections (Williams and Martinez, 2004). Redundant connections correspond to parallel

pathways between two compartments (figure 11-4).

, Predators
Compartmentj
@ Herbivores

Autotrophs

N\

Compartment [

Figure 11-4: Diagram showing how omnivory is defined and leads to direct as well as indirect
pathways. The rounded solid arrow refers to the direct pathway between the compartments
and dotted arrows correspond to the indirect pathway. The largest rounded solid arrow
corresponds to omnivorous links. The cons 2 is an omnivorous species, it feeds on two trophic
levels: cons 1 and X linking directly cons 2 and cons 1 and cons 2 and X. The cons 2 is
indirectly linked with X through cons 1.

2.1. Advantages of omnivory

Omnivory gives trophic flexibility to an ecosystem. After an extinction of a species,

polyphagous species (including omnivores) could feed on other resources. This ability

reduces the risk of extinction of these species (MacArthur, 1955). Moreover, changes in

trophic interactions allow a better exploitation of ecosystem resources (Michalski and Arditi,

1999). Omnivorous predators can adapt their predation pressure to the abundance of their

prey. Omnivorous species can change their impact on species; specialized predators do not
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have this ability. Trophic specificity (monophagy) leads to a stronger prey-predator
interaction (Montoya et al., 2006). Consequently, when the prey of a monophagous predator
goes extinct, it feeds intensively on one or some alternative species. The indirect effects of
this change are also strong and the initial effect of the perturbation (extinction) of the

community is increased (Fagan, 1997).

Omnivory gives the ecosystem a better control of changes in the event of environmental
perturbations. Being linked to different trophic levels, omnivorous species allow a faster
response of ecosystems to a perturbation (Fagan, 1997). Omnivores are usually at the third or
higher trophic levels (i.e. correspond to predator levels). If a perturbation affects low trophic
levels, omnivorous species, which are directly connected to this level, can react quickly. A
specific predator must wait till the perturbation reaches it, thus the response time could be
longer. On the other hand, omnivory increases the resistance of ecosystems due to its ability
to buffer oscillations in ecosystems. Mathematical models and experiments demonstrate that
omnivory changes the pattern of trophic level abundances in response to enrichment (Diehl
and Feillel, 2000). Omnivorous species regulate the abundance of other components of

ecosystems and allow the coexistence of all components.

2.2. Omnivory and stability

Most recent studies conclude that omnivory has a stabilizing role. The addition of omnivory
to a simple food chain (three species food chain) locally stabilizes the food web (McCann and
Hastings, 1997). These authors suggested that an unstable equilibrium becomes a stable
equilibrium with the addition of omnivory. A food web model with three trophic groups
(primary producers, primary consumers and secondary consumers) suggests that omnivory
stabilizes the food web in the context of loss of species (Borrvall et al., 2000). Indeed,
omnivory avoids secondary extinctions and it also increases ecosystem resistance.
Furthermore, omnivory increases the resilience of ecosystems in the context of manipulation
of species density (Fagan, 1997). Emmerson and Yearsley (2004) tested ten food webs with a
Lotka-Volterra system, and their results showed that weak interactions enhanced ecosystem
resilience only when omnivory is present. Based on this work, omnivory decreases the return
time to equilibrium state after a perturbation.

Nevertheless, there is no simple conclusion on the role of omnivory in ecosystem dynamics.
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The effect of omnivory, as either a stabilizing or a destabilizing factor, depends on the system
from which it derives (Vandermeer, 2006). Three different forms as parent systems were
tested: tritrophic chain, competition (a same resource for two predators) and polyphagy (two
resources for the same predator) (Vandermeer, 2006). Omnivory does not have the same
effect on stability in each of these systems. Furthermore, omnivory that is built within the
same food chain (redundancy like figure 4) does not contribute to the stability of food webs
(Allesina et al., 2009). Omnivory, which corresponds to redundant connections, can be
removed in this case without consequence on the ecosystem robustness to secondary

extinction.

3. Ascendency

The notion of Ascendency was formulated by Ulanowicz (Ulanowicz, 1980), who aimed to
derive from information theory a metric that takes into account both growth and development
of ecosystems. The calculation of Ascendency considers two system metrics, namely the
Total System Throughput (TST) and the Average Mutual Information (AMI). The TST
describes the size of the system as the total sum of values of flows that pass through the
system, whilst the AMI corresponds to the degree of specialization in a flow network
(Ulanowicz, 2004). Ascendency is considered as a measure of activity and organization
within the system (Ulanowicz, 2000). It is sensitive to environmental changes and ecological
successions (Mageau et al.,, 1998). For example, oligotrophic lakes show a higher
Ascendency, due to a higher AMI value, than eutrophic lakes (Salomonsen, 1992). However,
eutrophication causes an increase of Ascendency in ecosystems due to a rise of TST
compensating for a fall of the AMI value (Ulanowicz, 1997). During maturation, ecosystems
develop in order to increase their activity (i.e. the TST) and the storage of energy (Jargensen
and Fath, 2006), while their structure also evolves towards an increase in Ascendency
(Ulanowicz et al., 2006).
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3.1. Relative Ascendency

A complementary notion to Ascendency is the relative Ascendency, which corresponds to the
ratio between Ascendency and Development Capacity (DC). The Development Capacity
describes the maximal possible value of Ascendency that the specific ecosystem could reach.
The relative Ascendency excludes the effects of the TST, thus it measures the degree of
system order (Ulanowicz, 2009) and allows comparison between ecosystems (Heymans et al.,
2002). The difference (1- relative Ascendency) allows estimating the reserves in an ecosystem
and is called overhead (). To secure sustainability, organized and non-organized parts of
ecosystems should be in equilibrium (Ulanowicz et al., 2009). Indeed, an ecosystem's reserve
and its capacity to change determine the ability to outlast and resist new perturbations.
Ascendency evaluates the organised part of ecosystems, which is considered as the efficient
part of the ecosystem. On the contrary, overheads represent the fraction of the development
capacity that does not appear as organized structure (Bodini and Bondavalli, 2002) and
quantifies how the system is inefficient (Baird et al., 2008). They represent system inputs,
outputs, dissipation, and functional redundancy (Baird and Ulanowicz, 1989). Systems with a
relative Ascendency value equal to zero or one are systems at thermodynamic equilibrium.
Thus ecosystems present a value of relative Ascendency between zero and one (Ulanowicz,
2009). Ranking ecosystems on the basis of their maturity states, Christensen (1995) showed
that overheads tend to increase during the maturation of ecosystem and the relative
Ascendancy decreases with maturity, which is in conflict with hypothesis of Ulanowicz
(1986) suggesting that relative Ascendancy increases with maturity. Overheads take into
account dissipation that is expected to increase during maturation of ecosystems and can
explain the strong positive correlation between overheads and maturity. To eliminate
dissipation effect on the relation maturation and relative Ascendency, the internal Ascendency
is considered (A;). Internal Ascendency and internal development capacity (DC;) refer internal
flows alone and exclude transfers across the boundaries of the ecosystem. Thus, the difference
between DC; and A, is equal to the functional Redundancy (R, as defined in paragraph 4.2.) of
the ecosystem. An Ai/DC; ratio which does not much differ from A/DC ratio demonstrates the
low dependence on external connections (i.e. connections between an ecosystem with its
environment) (Baird et al., 1991; Baird et al., 2011). For example, a comparative study of four
tidal estuaries measures an Ay/DC; ratio which did not much differ from A/DC ratio,

demonstrated the low dependence on external connections of these four tidal estuaries (Baird
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and Ulanowicz, 1993). Contrary to this example, the food web of the Gironde estuary that is
based on detritus coming from riverine and terrestrial inputs (Lobry et al., 2008), shows a
great difference between A/DC ratio (48%) and Ai/DC; (17%).

3.2. Ascendency and stability

It is important to distinguish two types of stability to understand the role of Ascendency
(Ulanowicz, 2003). A system with a high internal stability corresponds to a system with
sufficient internal constraints to allow a highly organised structure. These systems are
characterized by a high Ascendency due to high mutual information (AMI). The internal
constraints protect the system structure against changes arising within the ecosystem, but
leave the ecosystem vulnerable to external perturbations. Extremely constrained ecosystems
are senescent and can collapse when they have to confront new perturbations (Ulanowicz et
al., 2009). In the case of external perturbations, higher overhead helps to counterbalance the
effects of perturbations. Thus these ecosystems show a low Ascendency, or a strong
redundancy (many parallel connections) and high overhead in general. Moreover an increase
of Ascendency decreases ecosystem resilience, as the return time is longer (Virgo et al.,
2006). Analyses of empirical data confirm this conclusion (Heymans et al., 2002; Heymans et
al.,, 2007). To summarize, a stable system needs a sufficient amount of both system
organization and overhead (Ulanowicz, 2003). The reserves of an ecosystem are critical for
the sustainability of ecosystems (Ulanowicz et al., 2009). They lead to possible adaptive
ecosystem behaviours. Due to overheads, especially redundancy, the ecosystem structure can
evolve to counter the effects of external perturbations. The balance between Ascendancy and
overhead seems to give resistance and resilience to ecosystems. Section 5 is summarized in
table 11-2.
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Maturity Resistance Resilience
Cycling increases increases increases
Omnivory increases increases increases

. increases the resistance
Ascendency increases . . decreases
of internal perturbations

Table 11-2: Summary table showing the most commun link between Cycling, Ascendency or
Omnivory and resilience or resistance, depending on the context and considered models.

Conclusions

The focus of the last decades on stability concepts and theories has been on various patterns
of ecosystems: from the organization of species diversity in trophic networks, through the
characterization of the topology of binary trophic networks, to flow-weighted food-webs
properties. The diversity-stability debate has not resulted in any generalization, as variations
in species composition and resources availability can change the conclusions based on food
web structure alone. Increased connectance or the association of strong and weak interaction
strength are generally considered as increasing system resistance. Similarly, ENA indices
have been subjected to debate. The literature gives contradictory conclusions about the
connections between stability properties and indices such as omnivory, cycling and
Ascendency. However, some general features can be identified (table 11-2). For a young
ecosystem, organization is low, and vulnerability to perturbations is high. However, its
resilience is high, due to quick development of trophic plasticity. During maturation of
ecosystems, omnivory, Ascendency and cycling increase, bringing ecosystems to better
resistance. Balance between these three structural features can lead to a better resistance and

resilience of ecosystem due to the introduction of reserves and fast compensation.

ENA indices are powerful tools to identify different ecosystems states (Baird, 2011) and to
differentiate ecosystem structure under different conditions (Dame and Christian, 2007), but
the generalization of a link between emergent ecosystem properties and stability remains
tenuous. The first task to be done is a modification of these indices to complete this
generalization and fully document how ENA indices inform local stability. Moreover, in a
context of ENA application to environmental management, the local stability study in not

fully adapted and long-term press perturbations should also be addressed, with a special
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attention to alternative stable states. Such long-term stability studies are crucial in the case of
species conservation. One way of assessing the relationship between ecosystem change (for
the better or worse) is to compare selected ecosystem properties derived from ENA (such as
the Average Mutual Information, Flow Diversity, The Ascendency/Development capacity
ratio) over temporal scales measurable declines in these would indicate a regression in system
development, function and perhaps health. An increase, on the other hand, would indicate an
improvement in ecosystem function and development. The challenge is to link ENA indices to
the impact of press perturbations. Experiments are necessary to explore how the emergent
ecosystem properties are linked to the existence of alternative states. Understanding the acute
mechanisms of shift, how to avoid this shift and how to reverse this process is one of the big

challenges of management (Hughes et al., 2010).
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La fonction moyenne apporte de la robustesse a 1’estimation des flux trophiques
par la modélisation inverse linéaire : comparaison des fonctions dérivées des
statistiques et des théories écologiques.

La modélisation inverse est un outil trés performant et précis pour estimer la valeur des flux
manguants dans les réseaux trophiques. Des avancées méthodologiques récentes ont
perfectionné la méthode par I’utilisation d’un algorithme de Monte Carlo en chaine de
Markov (Van den Meersche, 2009) permettant 1’échantillonnage aléatoire de ’espace des
solutions. A la sortie, une distribution de probabilité est obtenue pour chaque flux. Dans un
contexte de comparaison d’écosystémes, cette méthode permet de développer des tests
statistiques pour comparer le fonctionnement des écosystémes via le calcul d’indices
écologiques de réseaux (ENA) sur I’ensemble des solutions obtenues. Cependant pour
certaines analyses plus précises (e.g. mise en place des chaines de Lindeman) une seule
solution par flux est nécessaire. Par défaut, la moyenne de ’ensemble des solutions pour
chaque flux est utilisée comme solution. Cet article a pour objectif de déterminer si la
moyenne est réellement la meilleure fonction a utiliser lorsqu’une seule solution pour chaque
flux doit étre considerée, et compare une série de fonctions statistiques et écologiques. Ces
derniéres étant choisies en fonction des théories reliant les indices ENA a la maturité des

réseaux trophiques (chapitre 2).

Quelle est la fonction, écologique ou statistique, la plus pertinente pour sélectionner un
unique jeu de valeurs pour les flux d’un réseau trophique ?

Par une stratégie de dégradation /reconstruction d’un jeu de données caractérisant les réseaux
trophiques des différents habitats d’un écosystéme trés bien décrit : la baie de Sylt- Remag,
différentes fonction sont testées pour choisir une unique solution pour chaque flux.

Les fonctions écologiques sont issues des conclusions du chapitre précédent, étudiant la
stabilité des écosystemes en lien avec leur maturité par I’intermédiaire des indices ENA.

Les résultats confirment que nous recommandons d’éviter 1’utilisation des fonctions basées
sur lamédiane et la minimisation des moindres-carrés des flux. Si certaines fonctions
écologiques donnent de bons résultats (la meilleure étant 1’omnivorie), la fonction de la
moyenne apparait comme celle qui estime le mieux les flux manquants du réseau trophique

quelle que soit la quantité d’information considérée pour la construction du mode¢le.
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Ce sont donc les resultats obtenus par application de la fonction de la moyenne qui seront
utilisés pour présenter les flux estimes et des indices ENA, lorsque ces derniers ne peuvent
pas €tre appliqués a I’ensemble des solutions estimées (plusieurs centaines de milliers pour
chaque modeéle), dans les articles sur la vasiere de Brouage (chapitres 4 et 5).

Un travail complémentaire, bati sur les mémes simulations, sur 1’effet du type de flux pris en
compte pour la construction des modéles est en cours et donnera lieu & des recommandations
sur les flux a estimer en priorité, lorsqu’on souhaite construire un modele de réseau trophique

(voir Discussion générale).

66




Chapitre 3

Abstract

Quantitative estimates of carbon flows within food webs are increasingly viewed as essential
to progress on a number of questions in basic and applied ecosystem science. Inverse
modelling has been used for more than 20 years to estimate flow values for incomplete data
sets. Monte Carlo Markov Chain linear inverse modelling calculates a probability density
function for each flow. Among this distribution of possible values for each flow, the mean is
generally chosen when a single solution is needed. The objective of the present study is to
compare the robustness of the result when using the mean function, compared with 2 other
statistical functions and 7 ecological functions derived from ecological theories on ecosystem
maturity. The performance of the various functions was tested by comparing their accuracy in
reconstructing a complete data set, the marine food web of Sylt-Remg Bight, with known
flows systematically removed. This was carried out on seven habitats and for 4 levels of
degradation of the information. The robustness of each function was measured by comparing
the estimated values of flows from inverse modelling after degradation with values from the
original, complete data set. The analysis of results shows that the error of the estimated flows
increases with the degradation of information, independent of the considered function. Two
functions, the mean and the System Omnivory Index, provide more precise results than the
others independent of the level of degradation of the information considered. The mean had
the least impact on the reconstruction of food web flow values and on their organisation

described by ecological network analysis indices.

Introduction

For several decades researchers have been studying the evolution of ecosystems, their
structure and their functioning (e.g.Odum, 1969; Ulanowicz, 1980; Dunne et al., 2002). In the
current context of the growing impact of human activities on the environment, this field of
research has become increasingly important. Indeed, it is essential to understand what type of
structure and organization support the sustainability of ecosystems. This issue is not only
theoretical but is societal as well, and it is gaining interest from politicians and managers. For

instance, the Marine Strategy Framework Directive (MSFD) has been commanded by the
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European Commission to define what is meant by a healthy ecosystem as an essential step

towards sustainable environmental management.

Ecosystems are complex entities that combine biological, chemical and physical processes.
Food webs are models representing transfers of energy and matter in an ecosystem between
organisms when they are eaten or feed on others organisms (Pimm, 1982). Because biological
communities mainly are structured according to their trophic links (Elton, 1927), food webs
encompass the interactions and the processes structuring ecosystems (e.g. Leguerrier et al.,
2004; Fath et al., 2007; Gascuel et al., 2008).Food web models help to describe the
functioning and emergent properties of ecosystems. Hence, food webs are key to
understanding how ecosystems work and provide a powerful tool to analyse them.

Food webs have been studied qualitatively using the binary network method, i.e. the presence
or the absence of flows between organisms (e.g.Pimm, 1991). Many important insights have
been gained by this approach; however, many important properties of ecosystems, such as
recycling and dynamic behaviour, remain out of reach of these techniques. It has been
suggested, for example, that quantitative analysis of flows is essential to elucidate the global
stability properties of ecosystems (Kondoh, 2005b; Link et al., 2005). Such quantitative
descriptions require estimates of the flows of matter or energy among the nodes of the food
web at the highest level of detail possible. However, such complete in situ data sets are rarely
available. Usually, only some of the flows and species are known, and it is common that the
data concerning low trophic levels are missing (van Oevelen et al., 2010). In practice, the ratio
of unknown to measured flows is around 4:1 (Vézina and Pahlow, 2003). One of the
challenges of methodological research on food webs is therefore to find a universal and
systematic method that would allow reconstructing the unknown flows with the least

sensitivity to information gaps.

Inverse modelling, based on matrix calculation of linear equations (van Oevelen et al., 2010),
reconstructs flows that are not measured in situ (Vezina et al., 2004). Inverse modelling
originated in physical oceanography and was first applied to such under-determined (i.e. more
unknowns than available data) biological systems by Klepper and Kamer (1987). Later,

Vézina & Platt (1988) proposed the least-squares inverse modelling method on which present
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methods rely. Typically in inverse modelling, measured flows are expressed as equalities and
the constraints as inequalities that bound a multidimensional space in which all solutions for
the unknown flows are assumed to lie. The number of unknown flows being higher than the
number of equalities (including measured flows), the number of solutions that fulfils the
equalities and biological constraints is infinite. Least-squares inverse modelling (Vézina and
Platt, 1988) selects the solution with the minimal sum of squared flows from this solution

space.

The minimization of the quadratic norm (i.e. the least square solution) is based on the
parsimony principle derived from Occam’s razor (Vézina and Platt, 1988). It suggests that
among a set of solutions the simplest one is always the best. This approach was used in many
aquatic ecosystems including pelagic (e.g.Vézina and Platt, 1988; Niquil et al., 1998; Marquis
et al., 2007; Grami et al., 2008; Forest et al., 2011) and benthic communities (e.g. Eldridge
and Jackson, 1993; van Oevelen et al., 2006b; Garcia et al., 2011). Nevertheless, the
minimization of the quadratic norm was often criticized due to its consequences on the
reconstruction of the networks and on ecological interpretation (e.g.Eldridge and Jackson,
1993; Niquil et al., 1998; Donali et al., 1999; Kones et al., 2006). Recent studies have
quantified the biases induced by the Least Square criterion on the estimation of several
Ecological Network Analysis (ENA) indices (Johnson et al., 2009; Kones et al., 2009).

Kones (2006) improved food web inverse modelling by a random sampling approach. This
new method, Monte Carlo Linear Inverse Modelling (MC-LIM), instead of calculating a
single best solution, attempts to decipher the solution space in its entirety by randomly
selecting the solutions that fall within that space (also called a polytope). The MC-LIM
algorithm is extremely inefficient in that it typically requires many tries before finding a
solution within the bounds of the polytope (Kones et al., 2006). Van den Meersche et al.
(2009) resolved this problem by developing a simple technique to reflect proposed solutions
inside the walls of the polytope until one was found that fell within all the bounds. This
method, called Monte Carlo Markov Chain Linear Inverse Modelling (MCMC-LIM), is the
most common method used now to reconstruct food webs by determining the likelihood

distributions of the flows rather than unique estimates.
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These likelihood distributions can be used to assess the precision of the reconstructions and
allow statistical comparisons across ecosystems or ecosystem states (Grami et al., 2011).
Nevertheless, it remains useful also to be able to summarize each flow by one estimate that
we believe is representative of its likelihood distribution and then derive a complete flow
network with the unique estimates for each flow. The most obvious estimator is the mean and
is generally used to summarize the multiple solutions which are proposed by the MCMC-LIM
method (Kones et al., 2006; Gontikaki et al., 2011; Grami et al., 2011). However, other
functions, either from statistics or ecology, could be used to select a single solution from each
flow likelihood distribution calculated by the MCMC-LIM method. Some ecological indices
have been proposed to reflect states that ecosystems tend towards; therefore, it is not
inconceivable that a solution derived from a global ecological index could better represent the
structure of the ecosystem than a simple statistical construct like the mean or minimum norm.
We predict that reconstructions of unique flow networks based on different estimators or
indices will behave differently when the level of information available to constrain the
reconstruction changes, that is, when we progressively remove data from an initial best
informed state. We would expect further that a more representative estimator of unique
ecosystem structures will be more robust to such changes in available information, that is, its
estimates of the flows will remain closest to the estimates derived with the most available data
as data are progressively removed. In this study, we investigate how different methods to
extract unique flow networks from MCMC-generated likelihood distributions behave as the

available data are degraded from the most fully informed state.

For this study, we took advantage of the availability of a fully determined food web model
(one in which all flows were known) and randomly replaced known flows with inequalities at
four levels of information (known: unknown ratios). This allowed tests of the performance of
the least square solution (Vézina and Platt, 1988) and a variety of goal functions for selecting
a unique solution from the MCMC-LIM distribution. We estimated the robustness of each
function by comparing the initial values of the flows with the estimates of the flows generated
by each goal function as the information is degraded. The criteria used to determine the
quality of estimation of flows by each function were (1) respect of mass balance, (2) percent
of error, (3) root mean square (RMS) error, which lessens the effect of small flows, (4)
Spearman correlation to verify the organisation of flows, and (5) ENA indices, to determine
the impact of the goal functions on the structure of reconstructed food web. Statistical tests
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were used to test the hypotheses that degradation of information did not influence the

distribution of percent error and that RMS error was independent of the goal function.

Material and methods

1. Study area

The Sylt- Remg Bight, located at the border between Germany and Denmark (54°52° to
55°10°N, 8°20° to 8°40” E) (Baird et al., 2004a), is a part of the Wadden Sea. The bay is
separated from the North Sea by the islands Remg and Sylt to the west, and is bounded by the
mainland of Denmark and Germany in the east and by both a rail way dam and a street dam
connecting both islands with the mainland to the South and North, respectively. Water
exchange with the North Sea occurs only through the small opening (2.8 km) between the two
islands. The bay covers a surface area of 404km? and has a. mean depth of 4.2 meters. Salinity
varies from 28psu to 32psu and temperatures from -1°C in winter to 20°C in summer (Baird et
al., 2004a). The water is renewed every 19 to 29 days (Baird et al., 2004a).

2. Description of data used

The data set used in this study comes from Baird et al. (2007) and describes the food webs of
the 8 habitats of the Sylt- Remg Bight: Arenicola flats, Muddy sands, Mudflat, Sandy shoals,
Sandy beaches, Mussel beds and Sparse and Dense Zostera noltii beds . These food webs are
composed of 56 living compartments and 3 non-living compartments. Baird et al. (2007)
described the community composition and quantified the biomass, production, respiration,
consumption, diet composition and egestion for each species or species group of the Bight.
The biomasses were measured in situ for each compartment and given in mgC.m™. The data
set of Baird et al. (2007) is a mix between field measurements and values estimated by
empirical formulae based on local biomass and adapted to the local species for the production,
respiration, consumption and excretion-egestion, expressed in mgC.m?.d™. The production

and respiration of autotrophs were measured in the field. Production of other compartments
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was estimated from P/B ratios adapted to the local species using their local biomass (Baird et
al., 2004a). Respiration of other compartments was estimated by in vitro measurements for
macrofauna, by allometric relationships for fishes (Baird et al., 2004a) and birds (Aschoff and
Pohl, 1970; Kersten and Piersma, 1987; in Scheiffarth and Nehls, 1997) and from P/R for
meiofauna (Witte and Zijlstra, 1984). Excretion of macrofauna was estimated by experiments
and the excretion-egestion rates for other compartments were determined by rates in the
literature or by the difference between consumption and assimilation. The consumption of
heterotrophic organisms was defined as the sum of production, excretion and respiration
(Baird et al., 2004a), except consumptions of fishes (Mann, 1965) and birds (Scheiffarth and
Nehls, 1997)which were estimated by empirical formula .

3. Model construction

To convert the complete data set into a basis for testing the different goal functions for
selection of a unique solution from MCMC-LIM, we first determined the topology of the food
web to be tested and then created different experimental units with different levels of
uncertainty. The first step for inverse modelling is the determination of the topology of the
food web, i.e. the compartments and the flows that constitute the food web. In order to
facilitate the manipulation of the food web models, the number of compartments was reduced
by aggregation. Aggregation is a process of grouping some compartments together into a
single one according to a specific criterion. Here, species with the same diet and the same
method of predation were grouped together. Baird et al. (2004), following this criterion,
reduced the food web model from 59 compartments to 18 compartments which are listed in
Table I11-1. This type of aggregation by nutrition mode is the one that least affects the
structural and functional properties of food webs (Johnson et al., 2009). Because species
composition varies between habitats in the Sylt- Remg Bight, the seven models (the mussel
bed habitat was not considered) do not contain the same number of compartments. The sandy
beaches and sandy shoals models contain 11, the Arenicola flats, Muddy sand and Mudflats
have 13 compartments and the Dense and Sparse Zostera noltii beds have 16 compartments.
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Compartments Abbreviations
Phytoplankton PHY
Microphytobenthos MPB
Macrophytes MCP
Free living bacteria FLB
Benthis grazers BGR
Benthic deposit feeders BDF
Suspension feeders SUS
Benthic omnivorous BOM
Benthic fishes BFI
Carnivorous birds CBR
Herbivorous birds HBR
Sediment bacteria SEB
Meiofauna MFB
Suspended carbon SUC
Sediment carbon SEC
Dissolved organic carbon DOC

Table I11-1: Table listing the name of the compartments and their abbreviation included in
the Sylt-Remg Bight food webs.

For inverse modelling, once the topology of a food web model is determined the known
values are organized as linear equalities and unknown values are constrained, when possible,
using linear inequalities. The linear equalities were constructed by first imposing mass
balance conditions on the flows through each compartment, corresponding to the difference
between the sum of the inputs (e.g. ingestion) and the sum of the output (e.g. respiration,
egestion). For the compartments which are at steady-state, the mass balance is equal to 0.
Next, the quantitative information, which corresponds to observations or field measurements
(Baird et al., 2007), is added to the model as equalities. The mass balance and the quantitative
information are expressed as linear equations A * x = b. The matrix A expresses the mass
balance and the field observation as a combination of coefficients of the carbon flows, x
represents the flows of the food web, and b is a numerical vector containing the values of the

known flows (Vézina, 1989).

4. Inequalities

To obtain more realistic values for unknown flows, biological constraints are added in linear
inequalities of the form G * x < h, .where the matrix G contains the coefficients of the

biological constraints (Vézina, 1989), x represents the flows of the food web, and h is a
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numerical vector containing the value of the biological constraints respectively. The
inequalities are additional information corresponding to the efficiencies or the rates of the
biological processes extracted from the literature and they represent the a priori knowledge of
the network (Vézina and Platt, 1988). Because each flow in the model would be removed in
the tests of goal functions, each flow was limited by biological constraints. As explained
above (i.e. description of data used), some flows were measured in situ and others were
estimated by empirical formula or by biological constraints. In order to maintain consistency
with the Baird model (Baird et al., 2007), the constraints were developed from the same
formulae when possible. The inequalities (listed in Table I11-2) concern respiration,
consumption and egestion, for all living compartments. Moreover, production was estimated
for the macrofauna and the sediment inhabiting bacteria, and export for fishes and for the
carnivorous and herbivorous birds. Except for autotrophs and bacteria, inequalities were

scaled to the biomass estimates for each compartment.

4.1. Respiration

The limits of the respiration for autotrophs and bacteria were determined from the production.
For other compartments, allometric relationships provided the minimal and maximal values of

respiration.

The respiration and the egestion of the benthic bacteria are limited by the bacterial growth
efficiency (BGE) determined for a coastal bay (delGiorgio and Cole, 1998). The meiofauna
respiration was estimated by an allometric relation using the body-mass range of the
meiofauna as defined for the Wadden Sea (Witte and Zijlstra, 1984). The limits of the
macrofauna respiration were calculated based on the model and the virtual handbook of
Thomas Brey (2001; 2010). The minimum fish respiration value was evaluated from the
standard metabolism rate (SMR) determined for benthic fishes (Killen et al., 2010). The
minimal oxygen consumption by fish was adapted to the body mass of Sylt- Remg fishes with
the formula proposed by Schurmann and Steffensen (1997). The maximal respiration rate was
estimated from a factorial metabolic scope (FAS) corresponding to the ratio between the
maximal metabolic rate (MMR) and the SMR. The FAS used here was the one previously
determined for salmon (Brett, 1965). Salmon are athletic fish which swim long distances. In

contrast, the fishes in the Sylt- Rgmg Bight are benthic fishes with limited movement; their
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MMR is thus inferior to the salmon's MMR. The minimal respiration (basal metabolic rate:
BMR) of birds was estimated by an allometric relation (Aschoff and Pohl, 1970; Kersten and
Piersma, 1987; inScheiffarth and Nehls, 1997) and a separate formula is used for the
herbivorous birds (Jacobs et al., 1981).

4.2. Production

The maximum bacterial production is limited by the annual average of P/B (bacterial
production/ bacterial biomass) from the Brouage mudflat (Pascal et al., 2009). Since the Sylt-
Remg Bight is less productive than the Brouage mudflat, the annual P/B average is
considered as a maximum value for the Sylt- Remg Bight. The values of the maximal
macrofauna production for each trophic compartment were estimated from a maximum P/B

ratio.

4.3. Consumption

A maximal efficiency of production of 0.87 (Brey, 2001) was applied to the production,
previously determined in order to estimate the maximum consumption for the macrofauna.
Consumption by carnivorous birds, which was produced from the daily energetic expenditure
(Scheiffarth and Nehls, 1997; Le Mao et al.,, 2006) and calculated from the BMR, was
expressed in kilojoules (KJ). The conversion factor ImgC = 45.7 Joules (Salonen et al., 1976)
allowed us to convert the kilojoules to milligrams of Carbon. For the herbivorous birds, the
principle of calculation was similar but the formula was different and the consumption was
expressed in Kcal (1 Kcal=4.187 kJ.d™ (Nienhuis and Groenendijk, 1986)).

4.4. Egestion-Excretion

The maximal excretion of macrofauna was calculated from the maximal consumption with a
minimal assimilation efficiency of 0.21 (Brey, 2001). Maximal ratios of assimilation and
maximal ratios of the net growth efficiency for macrofauna and meiofauna were added. For
carnivorous and herbivorous birds, the assimilation efficiency rates were applied to the range

of consumption in order to obtain the minimal and maximal value of egestion.
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4.5. Export

The maximal export of the fishes and the birds was considered as the difference between the
maximal consumption of this compartment and the sum of the minimal respiration and
excretion. The export of particulate carbon in the sediment was considered as lower than the

difference between inputs and the minimal consumption of consumers.
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Processes Compartments Lower limit Upper limit Sources

Microphytobenthos 0.05*gpp 0.5*gpp (Vézina, 1989)
Macrophytes 0.14*gpp - (Ouisse et al.,2010)
Benthic bacteria BGE=0.11 BGE=0.61 (delGiogio and Cole, 1998)

Respiration  [Meiofauna - NGE=0.50 (van oevelen, 2006)
Macrofauna - NGE=0.70 (van oevelen, 2006)
Fish BMR MMR=16*BMR |(Brett, 1965)
Birds BMR MMR=14*BMR |(McKechnie and Swanson, 2010)
Meiofauna 88ngCind'd"  [875ngCind"d" |(Schiemer, 1987)
Macrofauna - P/C=0.87 (Brey, 2001)

C=125*(P+2R)

Fish (Mann, 1965)

Consumption

R=SMR

R=MMR

Carnivorous birds

C=N*3*MR*(1/AE)

MR=BMR

|MR=MMR

(Scheiffarth ans Nehls, 1997)

Herbivorous birds

C=N*3*MR*1.67

(Jacobsetal., 1981)

MR=BMR MR=MMR (Nienhuis and Groenendijk, 1986)
(Vézina & Platt, 1988)
Microphytobenthos 0.05*gpp 0.73*gpp
(Goto et al., 1999)
Macrophytes 0.05*gpp 0.5*gpp (Vézina & Platt, 1988)
Meiofauna AE=0.57 AE=0.77 (van Oevelen, 2006)
(Brey,2001)
Macrofauna AE=0.21 AE=0.75
Egestion (van Oevelen, 2006)
Fish AE=0.5 AE=0.9 (Leguerrieret al., 2004)
AE=0.80
Carnivorous Birds (Scheiffarth ans Nehls, 1997)
C=Cmin C=Cmax
AE=043
Herbivorous Birds (Madsen, 1989 in Tinkleret al.,2009)
C=Cmin C=Cmax
Benthic bacteria - P/B=0.94 (Pascal et al.,2009)
Production
Macrofauna - P/B=0.05 (van oevelen, 2006)

I11-2: List of inequalities used

in this study. B=biomass,

C=consumption,

P=production, N=number of individuals, Gpp=Gross primary production, BGE=Bacterial
growth production, NGE=Net Growth Efficiency, A/E= Assimilation Efficiency,
MR=Metabolic Rate, BMR=Basal metabolic Rate, SMR=Standard Metabolic Rate,
MMR=Maximal Metabolic Rate.
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5. Strategy of the study

The original model is determined by a number of equalities equal to the number of the flows
of each habitat. Only one flow value is unknown and it is directly estimated by the
corresponding mass balance equation. Thus the original model was even- determined. To
come up with a set of models to use to test our hypotheses, we progressively removed
information (removed equalities, leaving the associated inequalities) until we exceeded the
standard 1:4 ratio of known flows to unknown flows (Vézina and Pahlow, 2003). For each
level of information degradation (3:4, 1:2, 1:4, 0:4) equations were removed randomly.
Twenty-five percent of the equalities were removed for the first level of degradation, another
25% (50% total) for the second level of degradation, until the final level where only
inequalities remain. At each step of degradation eight different treatments were applied. A
treatment corresponded to a set of randomly chosen equations (i.e. a quarter of information)
for the same food web model, which were removed. For each step, the classical inverse
modelling (Vézina and Platt, 1988) and the MCMC-LIM (Van den Meersche et al., 2009)
were run to estimate the values of the unknown flows. For the MCMC-LIM, 100 000
solutions were sampled randomly with a jump length of 20. The jump length, which defines
the distance covered within the polytope for one iteration (Van den Meersche et al., 2009),
and the number of iterations were chosen in order to cover the whole solution space. The
convergence of the mean and standard deviation values towards a stable value were used as
indicators of the coverage of the solution space. All simulations were made with Matlab
2009a.

6. Tested functions

Different functions were used to select a unique solution from the 100 000 results from
MCMC-LIM for each flow. The tested functions fall into two groups: statistical and
ecological indices that embody hypotheses about the structure of ecosystem. Solutions
calculated by the MCMC-LIM can be represented by a likelihood distribution for each flow
(van Oevelen et al., 2010). The mean of the solutions for each flow is always a valid solution
(van Oevelen et al., 2010). However, many of the likelihood distributions are skewed, which

leads us to consider another measure of central position like the median. We also tested seven
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ecological functions (listed in Table 111-3) from Ecological Network Analysis (ENA) indices
and based on the emergent properties of the ecosystems. These properties, which are derived
from thermodynamics rules, describe the maturity, the structure and the functioning of the
ecosystem. Network ecologists have proposed that mature ecosystems have maximum values
of certain ecological indices, such as Ascendency (ASC) (Ulanowicz, 1986), Total System
Throughput (TST), and Finn's Cycling Index (FCI) (Odum, 1969). It is thus reasonable that
using these ecological indices as goal functions for the selection of a unigue MCMC-LIM
solution may produce results that are close to reference flow values and network indices.
Consequently, the maximization of some ENA indices was tested for the selection of a single
solution at the end of the MCMC-LIM. Two of them, the Total System Throughput (TST) and
the Finn’s cycling index (FCI), represent the growth of the ecosystem by estimating the
energy flowing through and retaining inside the ecosystem. The others describe the
development of the ecosystem by estimating the organization of flows of the ecosystem: the

Ascendency, the relative Ascendency, the overheads and the system omnivory index.
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Functions |Measure of what? |Ca|cu|ation Reference |Theory on maturity|Refe rence
Statistical
Mean central position of the
- L - van Oevelen et al., 2010 -
Median likelihood distribution
Ecological

global activity of the

Total System Throughput (TST) ecosystem sum of flows Ulanowicz, 1986 maximization Odum & Pinkerton, 1955
Finn Cycling Index (FCI) cycling ratio cycle/ total number of flows  |Finn, 1976 maximization Odum, 1969
i fy . . S .
Average M(UAUSII)I nformation specialisation of flows AMI = Z?=1,j=1 fiQilog (ZU fkak) Hirata & Ulanowicz, 1984 maximization Ulanowicz, 1986
Ascendency (ASC) orgar::zzzl\;l/c;r:l:) fFine AMI*TST Ulanowicz, 1986 maximization Ulanowicz, 1986
Relative Ascendency (relASC) Ogamfwi(tjvxl/):i ofthe ASC/C Ulanowicz, 1986 maximization Ulanowicz, 1986
Unorganized part of
Overheads the network =C-ASC Ulanowicz, 1986 maximization Christensen, 1995
(=reserves)
System omnivory Index (SOI) Omnivory SOI=mean(Ol/log(C)) Christensen & Pauly, 1992 maximization Christensen, 1995

Ol= X74(TLj — (TL; — 1)*. DCij

Christensen & Pauly, 1992

Table 111-3: Functions tested in this study. For the AMI fij is the fraction of the total flow from j which passes through i. Qi corresponds to the

probability that unit of energy passes through i. fkj and Qk represent the total flow from j and the probability that a unit of energy passes through

others compartment. C corresponds to the Development Capacity, which describes the maximal possible Ascendency for a considered ecosystem.

Ol corresponds to the Omnivory Index of a particular compartment of the food webs. TL; is the trophic level of the prey, TL; is the trophic level

of the predator and DCj; is the diet contribution of a prey to the diet of its predator.
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7. Evaluation of the quality of the proposed solution

A single solution was chosen from the 100 000 flow solutions estimated by the MCMC-LIM
method for each treatment by calculating the appropriate statistic (mean or median), or
selecting the flow solution that maximized each ENA index. The maximum value of each
function was determined to obtain a set of single solutions for each flow. The solutions of the
even-determined model (x = A/b) were used as a reference for comparison with the solutions
selected by each goal function. We used several measures of deviations from reference to
investigate the behaviour of the functions with level of information degradation. First, the
distance from the mass balance estimated from the reference was calculated. The mass
balances were calculated from the estimated values for each compartment. The distance from
the mass balance was computed by the absolute value of the difference between the mass
balance of the reference and the mass balance of estimated values. Next, the percentage of the
relative error (i.e. difference between the reference and the estimated values divided by the
reference) was calculated for each flow. The relative errors were grouped into ranges of
percentage in order to obtain a distribution of percent errors. The hypothesis Hy, which
supposed a distribution of percent of error independent of the level of degradation of the
information considered was tested by the Friedman test in Matlab 2009a. The Friedman test is
a non-parametric test, similar to two-way ANOVA, which we chose as the data do not follow
a normal distribution..Third, Spearman coefficients of correlation were estimated to verify for
each level of degradation the conformity of the set of estimated values of flows with the set of
reference values of flows. Finally, the RMS was estimated for each tested function. The RMS
corresponds to the square root of the mean of the square difference between the reference and
the estimated values. If the RMS is low, the set of solutions is close to the reference and thus
the function is robust. The Kruskal-Wallis test was used to test hypothesis Ho which suggests
a RMS independent of the function considered. This nonparametric version of the ANOVA
one-way was performed with Matlab 2009a. It was followed by a multiple comparison test
(Tukey test) to determine what functions significantly differ from others. We also looked at
how the choice of the function affected the estimation of ecological indices, used here not
anymore as an optimizing function for choosing the best flow value but as a descriptor of the
functioning properties of the obtained food web. Specifically, we explored the impact of some
functions (Total System Throughput (i.e. TST), Ascendency (i.e. ASC), Overheads, Least

Square, mean, relative Ascendency and System Omnivory Index (i.e. SOI)) on four ecological
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indices: the internal relative Ascendency, the AMI, the Relative Ascendency and the FCI. The
relative Ascendency and the AMI estimate the organisation in the ecosystems and the trophic
specialisation, respectively. The internal relative Ascendency (Ai/DC;) that estimates the
internal organization of the ecosystem refers to internal flows alone and excludes the
exchanges across the boundaries of the ecosystem. The Aj/DC; and the FCI were chosen
because they are considered as a powerful index in the comparison of ecosystems (Baird et
al., 1991).

Results

The mean, the least square and the ecological functions resulted in flows with a distance from
the original mass balance close to 0 (0.64) and constant for every level of degradation of the
information (Figure I11-1). Using the median to select among possible flows resulted in a
distance from the mass balance that progressively increased as the level of information
decreased (Fig I11-1). The variation of the error on the mass balance of food webs, measured

by its standard deviation, increased as the information decreased.
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Figure I11-1: Plot showing the distance between the mass balance, calculated with reference values and the mass balance estimated from the estimated
values of flows. The base line represents nine functions (TST, ASC, RelAsc, AMI, FCI, Overheads, SOI, Mean and Least square). The error bars represent the
standard deviation of results due to the treatment applied to each food webs model.
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The MCMC-LIM appeared to be sensitive to the degradation of information irrespective of
the function considered (Fig I11-2). Indeed, the frequency of large errors consistently
increased as the information contained in the model fell. For the first level of degradation
(3:4), a majority of flows were estimated with less than 1 % error and the frequency of high
percent errors was low. At each level of degradation of information, the frequency of the high
percentage of error progressively increased. For the last level of degradation, a majority of
flows were estimated with an error superior to 100%. The hypothesis Ho, that the distribution
of flow for each range of percent error remains similar irrespective of the level of degradation,
was tested by the Friedman statistical test. Ho was rejected (p<0.05), thus the frequency
distribution was significantly influenced by the degradation of information. Variation due to
the treatment applied to the MCMC-LIM, the habitat considered and the random sets of
equation removed was highest for the treatment in which half the information was removed

(error bars in Figure 111-2).
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Figure 111-2: Frequency distribution of the different ranges of the percentage of error. Each histogram represents a level of degradation of
information. A) corresponds to the first level of degradation of the information (3:4), B) represents the level 1:2, C) is the third level of

degradation (1:4) and D) 0:4 all information is removed.
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The estimated values and the reference values of each flow presented high Spearman
correlation coefficients independent of the level of degradation of the information considered
(Table 4). The correlation coefficient decreased with the decrease in quantity of information
contained in the model. Even at the extreme level of degradation the estimated values of flows
remained correlated to the reference. The statistical functions presented the highest Spearman
correlation coefficients, while the LS solution showed the lowest Spearman correlation
coefficients. The slope of the regression between reference and estimated value remained
close to 1 independent of the level of degradation considered. Some functions, such as LS,

TST, ASC and Overheads, were more likely to have slopes greater than 1.
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Level of degradation of the information

Function 3:4 1:2 1:4 0:4
Mean |0.972 +£0.017 (0.984) {0.948 + 0.017 (0.964) |0.927 + 0.020 (0.969) |0.894 £ 0.025 (0.971)
Median |0.973 +0.017 (0.984) |0.949 £ 0.017 (0.964) [0.930 + 0.018 (0.969) |0.893 + 0.025 (0.974)
LS 0.954 + 0.021 (0.943) (0.927 + 0.024 (1.047)|0.876 £ 0.050 (1.152) [0.720 + 0.091 (1.228)
TST 0.960 + 0.018 (0.988) |0.933 + 0.020 (1.028)(0.909 + 0.029 (1.090) |0.822 + 0.059 (1.126)
ASC  |0.954 £ 0.023 (0.998) [0.922 + 0.029 (1.019)|0.894 + 0.030 (1.074) |0.808 £ 0.051 (1.073)
FCI 0.971 £ 0.019 (1.013)(0.950 + 0.017 (0.995) |0.908 + 0.024 (1.015) (0.827 +0.028 (1.017)
ASCrel [0.968 +0.016 (1.013)|0.933 + 0.024 (0.997) [0.896 + 0.026 (0.995) |0.774 + 0.061 (0.989)
AMI1  [0.956 £ 0.016 (0.992) (0.925 + 0.027 (0.973) |0.884 £ 0.024 (0.974) [0.749 + 0.077 (0.950)
Overheads [0.957 + 0.018 (0.985) |0.930 + 0.025 (1.013)(0.9056 + 0.031 (1.076)|0.829 + 0.054 (1.104)
SOl 0.969 + 0.016 (0.989) |0.936 + 0.019 (0.967) (0.903 + 0.023 (0.996) |0.826 + 0.051 (1.021)

Table I11-4: Showing the Spearman correlation coefficients between the different levels of
degradation of information and the reference. Values in parentheses correspond to the value
of the slopes of the regression between the estimated values and the reference values. Values
in bold correspond to the value of slop superior to 1. All levels of degradation are correlated
with the reference (p-value<0.05)

The differences observed above were confirmed by the values of the RMS (Fig 111-3 and I11-
4). The relative order of medians of RMS for the different functions remained the same
irrespective of the level of degradation. The mean and the median had the lowest RMS for
every level of information except the level of greatest information degradation. They were
followed by the SOI and the relASC. The TST, ASC, Overheads and LS always had the
highest RMS (Fig 111-3). The same trend was observed with the mean of the RMS (fig 111-4).
The mean and the median presented the lowest root mean square, while the LS presented the
highest RMS. The ecological functions fell between these extremes. The SOI, relASC, AMI
and FCI lines were close to the mean—median line. TST, Overheads and ASC were close to

the tendency of LS.

The ranges of the RMS values varied according to the goal function and the level of
degradation considered. They determined the variability due to the habitat and the set of
equations removed. The ranges of RMS were doubled between the first and second level and
slowly increased between others levels of degradation. The ranges of RMS values were larger
for TST, ASC, Overh. and LS (Fig I11-3).
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Figure 111-3: Boxplot representing the RMS of each tested functions for every level of information degradation. For the three first, graphs were made with
56 values (8 treatments per habitats) and for the last one only seven (one replicate per habitat). A) represents the first level of degradation (3:4), B) is the level
(2:2), C) corresponds to the third level of degradation (1:4) and D is the last level of degradation (0:4).
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Every function showed a linear increase of the RMS with increasing degradation, except the
AMI and the relASC, which presented a break of tendency for the second and for the third
level of information degradation (Fig Il11-4). The slope for each function was not the same
leading to an increase of the distance between functions as the level of information decreases.
A Kruskal-Wallis test was performed on the data (n=175 for each function) to determine if
there was a significant difference between functions. Hy, which suggested that every function
present a similar RMS, was rejected (p-value<0.05) and the functions are thus significantly
different. A test of multiple comparison showed that the mean, the median, the SOI and the
relASC were significantly different from the TST, ASC, Overheads and LS. The FCI and

AMI functions significantly differed from the mean and the median.
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Figure 111-4: Plot showing the mean root mean square of all habitats for each function according to the level of degradation of information (3:4, 1:2, 1:4,
0:4).
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The network indices calculated from the estimated value of flows did not differ much from
the indices calculated from the reference value of flows (Fig 111-5), although some differences
between functions was observed. The impacts of goal functions on the relative Ascendency
and the AMI indices appeared to be similar. For these two indices the highest over-estimation
was observed for the relative Ascendency and the Ascendency functions, while the mean and
the overheads under-estimated these two indices. The SOI and the TST functions were the
closest to the reference value of the indices. Only the relative Ascendency under-estimated the
FCI. All functions except the mean function under-estimated the internal relative Ascendency.
For the FCI and internal relative Ascendency, the mean function resulted in the smallest
difference from the reference values of indices. The LS and TST functions showed a similar
tendency and a similar difference from the reference for these two indices.
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Figure 111-5: Plot that represents the absolute difference between the values of 4 indices calculated either from the estimated value of flows or from the
reference value of flows. The subplot (A) shows the relative Ascendency index, the second one (B) presents the FCI, the plot (C) presents the internal relative
Ascendency index and the last one the AMI index (D). The dash-dot line corresponds to the estimated values of indices, which was equal to the reference
value of indices. A curve located above a dash-dot line corresponds to an over-estimation of the considered index.
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Discussion

1. Inverse modelling robustness according to the level of information

incorporated in the model.

The performance of linear inverse modelling in reconstructing an increasing number of
unknown flows depends on the metric used. The percentage of error, which measures the
percent change in the estimated flows from the reference flows, suggests a strong impact of
information loss on inverse reconstructions. The degradation of the information in the inverse
model caused a progressive increase in the difference from the reference model measured by
the percentage of error. For the first level of information loss, corresponding to a ratio
known/unknown flow equal to 3:4, errors inferior to 1% were dominant and frequencies of
larger percentage errors increased with information degradation until errors superior to 100%
became dominant. However, there are a few factors to consider in assessing the significance

of this result.

First, the degradation of the information in these models was pushed toward extreme levels.
For the last level of degradation, only the mass balances, the equations of GPP and of the
imports remained. Considering that about 1 in 4flows are known in most studies(Vézina and
Pahlow, 2003), the third level of degradation of information (1:4) is probably more
representative. For this level, approximately 40 % of flows were estimated with an error lower
than 20%. In a sensitivity analysis, Richardson et al. (2006) modified data up to 20% to
determine the dependence of results to the input data. Richardson et al. (2006) replaced the
known flows by a random value issued from a normal distribution realized from the mean and
standard deviation estimated with the original data and observed that in most cases the
standard deviation is equal to about 20% of the mean. The maximal tolerance of 20%
corresponds to the maximal variation of the field measurement due to natural and analytic
variation (Richardson et al., 2006). Thus about 40% of flows were estimated by inverse

modelling with a precision similar to the precision of field measurement.

Another large proportion of flows, about 40%, corresponded to those estimated with an error
more than 100%. However, the majority of these flows had a low absolute value, inferior to 1

mgC.m2.d™. A low absolute error becomes a high relative error when divided by a similarly
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low original value. The high percentage of error on small flows probably had only minor
consequences on the reconstruction of the network and on its ecological interpretation.
Indeed, generally high Spearman correlation coefficients were observed for every level of
information degradation and for every habitat, irrespective of the function used to select the
solution. In spite of the high proportion of large relative errors, the inverse modelling had
much less impact on the order of the flow values. The ascent order of value of flows was
preserved, as was the organisation of the reconstructed network. Moreover, the values of the
network indices for reconstructed food webs, which describe their structure and their
functioning, remained consistent with the reference network values. In this study, the ranges
of values for the inequalities constraining the linear inverse modelling were large. For
example, the maximal respiration rate of birds was equal to 14 times the minimal respiration
rate. Inequalities were often used to limit processes to realistic values and this was not
sufficient in the case of high degradation of information. Such large ranges were necessary for
a set of inequalities applicable to different systems like the 7 habitats considered in the study.
For a better use of inverse modelling, inequalities should be refined to better fit to the reality
of the studied habitat and the species present. Applying a more fitted set of inequalities,
related to the species present at each site, will allow a reduction of the solution space and

presumably an increased robustness of the method.

2. Choice of function

We based the selection of good goal functions on the similarity to reference values of both the
resulting magnitude of flows and the resulting flow structure and organization. In this section,

we consider each goal function and its impact on the performance for these two goals.

The minimization of the quadratic norm was proposed by Vézina and Platt (1988) to select a
unique solution from the numerous possible solutions of inverse modelling. Later, VVézina and
Palhow (2003) proposed the use of goal functions that correspond to a priori assumptions on
the structure and functioning of the ecosystems, such as Ascendency and cycling indices.
Vézina et al. (2004) proposed the use of the maximization of the TST and the maximization of

the Ascendency instead of the least square solution. The most recent method proposed
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randomly sampling the solution space (Kones et al., 2006; Van den Meersche et al., 2009),
and the mean was used to summarize the possible solutions for the flows (Kones et al., 2006;
van Oevelen et al., 2010). We tested the use of ecological indices, which are derived from
theories on the maturity of the ecosystem, to select a single solution among all possible
solutions. The Ascendency and the TST had already been evaluated but not with our
numerical scheme and without definite conclusions (Vézina et al., 2004). The other ecological
functions (FCI, AMI, relative Ascendency, Overheads and SOI) and the median were tested

for the first time in this study.

Although both the mean and the median appeared to provide the most robust functions for
selecting a unique solution from inverse modelling. However, the median did not respect the
steady state mass balance condition, as suggested by van Oevelen et al. (2010). A sum of
incoming flows that differs from the sum of out-going flows means an over- and under-
estimation of inputs and outputs for each compartment. The median function estimated the
value of flows by calculation of the median of the 100000 solutions proposed by the MCMC-
LIM for each flow independently, while the ecological functions and the LS solution
considered flows as a set of dependent elements. Thus, incoherence appeared when the flow
network was reconstituted from the individual median estimates. Like the median, the mean
was calculated for each flow independently,. but the mean calculation is a linear operation on
the set of solutions which always gives a valid solution (van Oevelen et al., 2010). If the sums
of the values of each vector solution (here 100000 vectors) respect the mass balance, the sum
of the values of the mean flow vector will balance because the total of the values does not
change. In the context of management of ecosystems and their comparison, mistakes which
over- or under-estimate the energy flowing through the system and such variability in results
are not acceptable. The median thus is not recommended as the function used to select a

single value of each flow.

The LS solution was the least robust function, indicated by its high RMS and low correlation
coefficient relative to the other functions tested. The LS solution estimated a higher
proportion of flows within the range of error 50% to 100%. LS, defined as the minimization
of sum of squared flows, led to the underestimation of the sum of flows through the system
(Vézina and Pahlow, 2003; Johnson et al., 2009). This underestimation of the sum of flows
does not involve underestimation of every flow; some flows are underestimated and others are
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overestimated. This adds an artificial structure to the reconstructed food web (Stukel et al.,
2012). In this study, the proportion of overestimated flows was either equal to or larger than
the proportion of the underestimated flows. The slope of regression between the reference and
the estimated values being superior to 1 suggested a tendency to overestimate the value of
high flows. Observations of Vézina & Palhow (2003) suggesting that the small flows are
overestimated and the large flows are underestimated are not verified in this study. No general
rules on what flows were overestimated could be discerned; it depended on the type of
equation that was removed. The value of respiration flows and value of export flow were
often, but not systematically, overestimated as previous results have shown (Eldridge and
Jackson, 1993). Previous studies have shown that the Ecological Network Analysis (ENA)
indices, which are used to determine the emergent properties of the ecosystems, are
underestimated by the LS solution (Johnson et al., 2009; Kones et al., 2009). In this study,
some indices, specifically the relative Ascendency and the AMI were faithfully estimated by
the LS function, but both the internal relative Ascendency and the FCI were overestimated by
the LS. The over-estimation of the two latter indices, which are powerful indices in the case
of comparison of ecosystems (Baird et al., 1991), led to an over-estimation of the energy
flowing through the reconstructed network and to an over-estimation of the organization of
internal flows. The reconstructed food web thus appeared to be more efficient. As a
consequence, the LS cannot be accepted as a good criterion for selecting the single solution.

The ecological goal functions TST, ASC, relative ASC, and overheads, produced higher RMS
than other ecological functions and did not provide robust results of estimated flow values by
inverse modelling. These three ecological functions had consequences on the values of flows
similar to the LS solution. The majority of flows were overestimated, especially export and
respiration. Moreover, the slope of the regression of these functions followed the same
tendency that LS did, that is a slope superior to 1. The TST solution overestimated the value
of the flows and pushed them towards the upper limits of the solution space. The RMS of the
ASC (the product of the AMI and TST) is closer to the TST than the AMI, which suggests
that the ASC is largely determined by the TST. The maximization of the ASC was obtained
by a maximization of the TST and thus also overestimated the majority of flows. The
maximization of the overheads led to the overestimation of the respiration values and the
export values. Among the ecological functions, the relative Ascendency showed one of the
lowest RMS and one of the lowest Spearman coefficients of correlation. The relative
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Ascendency is opposed to the overheads and measures the organized part of the ecosystem.
The lower RMS value of the relative Ascendency suggests a relative error on the values of
flows less important for the relative Ascendency than the overheads. In spite of this
observation, the correlation between reference and flow values estimated by the relative
Ascendency function was lower than the correlation with values estimated by overheads,
especially at the high level of degradation. This suggests a stronger impact of the relative
Ascendency on the rank of flows. These ecological functions (TST, ASC, relASC and

Overheads) do not generate a faithful reconstruction of the magnitude of flows.

These previous ecological functions had differential impact on the ecological indices, used
this time to describe the ecological properties of the obtained food web. The use of MCMC-
LIM with the TST goal function gave results that presented values of the AMI and of the
relative Ascendency similar to the reference values. On the contrary the Ascendency and the
relative Ascendency goal functions over-estimated the relative Ascendency, the AMI and the
overheads function underestimated both these indices. The FCI and the internal relative
Ascendency were overestimated by the overheads and TST goal functions. A high value of
the internal relative Ascendency value refers to a greater efficiency in the ecosystem (Mann et
al., 1989) and a higher FCI corresponds to a greater amount of the energy and matter
remaining inside the ecosystem. As expected, using the Ascendency or the relative
Ascendency goal functions for choosing the unique solution led to a food web with an over-
estimation of the internal relative Ascendency. In this study the Ascendency was maximized
via a maximization of the TST, which maximizes cycling, leading to an increase in the
cycling inside the reconstructed food webs. On the contrary, the maximization of the relative
Ascendency is due to a maximization of the AMI and thus the cycling was under-estimated.
To conclude, the Ascendency, the relative Ascendency, the Overheads and the TST goal
functions cannot be used to select a unique solution for the MCMC-LIM due to their impact

on the internal relative Ascendency and FCI indices and their impact on flows.

Omnivory, measured by the System Omnivory Index (SOI), is the ecological goal function
that provided the highest robustness to the MCMC-LIM. In this study, the SOI increased as
the quantity of information in the model decreased. For each habitat, the trophic group with
the highest potential of omnivory was the benthic omnivorous macrofauna (BOM) because
they fed on autotrophs, on meiofauna, on macrofauna and on detritus. The omnivory index of
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the BOM increased and moved away from the original omnivory index as the level of
information decreased irrespective of the considered habitat (Appendix A, fig.6). Flows
between the BOM and the species at low trophic level were among the flows with high error.
From the first level of degradation up to the second, the contribution of the low trophic levels
to the diet of BOM was multiplied by about 3. The loss of information at the first level led to
an increase of the omnivory index of the BOM via a maximization of the consumption on the
lowest trophic level (TL=1). For other levels of degradation the omnivory index of BOM

tended to increase via the consumption on other trophic level.

The relative Ascendency and the AMI indices calculated for the SOI solution were the closest
to the reference value of these indices. The maximization of the system omnivory index
involved some feeding preference within a diversified diet. The maximization of the SOI had
consequences on the structure of the food webs, especially by increasing the AMI. In spite of
this increase in the AMI, the relative Ascendency estimated from the SOI function was similar
to the reference value. The balance between the organized part and unorganized part of the
food web was respected. The SOI function over-estimated the internal relative Ascendency
and FCI, as did the other ecological functions, providing a more efficient reconstructed
network than in the reference model. In spite of its low RMS, the SOI function is not a good
candidate for a unique solution because of its biases in the context of the comparison of the

ecosystems.

The mean appeared the most robust function due to its lowest RMS and thus its minimal error
relative to the reference. From an ecological point of view, scientists expect central position
for the values of flows. This central position would bring flexibility to ecosystems in the case
of perturbation (Ulanowicz et al., 2009). The mean tended to underestimate the values of the
relative Ascendency and of the AMI. Averaging values of flows, the mean function tended to
increase the redundancy in the ecosystem and thus decrease the AMI value. Consequently the
relative Ascendency was lower than in the reference but remained at the almost perfect
balance between organized and unorganized part of the system. When only the internal flows
were considered (by the internal relative Ascendency index), the mean function gave index
values almost identical to the reference values. The estimation of the FCI was excellent until

the second level of degradation and did not increase appreciably over the next levels. The
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mean solution provides reconstructed food webs with a structure and a functioning which are

the closest to the reference food web.

The mean was the most powerful function to estimate indices involved in the comparison of
the ecosystems. The mean solution provided food webs where the values of flows are
averaged and gave central position to the value of flows and thus equilibrium between
organized and unorganized part to the ecosystem. The most robust function was a function
that pushed the ecosystem to a balanced organization between Ascendency and the
unorganized part. The part in disorder constitutes the reserves of the organisation (Conrad,
1983) that provides flexibility of the structure to the ecosystems. Thus, a sustainable
ecosystem should have a value of Ascendency between both these extremes (Ulanowicz et al.,
2009). Indeed, an ecosystem with a maximal Ascendency is prone to a collapse in the case of
new perturbation. On the contrary, an ecosystem with a low Ascendency cannot survive
(Ulanowicz et al., 2009). The reconstructed food web that is the closest to the reference food
web presents a balance between efficiency, organization and the inefficient part of the

ecosystem and thus confirms the Ulanowicz suggestions (Ulanowicz et al., 2009).

Combining the findings above that the mean provides robust estimation of the flows and of
the structural indices leads us to consider the mean in the context of parsimony arguments for
reconstructing flow networks. The mean function embodies the parsimony principle, as
originally defined by the Occam’s razor philosophical principle: “The best solution is
supposed to be the one obtained with the fewest hypotheses”. In this sense, the mean is the
most parsimonious function. The functions that thus make the fewest a priori suppositions on

the food web structure are the most robust when subjected to degradation of the information.

3. Conclusion

1.1. Conclusion

The function used to select a single solution has a relatively low impact on the quality of
reconstruction of flows relative to the degradation of the information. To insure quality results

of inverse modelling, the inequalities should be as constrained as possible given the time and
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the budget limits of the project. The biological constraints issued from the general biological
rules should be refined in order to adapt constraints to the considered ecosystem In our study,
the biological constraints include inter-habitat variability, which refers to the metabolism of
similar species in different habitats. It would be preferable to consider the intra-habitat
variability of the species in order to constrain the flows. The metabolism of a species in a
particular habitat should studied more, especially by mesocosm experiments. On the other
hand, the mean, the function that makes the fewest assumptions about the structure of food
web, gives solution of flows that most closely resemble the flows in the fully measured

network and its ecological interpretation.
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Appendix

The SOI varied according to the habitat considered; the trend of it was similar
independent of the habitat considered. The value of the SOI increased as the quantity of
information decreased. The Omnivory Index (Ol) of the compartment BOM followed a
similar tendency. The contribution of low trophic levels to the diet of the BOM compartment
hardly increased between the reference and the first level of degradation of information.
Between the first and the third level of degradation the contribution of low trophic level
remained constant. For the last level of degradation the value of contribution was lower

except for the Densenoltii and Mudflat habitats.
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Figure 111-6: Histogram representing the evolution of the SOI and the Omnivory Index (Ol) of the trophic compartment BOM according to the level of
degradation. The different colors correspond to the habitats. The largest bars represent the Ol of the BOM and the narrowest bars represent the SOI. The
curves show the contribution of low trophic level to the diet of BOM. 0 refers to the level with all information (even-determined model).
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Principales caractéristiques des réseaux trophiques intertidaux qui soutiennent
les oiseaux limicoles migrateurs : cas d’une vasiére nue dans la baie de

Marennes-Oléron (Atlantique NE).

Les oiseaux migrateurs de la route Atlantique-Est s’arrétent massivement sur la cOte
Atlantique francaise pour une pause migratoire ou pour un hivernage. La vasiére de Brouage
est un des sites d’accueil principal de la cote Atlantique frangaise. L’activité de cette vasicre
est liée au développement d’un biofilm microbien a basse mer, qui soutient le réseau
trophique benthique. Chaque réseau trophique est caractérisé par une structure et un
fonctionnement qui assure une plus ou moins grande efficacité de transfert du carbone. La
structure et le fonctionnement de la vasiere de Brouage est essentiel pour la conservation des
especes s’arrétant sur cette zone, puisque les oiseaux doivent y trouver la nourriture
nécessaire pour atteindre leur zone de reproduction au nord de I’Europe. Le but de cette étude
est de décrire et comprendre les caractéristiques du réseau trophique qui permettent a la

vasiere de Brouage de subvenir aux besoins des oiseaux.

Quelles caractéristiques du réseau trophique benthique de la vasiére de Brouage

permettent de supporter la pression de prédation exercée par les oiseaux en hiver ?

Réalisation de deux modeles de réseaux trophiques a basse mer considérant deux saisons
différentes, 1’ét¢ ou les oiseaux sont absents et I’hiver ou les oiseaux sont présents.

Utilisation de la modélisation inverse par échantillonnage aléatoire.

Les solutions calculées par la modélisation inverse sont utilisées pour calculer certains indices
ENA permettant d’accéder a la structure et au fonctionnement du réseau trophique. Pour ces
indices, une comparaison statistique entre 1’été et I’hiver est alors possible, ce qui constitue
une innovation essentielle dans I’application des méthodes numeriques couplées modélisation
inverse - ENA. Une analyse plus approfondie des réseaux trophiques faite grace a EcoNetwrk
(panel plus complet d’indices ENA) nécessite le choix d’une unique solution par flux. Les
conclusions du chapitre précédent sont alors appliquées, ¢’est-a-dire que c’est la moyenne des

flux qui est utilisée comme solution pour chaque flux.
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Le réseau trophique hivernal se différencie de celui de 1’été¢ par une plus grande activité¢ du
systeme et un plus fort recyclage induit par une activité bactérienne plus importante. Les deux
saisons présentent des caractéristiques similaires comme la longueur moyenne des chaines et
la spécialisation des voies trophiques. La faible production primaire en été est compensée par
un transfert tres efficace vers les herbivores, conduisant a une efficacité moyenne de transfert
supérieure en été. Cette forte activité du systeme hivernal associée a un fort recyclage et a une
organisation interne inchangée entre les deux saisons soutient I’activité hivernale des oiseaux

migrateurs.
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Abstract

The migratory shorebirds of the East Atlantic flyway land in huge numbers during a
migratory stopover or wintering on the French Atlantic coast. The Brouage bare mudflat
(Marennes-Oléron Bay, NE Atlantic) is one of the major stopover sites in France. The
particular structure and function of a food web affects the efficiency of carbon transfer. The
structure and functioning of the Brouage food web is crucial for the conservation of species
landing within this area because it provides sufficient food, which allows shorebirds to reach
the north of Europe where they nest. The aim of this study was to describe and understand
which food web characteristics support nutritional needs of birds. Two food-web models were
constructed, based on in situ measurements that were made in February 2008 (the presence of
birds) and July 2008 (absence of birds). To complete the models, allometric relationships and
additional data from the literature were used. The missing flow values of the food web models
were estimated by Monte Carlo Markov Chain — Linear Inverse Modelling. The flow
solutions obtained were used to calculate the ecological network analysis indices, which

estimate the emergent properties of the functioning of a food-web.

The total activities of the Brouage ecosystem in February and July are significantly different.
The specialisation of the trophic links within the ecosystem does not appear to differ between
the two models. In spite of a large export of carbon from the primary producer and detritus in
winter, the higher recycling leads to a similar retention of carbon for the two seasons. It can
be concluded that in February, the higher activity of the ecosystem coupled with a higher
cycling and a mean internal organization, ensure the sufficient feeding of the migratory

shorebirds.

Introduction

The French Atlantic coast constitutes one of the southernmost attractive areas for shorebird
populations wintering in Europe. This is the case of the Pertuis Charentais, where birds use
the network of estuarine bays as a stopover or wintering area along the East Atlantic flyway.
The Pertuis Charentais is composed of various habitats, largely dominated by intertidal
mudflats, which are among the largest in Europe (Verger, 2005). One of the largest and most-
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studied sites in the Pertuis Charentais is the eastern mudflat (Brouage mudflat) inside the
Marennes-Oléron Bay, which is important for oyster and mussel farming. The central part of
the mudflat and adjacent marshlands are included in the National Nature Reserve of Moéze-
Oléron (about 6,700 hectares).

Every year, c. 66,000 shorebirds use the Marennes-Oléron Bay in mid-winter, with most of
them foraging within the limits of the nature reserve. Among the 18 species present in the
bay, six are common and represent c. 85% of all individuals in winter (Red Knot, Calidris
canutus; Dunlin, Calidris alpina; Black-tailed Godwit, Limosa limosa; Common Redshank,
Tringa totatnus; Grey Plover, Pluvialis squatarola; and Curlew, Numenius arquata) (Mahéo,
2008). The Shelduck, Tadorna tadorna is the only anatidae common on bare mudflats. The
intertidal mudflat serves one of two functions for shorebirds, depending on the migrating
schedules of the considered populations. Shorebirds might use the area for winter survival and
stay in the region for most of the non-breeding season or they might use it for refuelling
during stopover when migrating further south. The Marennes-Oléron Bay appears to be one of
the most attractive sites for coastal shorebirds in the Pertuis Charentais, due to the easy access
to huge bare mudflats used as a foraging area and to the presence of a high tide roost in
nearby marshland. Moreover, the nature reserve is a classified protected area where hunting is
strictly forbidden (Bocher et al., 2012). Most of the shorebird species wintering in the bay
breed in northern Europe, Siberia, Greenland or the Canadian Arctic (Delany et al., 2009).
Consequently, birds are present in the bay from August to May, with a peak number around
January. During the winter, birds feed to fulfil their daily energy needs for survival and to
refuel at the end of winter before flying towards their breeding areas. They feed on the tidal
Brouage mudflat on macrofauna species, particularly molluscs and annelids. For instance, the
gastropods Hydrobia ulvae (new name: Peringia ulvae) contribute to about 85% of the diet of
the Common Shelduck (T tadorna) (Viain et al., 2011) and the Red Knot (Quaintenne et al.,
2010).

The Brouage mudflat is a bare mudflat (i.e. no seagrass or macroalgae grows on this site) and
its primary production is mainly due to the microphytobenthos composed of benthic diatoms
(Cariou-Le Gall and Blanchard, 1995). At low tide, diatoms and associated bacteria are
concentrated in the first few centimeters of the sediment (Herlory et al., 2004) and form a
biofilm that supports the benthic food web. Meiofauna and deposit feeders (e.g. Hydrobia),
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comprising herbivorous and bacterivorous species, feed on the biofilm. In summer, there is
less predation on the benthic macrofauna and their biomass accumulates. In winter, birds feed

on macrofaunal species.

The aim of this study was to understand which ecosystem characteristics support the
wintering of the birds. To do this, the structure and functioning of this ecosystem were
modelled in two seasons; one with a large number of shorebirds (winter) and the other one
when shorebirds were absent (summer). This comparative study aims to highlight which
features of the ecosystem are crucial in sustaining such a high predator biomass. In regard to
the previous result models on the Brouage mudflat, the lower primary and secondary
productions observed during winter (Degré et al., 2006; Leguerrier et al., 2007) suggested two
main features for the winter food web: 1) a higher efficiency in the transfer of carbon via a
higher specialization of trophic links, 2) a stronger cycling in order to increase the stock of

carbon available for the shorebirds and thus sustain their nutritional needs.

The ecosystem flows that were not estimated in situ during field campaigns, were estimated
using Monte Carlo Markov Chain — Linear Inverse Modelling (MCMC-LIM) (Kones et al.,
2009; Van den Meersche et al., 2009; Niquil et al., 2011). The set of possible solutions for
each flow of the benthic food web in winter and summer, resulting from the MCMC-LIM
method, was used to calculate indices of ecological network analysis (ENA). The ENA
indices are used to characterise the overall structural properties of food webs, including
activity, recycling, specialisation, trophic efficiency, and mean path length (e.g. Ulanowicz,
1997). ENA indices constitute a set of indices that describe the connections between
compartments through an analysis of the input and output flows of a compartment, the trophic
structure based on a linearisation of the network and the degree of redundancy or
specialisation of the flows (Baird et al., 1991; Ulanowicz, 1997; Tortajada et al., 2012). The
set of solutions of flows obtained by MCMC-LIM, allowed the calculation of ranges and
confidence intervals for some of these indices and thus facilitated statistical tests to compare

the two seasonal food webs.
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Material and methods

1. Study area

The Brouage intertidal mudflat is located on the French Atlantic coast in the bay of Marennes-
Oléron (Fig. IV-1). The bay covers 150 km? and the Brouage mudflat, which is located in the
eastern part of the bay, occupies 68 km?2 at low tide. The bottom slope is relatively flat
(1:1,000) and the tidal area is large (up to 4 km). The sediment consists of silt and clay
particles (95% < 63 pum) (Pascal et al., 2009). The sampling zone for this study was located in
the centre of the Brouage mudflat and is characterised by a typical ridge and runnel structure
(Gouleau et al., 2000). It is located at about 1.5 km from the lower part of this intertidal zone,

an area covered by oysters from both abandoned and active oyster farms.
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Figure 1V-1: Study site: the Brouage mudflat that includes a part of the nature reserve of
Moéze-Oléron.
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2. Field measurements

Two field campaigns were performed; in winter (from 16 February to 24 February 2008) and
in summer (from 13 July to 26 July 2008). Measurements were taken at low tide during the
neap-spring cycle. No specific permission was required for the field sampling because the
sampling site was located outside the nature reserve of Moéze Marennes-Oléron. Moreover,
no endangered or protected species were involved in the field sampling. The species included

the categories described below.

2.1. Microphytobenthos

Algal biomass in the sediment was estimated using chlorophyll a as a proxy, measured using
fluorometry. The carbon algal biomass was estimated from the chlorophyll a biomass by the
carbon/chlorophyll a ratio of 45 (De Jonge, 1980). Irradiance at the mudflat surface (umol
photons m™ s™) was estimated from Meteo France records and a Licor quantameter.

The mean fluxes of gross primary production and exudation of microphytobenthos were
calculated from fortnightly simulations of the coupled dynamics of microphytobenthos,
bacteria and extracellular polymeric substances (EPS) under tide, light and temperature. The
simulations were performed using a dynamic model adapted from Guarini et al. (2000b),
regulating the migratory dynamics of the microphytobenthos in the sediments by nitrogen and

carbon internal quotas (Guizien pers. comm.).

2.2. Bacteria

To estimate bacterial abundance, bacteria were extracted from cores of sediment by dilution
with sodium pyrophosphate (0.01 mol L™ for >30 min at 4°C). Bacteria were stained with
DAPI (2.5 mg L-1) for 15 min in darkness, filtered through 0.2 um Nucleopore black filters
and counted with an epifluorescence microscope (x1,000, Axioskop 2 mot plus, Zeiss). The
bacterial biovolume (V) was estimated from the length and the width using Fuhrman’s
formula (Fuhrman, 1981). The carbon contained in a bacterium was calculated based on the

formula 133.754*V**®¥(Vin pm®) (Romanova and Sazhin, 2010) and was estimated as equal
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to 79 fg C. cell™ for a mean biovolume of 0.28 um?. This estimate was used to determine the
biomass of bacteria in carbon equivalents. The production of sediment-inhabiting bacteria was
estimated from their biomass and the ratio of production/biomass, which was previously
determined in 2006 for February and July (Pascal et al., 2009).

The in situ viral production was estimated as the change in viral abundance after 3 h divided
by the time elapsed, for three replicates. The bacterial mortality induced by the viral lysis was
determined from the viral production divided by a burst-size of 36 (Corinaldesi et al., 2010),

corresponding to the number of virus particles produced per bacterium.

2.3. Meiofauna

The abundance of the meiofauna (foraminifera, copepods and nematodes) in the sediment was
estimated at the slack water tide; three replicates were performed each time. The meiofauna
was extracted using Ludox HS40 and was counted using a Motoda-box to split samples and
obtain aliquots with a number of individuals exceeding 500. The biomass of the meiofauna
and its bacterivory were taken from a previous seasonal study at the Brouage mudflat (Pascal
et al., 2009). The bacterivory was measured with in situ experiments based on **N-enriched
bacteria (Pascal et al., 2008a). The grazing rate of the microphytobenthos by the nematodes
was previously estimated using a culture of diatoms, Navicula jeffreyi, pre-labeled with *C
(Rzeznik-Orignac and Fichet, 2012).

2.4. Macrofauna

The abundance and biomass of the macrofauna were estimated by randomly choosing three
quadrants of 4 m2 for sampling, using three sediment cores (30.5 cm in diameter). The
resulting nine replicates were sieved over a 1 mm mesh and preserved in ethanol 70%.
Determination to the species level and counting were performed following rose Bengal
staining under a binocular microsope. The samples were then dried in an incubator (50°C) for
24 h and incinerated at 540°C, to estimate the biomass as ash-free dry mass. The comparison
of the isotope signatures (5 **C, 5 *°N) of sources (microphytobenthos, the benthic and pelagic
detrital organic matter) with those of the macrofauna allows the determination of the

contribution of each resource to the diet of macrofauna. Samples were analysed using an
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elemental analyser (Flash EA 1112, Thermo Scientific, Milan, Italy), coupled to an isotope
ratio mass spectrometer (Delta V Advantage with a Conflo IV interface, Thermo Scientific,
Bremen, Germany). Results are expressed in the & unit notation as deviations from standards
(Vienna Pee Dee Belemnite for 83C and N in air for 8 N), following the formula: 8%C or
8N = [(Reample/Rstandara)-1] X 10°, where R is **C/*C or ®N/*N. Reference gas calibration was
performed using reference materials (USGS-24, IAEA-CH6, IAEA-600 for carbon; IAEA-
N1, -N2, -N3, -600 for nitrogen). Analytical precision based on isotope values of acetanilide
(Thermo Scientific) was used to estimate the C and N content for each sample series and was

<0.1% both for carbon and nitrogen.
2.5. Shorebirds

Shorebird abundance in the Marenne—Oléron Bay was established by counts in January 2008,
according to the International Wetland Census (Mahéo, 2008). Further studies on the diet and
the time budget, defined as the time birds spent feeding, were performed for the Black-tailed
Godwit, the Red Knot, the Curlew and the Shelduck. The diet of the birds was determined
from dropping analysis following the methods in Dekinga and Piersma (1993) or Scheiffarth
(2001).

Recent studies have shown that some shorebird species, especially the Dunlin and the
Western Sandpipers, can graze on microphytobenthos (Kuwae et al., 2008; Kuwae et al.,
2012). However, no trophic link between the microphytobenthos and the shorebird species
present on the Brouage mudflat during winter could be demonstrated by isotopic analysis
(Bocher, pers. comm.). For that reason, grazing of the microphytobenthos by shorebirds was

not considered in the food web models in this study.

3. Food-web construction

Two food webs were constructed, either with shorebirds (in winter) or without (in summer).
Compared to previous models published for the Brouage mudflat (Leguerrier et al., 2003;
Leguerrier et al., 2004; Degré et al., 2006), the current models consider shorter time spans and

spatial scales. The food webs represent the trophic interactions between species during a mean
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daily low tide in February and July in the mid-zone of the mudflat. The unknown flows were
reconstructed based on the Monte Carlo Markov Chain — Linear Inverse Modelling (MCMC-
LIM) method. Four successive steps were necessary for the construction of the food web
models (Niquil et al., 2011).

3.1. Topology of the food web

The first step determined all the compartments and the flows linking the species. The summer
food web was composed of 12 compartments (Table IV-1). The seven bird species present on
the mudflat during winter were combined into a single so that the winter food web contained a
total of 13 compartments (Table 1\VV-1). Fourteen macrofauna species were assembled into five
groups (deposit feeder, carnivorous, omnivorous, suspension feeder and facultative
suspension feeder), according to their diet and their trophic behaviour (Baird et al., 2004a;
Johnson et al., 2009).

Compartments Abbreviations
Microphytobenthos mpb
Benthic bacteria bcb
Foraminifera and copepods mfb
Nematodes nem
Deposit feeders (mainly Hydrobia ulvae* ) dep
Suspension feeders SUs
(mainly Cerastoderma edule and Ruditapes philippinarum** )

Facultative suspension feeders (Macoma balthica) suf
Omnivorous species (mainly Hediste diversicolor ) omn
Carnivorous species (mainly Nephtys hombergii ) car
Carnivorous birds cbr
Benthic viruses vrb
Benthic particulate carbon bpc
Benthic dissolved carbon bdc

Table 1V-1: Compartments composing the winter and summer food webs.
*New name: Peringia ulvae **: new name: Venerupis philippinarum
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The natural mortality of microphytobenthos and benthic bacteria was considered as
negligible, based on the importance of the grazing observed in the field. Only the EPS
(Exopolysaccharide) exudation of the microphytobenthos to the dissolved organic carbon
(BDC) via secretion was considered. A flow of dissolved organic carbon exudation by
bacteria was included; part of this flow corresponds to the loss of bacterial carbon via viral
lysis. Part of the carbon originating from bacteria was considered as available for consumers
during the high tide. The consumption by the five macrofauna groups was considered as equal
over the 24 h diurnal cycle, irrespective of the tidal level, even for the deposit feeders (mainly
composed of H. ulvae (Vieira et al.,, 2010)). As consequences, links corresponding to
unconsumed production between high and low tides were considered as imports. The summer

and winter food web models were composed of 62 and 70 flows, respectively.

3.2. Equations

The second step consisted of establishing a set of linear equations (Table 1VV-2). The mass
balances that correspond to the sum of the inflows and outflows for each of the compartments
constitute the first part of the linear equations. The variations in the compartment biomasses
are generally considered negligible, compared to the flow values, which provide mass
balances equal to zero. The second part of the linear equations was composed of the flows that
were locally estimated in the sampling area. The resulting set of linear equations was written
in the form A = x = b, where x is the vector that contains the possible flows, 4 is the matrix
that expresses the mass balance and the field observation as a combination of coefficients of
the carbon flows, and b is the vector that contains the values of mass balances and the values
of the known flows (Vézina, 1989).
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Mass balances

1-Microphytobenthos (9ppTOmMpb)-(MpbTOres+mpbTObdc+mpbTOmMfb+mbpTOnem+mpbTOdep+mpbTOomn+mpbTOsuf+mpbTOexp)=0
2-Benthic bacteria (bdcTObch)-(bcbTOres+bchTObdc+bch TOmfb+bch TOnem+bch TOdep+bcbTOomn+bcb TOsuf+bchTOvrb)=0
3-Foraminifera (mpbTOmfb+bchTOmMfb+bpcTOmMIb)- (M TOres+mfb TOcar+mib TOomn+mfbTOcbr+mfb TObpc)=0

4-Nematodes (mpbTOnem+bchTOnem+bpcTONem)-(nemTOres+nemTOcar+nemTOomn+nemTObpc)=0

5-Carnivorous (impTOcar+mfbTOcar+nemTOcar+depTOcar+susTOcar+sufTOcar)-(carTOres+carTObpc+carTOcbr+carTOexp)=0
6-Deposit feeders (impTOdep+mpbTOdep+bchTOdep+bpcTOdep)-(depTOres+depTOcar+depTOomn+depTOcbr+depTObpc+depTOexp)=0

(impTOomn+mfb TOomn+nemTOomn+dep TOomn+sus TOomn+sufTOomn+bch TOomn+bcpTOomn)-

7-Omnivorous
(omnTOres+omnTOchr+omnTObpc+omnTOexp)=0

8-Suspension feeders (impTOsus)- (susTOres+susTOcar+susTOomn+sus TOcbr+susTObpc+susTOexp)=0

9-Facultative suspension feeders  (impTOsuf+mpbTOsuf+bcbTOsuf+bpcTOsuf)- (sufTOres+sufTOcar+sufTOomn+sufTOcbr+sufTObpc+sufTOexp)=0
10-Carnivorous birds (mfoTOcbr+carTOcbr+depTOcbr+omnTOcbrsusTOcbr+sufTOcbr)- (cbrTOres+cbrTObpc+cbrTOexp)=0
11-Benthic viruses (bcbTOwvrb)- (vrb TObdc+wrb TOext)=0

(mfbTObpc+nemTObpc+carTObpc+depTObpc+omnTObpc+susTObpc+sufTObpc+cbrTObpc)-

12-Benthic particular carbon (bcpTOmfb+bcpTOnem+bpcTOdep+bpc TOomn+bpcTOsuf+bpcTOexp)=0

13-Benthic disolve carbon (mpbTObdc+bcbhTObdc+bpcTObdc)-(bdcTObch+bdcTOexp)=0

Processes\ Season Winter Summer
14-gppTOmMpb 413.09 183.6
15-mpbTOhdc 110.75 51
16-Production of bch

(bdcTObch-bcbTOres) 169.32 93.94
17-bcbTOmfb 0.086 0.035
18-bcbTOnem 0.107 0.11
19-bcbTOdep 6.11 11.25
20- bcbTOwrb 1.88 3.58

Table 1V-2: Mass balances (1-13) and values of flows measured in the field (14-20). Flows that were only present in the winter model are in
bold. The values of flows were expressed in mgC.m™ per low tide. The flows were coded by 8 letters (e.g. mpbTOmfb): the three first letters
correspond to the compartment ‘source’, letters after the TO described the compartment ‘sink’ (see table IV-1 for compartment abbreviations).
For instance the flow mpbTOmfb is the flow of carbon that leaves the compartment mpb to come into the compartment mfb. gpp= gross Primary
Production, res=respiration, imp=imports and exp= exports.
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3.3. Inequalities

The third step consisted of adding constraints determined from the literature, experiments, or
field measurements from comparable intertidal mudflats, to obtain biologically and
ecologically realistic flow values.. The biological constraints were expressed as a set of linear
inequalities in the form: G = x < h, where G is the matrix that contains the coefficients of the
biological constraints and h is the vector which was composed of the values of these

biological constraints (Vézina, 1989).

For all the compartments, the respiration, consumption, excretion and import flows were
constrained by lower and upper limits. The inequalities, which corresponded to the
physiological rates (e.g. assimilation efficiency) or the diet contribution, are listed in Table 3.
The other inequalities, which corresponded to the absolute values of the biological processes,
are described below. Two different densities of birds were considered, to determine the
maximum and minimum values of the previously cited processes (i.e. consumption,
respiration and egestion). The minimum and maximum densities of shorebirds per m2 mudflat
were based on the following hypotheses: 1) the lower density was based on the assumption
that the birds covered the whole mudflat at low tide, 2) the maximum density was based on
the assumption that the birds followed the ebbing tide covering only a limited area of the

mudflat.
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=] T
Respiration Microphytobenthos Cowe I_'m"t 0.05*gpp-resp <0 Vézina and Platt, 1988
Upper limit -0.3*gpp+resp <0
. Lower limit 0.5*CTOmfb-0.5*mfbTOE-resp <0
Meiofauna van Oevelen et al., 2006
Upper limit -0.7*CTOmfb+0.7*mfbTOE+resp <0
imit * W * o
Nematods Lower I'|m'|t 0.1*CTOnem-0.1*nemTOE-resp <0 van Oevelen et al., 2006
Net Growth Efficienc Upper limit -0.4*CTOnem+0.4*nemTOE+resp <0
4 Macrofauna Lower limit |0.3*CTOmac+0.3*ITO mac-0.3*macTOE-resp <0 van Oevelen et al. 2006
Upper limit }0.5*CTOmac-0.5*1TO mac+0.5*macTOE+resy] <0 B
— T
Benthic bacteria | =2Wer I_|m.|t 039" gor reSp <0 delGiogio and Cole, 1998
Upper limit -0.89*Uy,Hresp <0
Nematods CoWEN I_|m_|t ORI =0 van Oevelen et al., 2006
Upper limit -0.94*CTOnem+nemTOE <0
— < -
Egestion Meiofauna LGy I_|m-|t 0.23*CTOmfb-mfbTOE <L van Oevelen et al., 2006
Upper limit -0.43*CTOmfb+mfbTOE <0
Macrofauna oW I_|m_|t Ul E1 (Ol I THNe1S =0 van Oevelen et al., 2006
Upper limit -0.6*CTOmac+macTOE <0
In summer
Deposit feeders Upper limit 0*mpbTOdep-1*bpcTOdep <0
. . Lower limit -0.74*mpbTOomn+0.26*bpc TOomn <0
Omnivorous species — o
Upper limit 0.09*mpbTOomn-0.91*bpcTOomn <0 in this study
. Lower limit -0.35*mpbTOsuf+0.65*bpc TOsuf <0
Suspension feeders 1y per imit 0.18*mpbTOSUF-0.82*bpc TOsuf <0
Contribution of mpb to - pper im 207MphTDSuT-D. pe oSy
. In winter
the diet of macrofauna =]
. Lower limit -0.5*mpbTOdep+0.5*bpcTOdep <0
Deposit feeders —
Upper limit -1*bpcTOdep <0
Omnivorous species Lower limit -0.35*mpbTOomn+0.65*bpc TOomn <0 in this stud
P Upper limit 0.14*mpbTOomn-0.86*bpc TOomn <0 y
. Lower limit -0.24*mpbTOsuf+0.76*bpc TOsuf <0
Suspension feeders —
Upper limit 0.01*mpbTOsuf-0.99*bpc TOsuf <0
In summer
Deposit feeders Upper limit 0.89*bpcTOdep-0.11*mpbhTOdep <0
. . Lower limit -1*bpcTOomn <0
Omnivorous species — Lo
Upper limit 0.56*bpc TOomn-0.44*mphTOomn <0 in this study
. Lower limit -1*bpcTOsuf <0
Suspension feeders i = - — .
Contribution of bpc to i Upper limit 0.71*bpcTOsuf-0.29*mpbTOsu <0
the diet of macrofauna In winter —
Deposit feeders Lower limit -1*bpcTOdep <0
Upper limit 0.69*bpcTOdep-0.31*mphTOdep <0
. . Lower limit -1*bpcTOomn <0 .
Omnivorous species — In this study
Upper limit 0.76*bpc TOomn-0.24*mphTOomn <0
Suspension feeders Lower limit -1*bpcTOsuf <0
Upper limit 0.83*bpcTOsuf-0.17*mpbTOsuf <0

Table 1V-3: Set of inequalities used (biological rates, contribution of the microphytobenthos (mpb)
and of the benthic particulate carbon (bpc) to the diet of macrofauna). Gpp= gross primary production,
resp=respiration, C=consumption, E=egestion. For compartments’ abbreviations see table IV-1.

3.3.1. Respiration

The respiration of the sediment-inhabiting bacteria was constrained by the bacterial growth
efficiency (BGE) between 0.11 and 0.61 as previously determined for a coastal bay
(delGiorgio and Cole, 1998). The meiofauna respiration (nematodes, copepods and
foraminifera) was constrained by the organic carbon biomass-specific respiration rate, which
ranged between 1.6 and 2.5 ul O, h™ mg C™. The O, content was converted into carbon based

on the following equality: 1 mL O, = 0.4 mg C (derived from Crisp, 1971; in Warwick and
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Price, 1979). The macrofauna respiration was estimated from the range of values given by the
virtual handbook of Thomas Brey (http://www.thomas-brey.de/science/virtualhandbook; Brey
(2001; 2010)), using the biomasses of the macrofauna groups and the mean temperatures
derived from the field measurements (8°C and 21°C in winter and summer, respectively). In
this model, the energetic expenditure of the birds was considered to be equal to the basal
metabolic rate, due to the low activity of shorebirds during wintering. Shorebird respiration
was estimated by an allometric relation of the basal metabolic rate (BMR) (Kersten and
Piersma, 1987; Scheiffarth and Nehls, 1997). The respiration rate per m? depends on the
density of shorebirds on this area. The maximum and minimum respiration values per m?2

mudflat were derived from the above-described limits of the shorebird densities.

3.3.2. Consumption

The total consumption by nematodes was determined from the ranges of total ingestion per
individual determined by Schiemer (1987). The maximum and minimum limits of macrofauna
consumption were determined from its production. Production was estimated from the
production/biomass (P/B) ratio, which ranged from 0.01 to 0.05 (van Oevelen et al., 2006b).
Consumption was estimated by the production/consumption ratio, with a maximum value of
0.87 (Brey, 2001). The respective contributions of microphytobenthos and benthic particulate
carbon to the macrofauna diet were obtained by isotope signatures. For each resource, the
maximum and minimum obtained values limited their respective contribution to the
macrofauna diet. The diet contribution of each trophic group was obtained by averaging the
diet contribution (generated by the ISOSOURCE maodel), weighted by the biomass for each of
the species forming a given group. In winter, shorebirds are energy minimisers and their
consumption is balance by their energy expenditure (van Gils et al., 2005; Nolet et al., 2006).
The consumption by the shorebirds was estimated from the daily energetic requirement (C =
n*3*BMR*(1/AE), where n is the number of individuals and AE is the assimilation efficiency
(Kersten and Piersma, 1987; Scheiffarth and Nehls, 1997)). Because the maximum and
minimum consumption limits for the shorebirds were derived from the above-described
density limits, they were expressed per m? of mudflat. Shorebirds cannot feed all day and are
constrained by the time of emersion (i.e. the hourly consumption is higher than if they could
or would feed the whole day). The time devoted to feeding varies according to the species

(Table IV-4), thus, the predation pressure applied by the shorebirds per m2 per hour differs
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according to the species. Moreover, each species has a particular diet (Table 1V-4). Knowing
the contribution of the different macrofauna species to the diet of the shorebird species
allowed determination of the maximum and minimium consumption of each macrofauna
group by the shorebirds. The diet composition of four species (Red Knot, Black-tailed
Godwit, Common Shelduck and Curlew) was determined within the study area (Quaintenne et
al., 2010; Boileau and Delaporte, 2011; Viain et al., 2011; Robin et al., in press). The
contribution of the macrofauna to the diet of these species was expressed according to the
total consumption by the shorebirds and was considered as the minimum contribution of
macrofauna to the total consumption by shorebirds. The diets of the three other species, which
remained unknown for the study area, were not extracted from the literature due to their great

variability between sites in Europe and were consequently not used to define any constraints.
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Species

Time budget

References

Diet

References

Curlew (Numenius arquata )

Dunlin (Calidris alpina)

Red Knot (Calidris canutus)

Black-tailed Godwit (Limosa limosa )

Common Redshank (Tringa totanus)

Common Shelduck (Tadorna tadorna)

Grey Plover (Pluvialis squatarola)

10 hours
70% during the night, 50% during
the day

14 hours

7 hours

10 hours
40% of the consumption during
the night

10 hours

Robin et al., in press

Dwyer, 2010

Viain et al., 2011

Stilmann et al., 2007

Zwarts and Wanink, 1993
Turpie and Hockey, 1993

Quaintenne et al., 2010

Macoma balthica: 100%
Not determined for this area

Hydrobia ulvae: 85%

Others: 15%

Scrobicularia plana: 22.2%
Nephtys hombergii

+ Hediste diversicolor: 65.52%
Carcinus maenas: 9.9%

Not determined for this area

Not determined for this area

Hydrobia ulvae: 86%
Macoma balthica: 13%
Cerastoderma edule: 1%

Robin et al., in press

Viain et al., 2011

Boileau and Laporte, 2011

Quaintenne et al., 2010

Table 1V-4: Time spent to feed by each shorebirds species and their diet.
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3.3.3. Egestion

The egestion of the nematodes and meiofauna was constrained by the assimilation efficiency
and by the net growth efficiency rates, which are defined in Table 1V-3. For the macrofauna, a
maximum egestion value was determined from the maximum value of the consumption and
the minimal coefficient of the AE. The range of excretion was determined from the maximum
and minimum values of consumption, considering an AE equal to 0.80 for the shorebirds
(Scheiffarth and Nehls, 1997).

3.3.4. Imports

The imports for the macrofauna were considered as the production available before the
diurnal low tide. In summer, this represented the macrofauna production at high tide (diurnal
and nocturnal) and nocturnal low tide. In winter, only the macrofauna production generated
by the previous high tide was considered as an import, because shorebirds can feed on the
mudflat during the night (Lourenco et al., 2008). The maximum and minimum values of the
imports were estimated from the maximum and minimum values of macrofauna production

obtained as described above.

3.4. Calculation of the solutions

The MCMC-LIM, based on the mirror technique defined by Van Den Meersche et al. (2009),
calculates several solutions and allows a direct characterization of the uncertainty. This
modelling technique brings the advantage of calculating a range of possible values for each
flow (i.e. a probability density function) This mirror technique reflected the proposed
solutions inside the walls of the solution space until one was found to respect all the defined
boundaries. The walls of the solution space corresponded to the equations and the inequalities
defined in the model. This application required the definition of two parameters: the jump and
the number of iterations. The jump corresponds to the length between two solutions and the
number of iterations is the number of solutions sampled in the solution space (Van den
Meersche et al., 2009). In this study, a jump equal to one and 500,000 iterations were chosen

to obtain an optimal coverage of the solution space. All simulations were performed using
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MATLAB® software and with an algorithm based on a translation (made by Alain Vézina and
Lauriane Campo) of the R-CRAN project package LIM-Solve (Van den Meersche et al.,
2009).

4. Ecological Network Analysis

Ecological network analysis is a set of numerical indices that describe the overall structure
and function of a food web (Table 1V-5). For the Total System Throughput (TST), Average
Mutual Information (AMI), Average Path Length (APL), Internal Relative Ascendency (IRA),
Finn Cycling Index (FCI), and Comprehensive Cycling Index (CCI), a MATLAB® routine
was written by Carole Lebreton and Markus Schartau (GKSS Research Centre, Geesthacht,
Germany), to calculate the index value for every solution estimated by MCMC-LIM. The
significance of the differences between the values for the two seasons was determined by the
Wilcoxon test (a0 = 0.01). The tested hypothesis stated that the two data sets result from a

continuous distribution with similar medians.

For the Lindeman spine, the relative redundancy, relative overheads, number of cycles and
system trophic efficiency, the software EcoNetwrk, developed by Ulanowicz and Kay
(Ulanowicz and Kay, 1991), was used with a unique set of solutions. This solution set
corresponded for each flow, to the mean value of the whole set of possible solutions (Saint-
Béat et al., Chap 3) .
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Indices Calculation Definition Sources

Total System Throughput (TST) sum of all flows activity of the whole ecosystem a
the average number of compartments that an

Average Path Length (APL) (TST-sum of imports)/ sum of imports atom of carbon passes through between its entry b
into the system and its exit

Finn Cycling Index (FCI) T/ TST proportion of cycled flow in a system c

Average Mutual Information (AMI) |- degree of specialisation of flows in the network d

RelativeAscendency A/DC fraction of the network that is organized

Internal reltive Ascendency A/DC,; fraction of the internal exchanges that is organized .

Overheads (O)* DC-A fraction of the network that is not yet organized

Relative redundancy R/DC proportion of the redundancy in the network

System trophic efficiency logarithmic mean of the all level efficiencies  |globale efficiency of transfer trhough the network e

Table I'V-5: List of ENA indices calculated on the set of 500, 000 solutions from the MCMC-LIM implementation. T.: quantity of carbon that is involved in
cycling. A: the Ascendency (=TST*AMI). DC: Development Capacity corresponds to the maximal value of Ascendency. Ai: internal Ascendency. DC;:
Internal development capacity. A; and DC; only consider internal exchanges, and thus respiration exports and imports are excluded. *: Overheads are divided
into three groups: 1-Overheads on the imports, 2- Overheads on the exports and 3- Dissipative overheads. All of them were expressed in percentage of the DC.
% Ulanowicz, 1986,

®: Kay et al., 1989, Baird et al.,1991

°: Finn, 1976

% Hirata and Ulanowicz, 1984

¢ Baird et al., 2004
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The trophic analysis, based on the trophic concept of Lindeman (Lindeman, 1942),
corresponded to a representation of the complex network by a concatenated trophic chain with
discrete trophic levels (Baird et al., 2004a). The quantity of transferred carbon from one level
to another was represented, as well as the carbon loss by respiration, exports and
egestion/excretion. The Lindeman spine allowed the calculation of the transfer efficiency

from one level to the next.

Results

1. Input and output flows

Shorebirds fed 7.4 mgC.m™ per low tide on the macrofauna (table IV-6). About 17% of the
ingested carbon was egested and 0.9 mgC.m™per low tide was lost by respiration. Thus the

shorebirds exported 5.2 mgC.m™ at each low tide.

A greater gross primary productivity of the microphytobenthos and a higher uptake of DOC
by the benthic bacteria were observed in winter (table 1VV-6). Nematodes and deposit feeders
were the biggest consumers of the mudflat; in contrast, the consumption of other benthic
consumers was low. The consumption of the deposit-feeders was higher in winter contrary to
the others species of the macrofauna, except the carnivorous species. The viral lysis was more
important in summer. The exudation of DOC by benthic bacteria and microphytobenthos was
more important in winter. The egestion of the macrofauna followed the trends of their
consumption, with higher egestion for facultative suspension-feeders and omnivorous species
and a lower egestion for carnivorous species and deposit-feeders in summer. Respiration
values of microphytobenthos and of benthic bacteria were higher in winter. The respiration of
the macrofauna was more important in summer. Imports of carbon to macrofauna and exports
of macrofaunal production were both higher in summer. The deposit-feeders were the
compartment that imported the greatest quantity of carbon. Losses of macrofauna production
(difference between imports and exports) were higher in summer, except for the carnivorous
species. On the other hand, exports of microphytobenthos, benthic bacteria and non-living

compartments were higher in winter.
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Flows Winter Summer
Gross primary production of microphytobenthos 413.1 183.6
Consumption of meiofauna 0.3 +0.0 0.2 +0.0
Consumption of nematodes 393 +89 480 +136
Consumption by carnivorous species 26 +03 21 £03
Consumption by deposit feeders 635 +17.7 414 +6.9
Consumption by omnivorous species 08 $01 50 +07
Consumption by facultative suspension feeders 0.8 +0.1 1.4 + 0.6
Consumption by carnivorous birds 7.4 +15 -

doc uptake by benthic bacteria 2919 +£113| 1629 *8.1
viral lysis 1.8 3.6

Exudation of doc by microphytobenthos 1108 51.0

Exudation of doc by benthic bacteria 1471 +£120 69.7 74
Exudation of doc by benthic viruses 09 +05 19 10
Egestion meiofauna 0.1 +0.0 0.1 + 0.0
Egestion nematodes 364 +86 446 +£129
Egestion carnivorous species 1.2 +0.3 0.9 +0.2
Egestion deposit feeders 313 106 194 £52
Egestion omnivorous species 0.4 +0.1 2.2 05
Egestion facultative suspension feeders 0.3 +0.1 0.6 +0.2
Egestion carnivorous birds 12 +04 -
Transformation particulate carbon to dissolved carbon 495 +159 484 +110
Respiration microphytobenthos 69.1 +30.0 316 +131
Respiration meiofauna 0.1 +0.0 0.1 + 0.0
Respiration nematodes 1.0 +0.1 0.7 +0.1
Respiration carnivorous species 1.6 0.2 1.8 +0.3
Respiration deposit feeders 455 +54 63.7 +16.1
Respiration omnivorous species 05 £0.0 43 +08
Respiration suspension feeders 0.7 +0.1 3.8 +0.9
Respiration facultative suspension feeders 04 +01 22 +06
Respiration carnivorous birds 0.9 +04 -

Respiration benthic bacteria 1226 +113 69.0 +8.1
Import to carnivorous species 3.2 +05 3.7 +1.0
Import to deposit feeders 945 +159( 1422 +388
Import to omnivorous species 1.0 +0.2 9.2 +26
Import to suspension feeders 2.0 +04 101 29
Import to facultative suspension feeders 28 +09 49 +14
Export microphytobenthos 1451 +£35.6 319 167
Export carnivorous species 20 +08 31 +08
Export deposit feeders 76.0 +16.7 99.6 +27.0
Export omnivorous species 0.5 +0.3 7.7 +21
Export suspension feeders 0.5 +04 5.4 22
Export facultative suspension feeders 1.7 +1.0 2.6 +1.1
Export carnivorous birds 52 %16 -

Export benthic bacteria 138 120 8.3 +7.4
Export benthic viruses 09 +05 17 10
Export dissolved carbon 16.3 £139 8.1 +6.9
Export particulate carbon 120 101 82 174

Table 1V-6: Flow values in the winter and summer models, expressed in mgC.m™ per low
tide. Values in bold correspond to flows estimated in situ. Values of flows were estimated by
the average of 500,000 solutions obtained by the MCMC-LIM implementation. Values
expressed in average +/- standard deviation.
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Figure 1V-2: Herbivory and bacterivory in the summer and winter food webs. The herbivory
and bacterivory correspond to the mean value of herbivory and bacterivory estimated for the
500,000 solutions proposed by the MCMC-LIM method. The error bars represent the standard
deviation of values.

Herbivory appeared more important in winter than in summer, whereas bacterivory increased
in the summer (Fig. 1V-2). In summer, bacterivory represented a higher proportion of the
consumption by benthic organisms, with the ratio bacterivory/herbivory being 23% in

summer. Bacterivory decreased in winter, to represent only 9% of herbivory.

2. Throughputs and internal flows

The compartment throughputs (sum of inputs) of the various compartments, which quantifies

their activity (Fig. 1V-3) followed different tendencies. The order of the compartment

activities changed according to the season considered. The activity of the biofilm (mpb, bdc

and bcb) was higher in winter, in contrast to the activity of macrofauna that tended to be
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higher in summer. In winter, microphytobenthos dominated the benthic activity, followed by
benthic bacteria and dissolved organic carbon. The activity of deposit-feeders was the next
highest, followed by that of particulate carbon and nematodes. In contrast, during summer, the
four first compartments (mpb, bdb, bcb and dep) demonstrated a similar quantity of inputs.
Shorebird activity was ranked between the activity of deposit-feeders and the activity of

carnivorous macrofauna.
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Figure 1V-3: Compartment activities in mgC.m™2.LT™ for the two seasons. The error bar represent the standard deviation on the 500, 000
simulations. See table V-1 for compartment abbreviations.
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3. Ecological network analysis

For all the ENA indices calculated for the 500,000 solutions of the MCMC-LIM, values of
indices significantly differed between the two seasons (Fig. 1V-4). A higher TST was
observed in winter, which suggests a higher activity of the whole system. Thus, more carbon
and energy flowed through the food web in the winter. A higher quantity of carbon involved
in the cycling was observed in winter (i.e. high values of the FCI). The high relative
ascendency (A/DC) that ranged from 0.6 to 0.7, independent of the season, suggests a well-
organised ecosystem and this organisation tended to be higher in winter. This Relative
Ascendency value showed that the organised part of the system was more important than the

inefficient part of the network.

For the AMI, APL and Ai/DC; the trend was less obvious (Fig. IV-4). The ranges of summer
values encompassed those in winter, but the Wilcoxon test remained significant. The
specialisation of pathways, measured by the AMI, only slightly changed according to the
season. The internal organisation that corresponds to the Ai/DC; value, remained very similar
for the two seasons. This indicates that when the exogenous exchanges are excluded, the
network showed a similar organisation. The APL defines the mean number of compartments
that an atom of carbon passes through before leaving the food web. Again, the difference was
small, which means that an atom of carbon passes through a similar number of compartments,

irrespective of season.
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Figure 1V-4: Boxplot representing the ENA indices: the Total System Throughput (TST), the
Average Path Length (APL), the relative Ascendency (A/DC), the Average Mutual
Information (AMI), the internal relative Ascendency (Ai/Ci) ,the Finn Cycling Index (FCI).
These indices were calculated with the 500 000 solutions of the MCMC- LIM
implementation. Red crosses correspond to outliers. Medians of all these indices were
significantly different for the two seasons (Wilcoxon test, Ho was rejected, p-value < 0.01).

Complementary indices calculated with the mean value of each flow (Table 1V-7) confirmed
the previous trends. This second set of indices was estimated from the EcoNetwrk and as a
consequence, no uncertainties were estimated. More numerous flows were involved in cycling
in winter, with 48, compared to 28 in summer, which confirms the higher cycling in winter. In

spite of its higher activity, a lower mean trophic efficiency was observed in the winter food
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web. The fraction of inefficient network associated with the relative redundancy was similar
in the two food webs and thus confirmed a similar specialisation of trophic pathways. The
inefficiency of the network was also measured using overheads: the loss of efficiency due to
the imports of carbon into the ecosystem (i.e. overheads on imports), the loss of carbon by
dissipation (i.e. dissipative overheads) and the loss of efficiency by export of carbon outside
the ecosystem (i.e. overheads on exports). The loss of efficiency due to imports appeared to
be lower in winter, whereas the inefficiency due to the exports tended to be higher. The loss

of carbon by dissipation was similar for the two seasons.

Attributes Winter | Summer

Mean trophic efficiency (%) 5.8 6.54
Number of cycles 48 28
Relative redundancy R/DC (%) 23.51 24.08
Overheads on imports (%) 4.97 6.08
Overheads on export (%) 13.02 11.37
Dissipative overheads (%) 10.99 10.82

Table 1V-7: Parameters of trophic network for the Brouage mudflat at low tide in winter and
summer. These indices were calculated from the mean of the values estimated by the

MCMCIA method.
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Figure 1V-5: Lindeman Spine for the two seasons. The —— correspond to the exchanges between trophic levels, the ™\ show the export of

carbon and T symbolize the loss of carbon by respiration. Numbers in red are the transfer efficiencies between each level. Imports to
macrofauna were assimilated to imports to the non-living compartment.
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The Lindeman spine, which represents the complex network in the trophic chain, comprises
four levels in summer and five levels in winter (Fig. IV-5). Level | contained the primary
producers, which are the microphytobenthos in this model. The compartment det (detritus)
regrouped all non-living compartments, which included dissolved and particulate carbon.
Level Il grouped herbivores (i.e. a part of the meiofauna, and macrofauna except carnivorous)
and bacteria. Levels Il and IV contained the macrofauna and the remaining bacterivorous
species in level Il and carnivorous and omnivorous species in levels Il and IV. The

shorebirds were in levels 111, IV and V, and were the only group in level V.

The inputs to level | were higher in winter, whereas the inputs to the det compartment were
higher in summer (Fig. IV-5). The exports from these levels (I and det) were higher in winter.
A higher quantity of carbon passed from level I to level 11 in winter, but this transfer was less
efficient than in summer. Detritivory, linking the Det and level Il was more important in
winter. The respiration of the second level was higher in winter, in contrast to the export,
which was smaller in winter. The return to det was higher in winter. Trophic efficiencies
between lower trophic levels (i.e. between I and 11 and Il and 111), were higher in summer. The
winter food web was characterised by a contrasting pattern, with low trophic efficiencies at
lower trophic levels and more efficient transfers in the upper part of the chain (between levels
11, IV and V).

Discussion

1. Compartment activities

Differences in ecosystem function between winter and the summer have already been
observed in the Brouage mudflat (Degré et al., 2006; Leguerrier et al., 2007). In previous
works, the summer food web appeared to be the most productive season (Degré et al., 2006),
whereas in the present models, winter was the most productive. This apparent contradiction
might be explained by the consideration of a high primary production in summer in the
previous models of Degré et al. (2006) and Leguerrier et al. (2007). In these models, the

‘summer’ period corresponded to seven months from March to October with a strong
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heterogeneity of primary production: some months like April with a high productivity
(Blanchard et al., 1997) and others (June, July) of lower productivity. The integration of this
heterogeneity led to a mean production higher than the one considered in our model which is
restricted to ‘true’ summer (July). On the Brouage mudflat, July is characterised by strong
lights and temperatures that can be harmful for photosynthesis and that can inhibit the
productivity of microphytobenthos (Blanchard et al., 1997; Mouget et al., 2008; Serddio et al.,
in press). Additionally, high grazing in summer generates a significant depletion of the
microphytobenthic biomass (Cariou-Le Gall and Blanchard, 1995; Haubois et al., 2005b).
Hence, because we considered truly characteristic periods (July and February), the seasonal
differences in the microphytobenthic production were different from previous studies (Degré
et al., 2006; Leguerrier et al., 2007).

The biofilm activity (microphytobenthos, benthic bacteria and dissolved organic carbon i.e.
EPS) dominated the benthic activity. This major finding was in agreement with a previous
Brouage model developed on an annual basis (Leguerrier et al., 2004). The dominance of
biofilm activity was true for both seasons and was more pronounced in winter. However, the
ranking of compartment activity inside the biofilm differed from before (Leguerrier et al.,
2004). In the present study, microphytobenthos showed the higher activity, whereas benthic
bacteria and DOC dominated in the model from Leguerrier et al. (Leguerrier et al., 2004).
Because substantial knowledge was since gained on the seasonal variation of bacterial
production (Pascal et al., 2009) and on the bacterivory exerted by nematodes, meiofauna and
H. ulvae (Pascal et al., 2008b; Pascal et al., 2008c; Pascal et al., 2008d), refined estimates of
bacterial processes were used here. Shorebird activity remained low in the three models
(annual, winter, and our models), and corresponded to 2.2%, 1.4%, 1.7%, respectively, of the
primary production (Leguerrier et al., 2004; Degré et al., 2006). In our model, the activity of
shorebirds represented a similar proportion of the primary production, 1.6%, as that found in
the Sylt-Rgmg Bight (Baird et al., 2004a).

The ranking of macrofaunal compartments changed in comparison with the annual model
(Leguerrier et al., 2004; Degré et al., 2006). In the present models, macrofauna activity was
largely dominated by deposit-feeders mainly composed of H. ulvae, the most abundant
species of the intermediate mudflat (Orvain et al., 2007) (the sampling station in this study).
The previous annual model additionally covered the lower and upper parts of the mudflat,
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where some species of bivalves such as Scrobicularia plana and Cerastoderma edule are also
abundant (Bocher et al., 2007). In summer, deposit feeder activity was relatively high in
comparison to that of the microphytobenthos being similar to the total primary production.
This high activity was due to the high value of carbon imports of 142 mgC m™ per low tide to
this compartment. The primary production could not sustain the carbon production of deposit-
feeders from the diurnal low tide suggesting that deposit-feeders rely on other resources at
high tide. Benthic bacteria can be considered as an alternative resource (Pascal et al., 2008d)
and detritivory is also a plausible hypothesis: during high tide, detritus can be imported by
oceanic waters and/or by two rivers (i.e. La Charente and La Seudre) as shown before (2004).
The detrital carbon can be ingested at high tide and imported to the low tide food web.
However, the import to deposit feeders (142 mgC m™ per low tide) might be overestimated
because the mean was about three times the minimum requirement of 42 mgC m? LT™. High
mean was mostly driven by the high maximum value integrated as an inequality in the model
(210 mgC m? per low tide). The maximum value corresponded to the production estimated
from the P/B ratio ranging between 0.01 and 0.05 in the literature (van Oevelen et al., 2006Db).
The P/B ratio of 0.05 was an extreme value and might thus overestimated the actual daily

production of the deposit-feeders.

2. Model choices for birds.

The constraints of shorebird processes were based on a range of shorebird densities and on the
basal metabolic rate of each species. This choice was made because in winter, shorebird
consumption only balanced energy expenditure (van Gils et al., 2005; Nolet et al., 2006).
Moreover, for shorebirds that feed on the intertidal mudflat, distances between the roosts (i.e.
rest areas) and the feeding areas are short and limit the energy losses (Luis et al., 2001). The
P/B ratio estimated in this study was similar to ECOPATH models (Lassalle et al., 2011,
Lassalle et al., 2012). A model applied to the Bay of Mont Saint Michel on the Channel coast
of France showed a higher P/B ratio for shorebirds, of 0.4 (Arbach Leloup et al., 2008). In
studies on seabirds, the lower P/B was equal to 0.09 (Lassalle et al., 2011; Lassalle et al.,
2012) or 0.10 (Christensen et al., 2009). The ratio of production/consumption (P/C) is
extremely variable and can differ by an order of magnitude and the ratio greatly depends on

the losses by egestion and respiration. An assimilation efficiency of 80% is currently used
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(Scheiffarth and Nehls, 1997; Ponsero and Lemao, 2011); in this study, the assimilation
efficiency only exceeded this value by 3% (the absolute value of egestion was 1.2 mgC m™
per low tide, compared to 1.5 mgC m™ per low tide with an assimilation efficiency of 80%).
Losses of carbon due to respiration vary with bird activity. For seabirds (Christensen et al.,
2009; Lassalle et al., 2011; Lassalle et al., 2012), losses by respiration are important due to the
flights during predation activity (i.e. the P/C ratio is low in these models). In this study, the
loss of carbon by respiration was chosen to be equal to the minimum metabolic rate. This
might constitute a slight underestimation of the respiration of waders and thus, their

production might have been greater.

To determine a maximum and minimum consumption by shorebirds, maximum and minimum
densities on the mudflat were considered. These two extremes were based on the assumption
of a homogenous repartition either on the whole mudflat for the minimum density, or only on
the area of the mudflat which is emerged per hour for the maximum density. Nevertheless, the
distribution of shorebirds species is dependent on the prey-specific distribution on the mudflat
and/or on their foraging abilities (Bocher et al., 2007). For instance, Scrobicularia plana is
restricted only to the upper part of the mudflat, whereas Cerastoderma edule is located in the
lower part while the prey H. ulvae colonises the whole area (Bocher et al., 2007). Because the
intra-specific competition and the density of their prey control the spatial repartition of
shorebirds on the mudflat (e.g. Sutherland, 1983; Folmer et al., 2010), it is difficult to predict
precisely the shorebird densities that feed within a given area, and thus to estimate the actual
predation pressure per unit area. Due to our current knowledge of the spatial distribution of
shorebirds on the Brouage mudflat, there was no alternative than setting two extreme densities
to define the range in which the shorebird consumption behaviour might be estimated as a

whole.

3. Consumption by birds.

Considering a whole mean foraging time of 11.3 h, the estimated daily consumption was 20
mgC m?2 d™ (or about 34.5 mgAFDW m™ d™). In comparison with the previous winter model
of Brouage (Degré et al., 2006), bird consumption was higher thanks to our better knowledge

of bird diets (Quaintenne et al., 2010; Boileau and Delaporte, 2011; Viain et al., 2011; Robin
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et al., in press). The estimated consumption in this study is close to that of shorebirds
observed in the Wadden Sea, the Sylt-Rgmg Bight (Scheiffarth and Nehls, 1997) and the
Somme Bay (Sueur et al., 2003). Moreover, the obtained consumption corresponded to a
density of birds on the Brouage mudflat close to the highest determined density, which was
2.05 x 10 individuals per m2 (or 54 mgC m™). This biomass was in the same order of
magnitude as that in the Sylt-Rgmg Bight for the same assemblage of species (Baird et al.,
2004a).

4. Food web function.

Whole ecosystem activity, measured by the TST, was significantly higher in winter than in
summer. This can be explained by a higher gross primary production in winter (413.09 mgC
m per low tide) compared to summer (183.6 mgC m™). In summer, the strong light and the
temperature  conditions  generated photoinhibition of the  photosynthesis  of
microphytobenthos(Blanchard et al., 1997; Lavaud, 2007; Serodio et al., 2008) and lead to a
decrease in gross primary production. Additionally, a strong decrease in microphytobenthos
biomass was observed (Cariou-Le Gall and Blanchard, 1995) due to intense grazing by
benthic invertebrates. The high winter TST value was linked to bacterial production which
was higher in winter (169.3 mgC m™ per low tide)compared to summer (93.9 mgC m? LT™?).
Considering the field bacterial P/B ratio, a value of 0.92 was found during summer in the
Brouage mudflat and 0.77 in winter (Pascal et al., 2009). In parallel, the bacterial biomass

doubled in winter and could thus sustain the high production.

The bacterivory and the herbivory of deposit feeders, meiofauna and nematodes changed
according to the season. In winter, 84.8% of the carbon ingested by the three compartments
came from the microphytobenthos (herbivory); in summer, the proportion decreased to 75%.
Bacterivory followed the opposite tendency and was higher in summer. Even with the higher
bacterial production in winter, the bacterial carbon was less ingested by primary consumers
which preferentially feed on microphytobenthos, regardless of the bacterial production (Pascal
et al., 2008b; Pascal et al., 2008c; Pascal et al., 2008d), except when microphytobenthos
biomass drastically decreases (Pascal et al., 2009). This is what happened in summer because

the gross primary production was low, as was the carbon available to upper trophic levels.
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The trophic pathway lengths were similar for the two seasons (i.e. high APL values). For the
winter food web, the shorebird compartment was added. Unexpectedly, an atom of carbon
passed through almost the same number of compartments before leaving the system. The path
length value is linked to the degree of cycling within the ecosystem (Christensen, 1995). The
number of cycles was almost doubled in winter and the proportion of cycles behaved similarly
(i.e. a higher FCI value). The stronger cycling can be explained by the increased detritivory
behaviour (404.78 mgC m™ per low tide in winter compared with 343.86 mgC m™ per low
tide in summer), in particular for bacteria. The bacterial biomass and production were higher
in winter, with dissolved organic carbon representing 72% of the whole detritivory that was
taken in larger quantity. The stronger carbon cycling lead to a higher retention of carbon
inside the ecosystem without changing the carbon path compared to summer. This can be
explained by a higher/faster export of carbon. Indeed, one-third of the primary production and
twice more of the bacterial and detritic carbon were exported at high tide. The FCI and the
number of cycles previously defined for the same seasons at the Brouage mudflat showed an
opposite tendency (Leguerrier et al., 2007) with higher values in summer. In the annual model
(Degré et al., 2006; Leguerrier et al., 2007), bacteria and detritus (dissolved and particulate
carbon) were combined which infers strong implications for the ENA indices (Allesina et al.,

2005; Niquil et al., 2012) explaining the difference with our model.

In summer, the higher sum of all imports to macrofauna (168.6 mgC m™ per low tide and 103
mgC m™ per low tide, respectively) suggested that macrofauna was more dependent on
imports from other periods of the day than in winter. This finding was confirmed by the
relative value of overheads on imports which was higher in summer (6.14%) than in winter
(4.96%). The total export of carbon by macrofauna to the high tide was higher in winter as
likely explained by a higher summer loss of carbon and respiration by macrofauna. For
instance, summer is the recruitment for the abundant H. ulvae(Haubois et al., 2004) so that the
individuals are smaller and their body mass lower. From the metabolic point of view,
organisms with a low body mass have a higher metabolism per unit of biomass and the
metabolism increases with the temperature (McNeill, 1999) well supporting why more carbon

was lost by macrofauna respiration in summer.

The internal organisation and specialisation of the two food webs were similar. This is
supported by the similar relative redundancy for the two seasons. The ranges of internal
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Relative Ascendency, of the specialisation (i.e. AMI) and of the relative redundancy observed
in the literature (e.g. Baird et al., 1991; Baird and Ulanowicz, 1993; Scharler and Baird, 2005;
Baird et al., 2007), include the values for the Brouage mudflat. In winter, a higher
specialisation of the trophic pathways was observed for high trophic levels because
shorebirds preferentially fed on deposit feeders, and about one quarter of the production of
carnivorous, omnivorous, suspension feeders and facultative suspension feeders was ingested
by birds. The internal relative ascendency only considers the internal flows of the network
(Ulanowicz, 1986), i.e., trophic interaction between species. The similar values of this index
for the two seasons illustrate a similar organisation of the interactions between species
irrespective of the season. However, a higher relative ascendency, which measures the
organised and efficient part of the system (Ulanowicz, 1986), in winter suggests a higher level
of organisation. This index considers all flows of the ecosystem, including internal flows and
flows through the boundaries of the ecosystem. Nevertheless, the strong difference between
the A/DC ratio and Ai/DC; ratio suggests a strong dependency of the system on exchanges
through the boundaries of the ecosystem (Baird and Heymans, 1996). Because this difference
is higher in winter, it means a higher dependency of the winter food web to external
connections explaining the higher value of relative ascendency, whereas the internal relative
ascendency for the two seasons remained similar. Consequently, in winter, a large proportion
of the net primary production was exported to the high tide (45%) and a lower proportion was
consumed by the main grazers (only 25%). Nevertheless, a higher proportion of the secondary
production was consumed due to the high shorebird density. In summer, a large proportion of
the net primary production was integrated into higher trophic levels through consumption by
nematodes and deposit feeders. However, a low proportion of the secondary production was
ingested by secondary consumers. Noteworthy, these two different network patterns still lead

to a similar internal organisation.

5. The Lindeman spine

A transfer efficiency between the level I1+det and level 11 as high as estimated here (67% in
winter and 83% in summer) is not common: the trophic efficiency in the literature tends to be
lower than 50%, with a few exceptions [REF]. The transfer efficiency of the Brouage mudflat

in summer was close to that found in the Baltic sea (Baird et al., 1991) and in the mud and
141



Chapitre 4

muddy-sand flat habitats in the Sylt-Remg Bight (Baird et al., 2007). The high transfer
efficiency of the Brouage mudflat was linked to the temporal scale. Indeed, the literature food
webs consider a mean per day, whereas in this study, only low tide was integrated. Some
transfer of carbon, which derived from the previous low and high tides, also appeared for
macrofauna on small time-scale. These imports were assimilated as an import to the det
compartment in the Lindeman spine. Thus, a part of det was, by default, transferred with an
efficiency of 100% to the higher trophic levels which explains the strong transfer efficiency to

level II.

The summer food web was characterised by low primary and bacterial productions . As
explained above, the dominant macrofauna H. ulvae has a low mean body mass in summer
which means that a higher quantity of carbon is necessary to satisfy its metabolic
requirements for a given biomass. In winter, an increase in the transfer efficiency between the
compartments IlI, 1V, and V was observed, corresponding to an increase in shorebird
carnivory. The mean transfer efficiency tended to be higher in summer, nevertheless, the two
mean transfer efficiencies were close to those of the mud flat in the Sylt-Rgmg Bight (Baird et
al.,, 2007). The winter food web was thus highly productive: it exported excess
microphytobenthic carbon during the resuspension of the biofilm at high tide (wave and wind-
induced currents). The food webs for the two seasons thus showed drastically opposite trends:
the winter food web at low tide exported excess carbon, whereas the summer food web led to
higher imports. The same conclusions were reached from the previous food web model
(Degré et al., 2006).

Synthesis

Although the summer and winter food webs of the Brouage mudflat showed some similarities,
the winter food web possessed specific characteristics that allow the sustainability of the
migratory shorebird nutritional needs (Fig. 6). First, the internal organisation and
specialisation of the trophic pathways were similar for the two seasons. Although the efficient
part of the two networks represented the same percentage of the whole activity of the system,
it did not include the same levels of the trophic chain. In summer, the strongest efficiency was

found for the low trophic levels, whereas in winter, it was found for the higher trophic levels
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due to the shorebird nutritional requirements. However, the winter food web was
characterised by a strong activity of the whole system which was supported by high primary
and bacterial productions. In winter, cycling was also stronger due to higher bacterial activity
and higher detritivory. Nevertheless, the strong carbon export from microphytobenthos,
bacteria and the non-living compartment, led to a similar retention of carbon for both seasons.
In spite of the addition of one compartment (i.e. shorebirds) and a stronger cycling in winter,
an atom of carbon passed through almost the same number of compartments as in summer.
The decrease in primary production observed in summer and probably due to photo-/thermo-
inhibition, was compensated for by a higher bacterivory by the meio- and macro-benthos. The
strong integration of the carbon from the primary and the bacterial productions to the higher
trophic levels led to a stronger mean transfer efficiency. Consequently, the Brouage mudflat
showed a similar organisation and specialisation of flows for the two seasons. The efficient
part was almost in equilibrium with the inefficient part of the system. In winter, the low
carbon integration resulting from primary production was counterbalanced by stronger
cycling. Hence, the carbon retention in the food web did not change between winter and
summer. The switch to both higher production and cycling, combined with a constant
organisation and specialisation of the system, are the key features that support the nutritional

needs of migratory shorebirds in winter in the Brouage mudflat.
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Retention of carbon

Organization-Specialization

Mean trophic efficiency

This structure allows to provide
sufficient food for shorebirds

Figure IVV-6: Schema to sum up the observations made on the winter and summer food webs.
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En quoi la remise en suspension du biofilm modifie-t-elle le fonctionnement du
réseau trophique couplé benthos-pélagos de la vasiere nue de Marennes-Oléron
(Atlantique NE) ?

Lors de I’arrivée de la pleine mer sur la vasiére de Brouage, une partie du biofilm microbien
présent a la surface des sédiments peut étre remis en suspension. Cette remise en suspension
n’est pas systématique et est contrdlée par des facteurs physiques (intensité des courants) et
biologiques (état de biofilm, présence de bioturbateurs). Les micro-organismes remis en
suspension dans la colonne d’eau seront intégrés au réseau trophique pélagique. A marée
haute la vasiére de Brouage peut étre assimilée a un méta-écosysteme comme le définit
Loreau (2003). Un méta-écosystéeme est un ensemble de systemes qui sont liés par des flux
spatiaux biotique ou abiotique, induisant des changements de propriété en leur sein. Ainsi, par
sa remise ne suspension, le biofilm est un élément clé de la liaison entre benthos et pelagos.
L’objectif de cette étude est de déterminer d’une part I’impact de la remise en suspension sur
le fonctionnement trophique des compartiments benthiques et pélagiques et d’autre part sur la

stabilité du méta-écosystéme que représente le systeme couplé benthos-pelagos.

La remise en suspension a-t-elle un effet stabilisateur sur le méta-écosystéme constitué
du réseau couplé benthos-pélagos, sur la vasiére de Brouage a pleine mer ?

Réalisation de deux modeles de réseaux trophique considérant une pleine mer moyenne sous
différentes conditions hydrologiques : une situation ou la remise ne suspension du biofilm a
lieu et une situation ou la remise en suspension ne se produit pas, laissant alors place a la
sédimentation. Certains résultats obtenus a basse mer sont utilisés comme des flux connus
dans le modele pleine mer. Il s’agit notamment des flux d’export de carbone des
compartiments benthiques a basse mer qui sont considéré comme des imports a pleine mer,
puisque la production non consommeée a basse mer, le sera lors du retour de la pleine mer.
Utilisation de la modélisation inverse par échantillonnage aléatoire.

Les solutions calculées par la modélisation inverse sont utilisées pour calculer des indices
ENA permettant de caractériser la structure et le fonctionnement du réseau trophique. Les flux
sont décrits par la moyenne de I’ensemble des solutions proposées par la modélisation

inverse, en accord avec les conclusions du chapitre 3.
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Les indices ENA calculés dans cette étude sont mis en relation avec les théories sur la stabilité
précedemment analysées dans le chapitre 2.

La remise en suspension des micro-organismes benthiques stimule la production primaire
pélagique et la boucle microbienne pélagique. Le réseau trophique benthique a pleine mer est
caractérisé par un développement de la bactérivorie accentué lorsque la remise ne suspension
a lieu. Le remise en suspension ne stabilise pas le méta-écosysteme mais au contraire le
perturbe, comme 1’indiquent la forte activité du systéme couplé a une fable spécialisation des
voies trophique et le faible recyclage couplé a une forte valeur d’organisation interne
caractérisant fortement stressé. Par opposition, le méta-écosystéme sans remise en suspension,
mais avec sédimentation, apparait stable. Les conséquences opposées de ces deux conditions

peuvent étre expliqué par une différence d’intensité de la liaison benthos-pelagos.
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Abstract

Intertidal mudflats are ecosystems submitted to natural hydrodynamical forcings during each
tide. When the offshore water flows at high tide, a proportion of the biofilm produced at low
tide can be resuspended in the water column and interact with the pelagic food web. As a
consequence, the resuspension creates a link between the benthos and the pelagos, modifying
their properties and the stability of the meta-ecosystem they form together. The aim of this
study is to describe the consequences of the microbial biofilm resuspension on the pelagic
food web, and to investigate the question of the stability of the benthos-pelagos coupling
resulting from the biofilm resuspension. Two food webs were considered, corresponding to
different hydrodynamical conditions in summer condition: one allowing the biofilm massive
resuspension, and one without resuspension, but with particle sedimentation. The Monte-
Carlo Markov Chain Linear Modelling was used to estimate the unknown flows of the food
web. The comparison of the Ecological Network Analysis indices for the two food webs
allowed defining their respective differences of structure and functioning. The results showed
that the massive resuspension of the microbial biofilm stimulates pelagic primary production
and microbial food web via a higher bacterivory. The higher activity of the whole system
coupled with both a drop in the specialization of the trophic pathways and a low cycling
activity demonstrated that when massive resuspension occurs, the system is disturbed. In
contrast, when sedimentation occurs, the food webs show functioning features pointing out to

a higher stability of the whole system.

Introduction

The structure and the functioning of food webs affect the emergent properties and thus the
stability of the ecosystem. As a consequence, describing the emergent properties of the
ecosystem is a prerequisite for establishing their stability. The literature on the subject is
diverse and can lead to controversial interpretations and conclusions. However, some trends
can be observed such as equilibrium between two extremes that allows the ecosystem to act
like a buffer to external perturbations. For instance, the coexistence of weak and strong
interactions is assumed to bring stability to the ecosystem (McCann et al., 1998), or the

asymmetry in the ecosystem ensures a higher stability (Rooney et al., 2006), or an ecosystem
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that presents a balance between Ascendency and redundancy is supposed to be more stable
(Ulanowicz, 2003). Moreover, Levin (1999) proposed that a stable ecosystem pattern is
composed of subsystems strongly intraconnected but weakly interconnected. At larger scale,
this theory is transposable to the concept of the meta-ecosystem defined by Loreau et al.
(2003) as a set of ecosystems connected by spatial flows. A set of ecosystems strongly
intraconnected weakly interconnected thus form a stable meta-ecosystem. In this study, we
propose to consider the benthos and the pelagos as systems connected by spatial flows at high
tide to form a stable meta-system. We have used this concept in order to describe and to
understand the effects of the benthos-pelagos coupling on the properties of the food webs and

its consequences on the stability of the Brouage mudflat meta-system.

As bare intertidal mudflat, Brouage mudflat, is characterized by the development of a
microbial biofilm at the surface of the sediments at diurnal low tide. This biofilm is usually
mainly composed of brown micro-algae (diatoms) which constitute the microphytobenthos
(Cariou-Le Gall and Blanchard, 1995) and prokaryotes, all of them linked by a matrix of
extracellular polymeric substances (EPS) (Decho, 2000). The production of the biofilm is
integrated to the benthic food web via the deposit feeders, especially Peringia ulvae (Haubois
et al., 2005a; Pascal et al., 2008b; Pascal et al., 2009), via the facultative suspension feeders
and via the meiofauna (Pascal et al., 2008c; Pascal et al., 2008d; Pascal et al., 2009). The
meio- and macrofauna are not only involved in the regulation of the microphytobenthos
biomass via the grazing, but also via the bioturbation and the biostabilisation of the sediment

whose effects are coupled with physical factors (tides and swell) (Blanchard et al., 2001).

When the tidal flow arises, the microphytobenthos biomass decreases at the surface of the
sediments (Guarini et al., 2000a) for two reasons: i) the downward ‘migration’ of motile
diatoms into the sediments (Guarini et al., 2000a; Consalvey et al., 2004; Herlory et al., 2004;
Ni Longphuirt et al., 2009) and ii) the resuspension of a part of the diatom stock into the
water column. The resuspension of the microphytobenthic biofilm is controlled by a complex
interaction between physical and biological forcing. The physical resuspension of the
microphytobenthos depends on the bed shear stress which is induced by the tidal current
and/or the wind-waves (De Jonge and Van Beuselom, 1992; Blanchard et al., 2002). The
erodability of the sediment is strongly variable in space and in time (Tolhurst et al., 2006) and
depends on biological factor modifying sediment properties such as macrofauna activities and
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microbial biofilm setting up (Herman et al., 2001a; Orvain et al., 2004). The
microphytobenthos resuspension also depends on biological factors such as the ageing of the
biofilm (Orvain et al., 2004) and the content of exopolysaccharids (EPS) (Orvain et al., in
press). When the microphytobenthic biofilm is in its exponential growth phase, it stabilizes
the sediments and counteracts the bioturbation due to macrofauna which favors its
resuspension (Orvain et al., 2004). In contrast, when the biofilm reaches its senescent phase,
the roughness of the biofilm as well as bacterial biofilm degradation are enhanced and the mat
is more easily resuspended (Orvain et al., 2004). The microphytobenthic diatom that are
resuspended in the water column are integrated to the pelagic food web and can be ingested
by suspension feeders, in the case of the Brouage mudflat especially by Crassostrea gigas, a
cultivated species (Riera and Richard, 1996) and Cerastoderma edule (Sauriau and Kang,
2000).

In this study new in situ observations and experimentations were taken into account,
especially on the resuspension of the biofilm (Orvain et al., in press) and the consequences on
the pelagic food web are evaluated by using a model describing trophic pathways. Erosion
experiments allowed to determine the critical shear velocity necessary regarding the
resuspension of benthic micro-organisms and resuspension rates (Dupuy et al., in press) . The
Lagrangian and Eulerian field surveys followed the future of the resuspended particles in the
water column, respectively following the water mass or at a fixed point (Guizien et al., 2013).
Moreover grazing experiments and viral lysis experiments (Montanié et al., in press) were
performed in order to determine the effect of resuspension of benthic organisms on the
pelagic food web sensu largo (i.e. including virus). These refinements were incorporated in
the framework of a trophic-flow model to better unravel the impact of the biofilm
resuspension on the food web functioning by deciphering the contribution of each flow in the
contribution in the functioning during high-tide phase. At high tide, the rise of the tide and the
chemical/physical/biological processes associated with the increase of the water level on the
Brouage mudflat create spatial flows linking benthic and pelagic parts. Consequently, it can
be considered as a ‘meta-ecosystem’ defined by Loreau et al., (2003) as a set of ecosystems
which are linked by spatial biotic and/or abiotic flows across the ecosystem boundaries. We
especially focused on one question: How does the resuspension of the microbial biofilm at
high tide modifies the stability of ecosystem in respect to the meta-ecosystem pattern? We

explored this question by comparing the network organization of two distinct food web
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models representing 2 scenarii of a summer situation. In the first model scenario, the
hydrodynamic conditions were extreme and sufficient to induce the resuspension of the
microphytobenthos (physical mass erosion, when bed shear stress BSS > 3 cm.s™ on Brouage
mudflat). In this case the velocity of current stays superior to the critical sinking velocity, thus
no sedimentation is possible. While in the second case the physical forcing was too weak to
induce any resuspension, only limited and extremely low erosion of chla (biological erosion
when BSS < 3 cm.s™) induced by the bioturbation of the macrofauna can be observed (Orvain
et al., in press). Moreover the settling of pelagic particles (organic or not) could occur and the
sinking velocity enhanced by the pelletisation (Orvain et al., in press). The missing flows of
the food web (i.e. flows which were not measured in situ) were estimated by the Monte Carlo
Markov Chain Linear Inverse Modelling (MCMC-LIM) (Van den Meersche et al., 2009).
This mathematical method explores a solution space defined by constraints issued from in situ
measurement and values issued from the literature. All solutions proposed by the MCMC-
LIM were used to calculate several ecological network analysis (ENA) indices, describing the
emergent properties of the ecosystem.

Material and Methods

1. The study area

The Brouage intertidal mudflat is located at the French Atlantic coast in the bay of Marennes-
Oléron (figure 1). The bay covers 150 km?2 and the Brouage mudflat, at the eastern part of the
bay, represents 68 km2 at low tide. The averaged bottom slope is relatively flat (1:1000) and
the tidal area is large (up to 4 km). The sediment consists of silt and clay particles (95% <63
um) (Pascal et al., 2009). The current speeds in the bay range from 0.2 to 0.6 m.s™ and the
bed shear stress from 1.5 to 4 Pa (Bassoullet et al., 2000; Le Hir et al., 2000). The zone of
interest is located in the middle of the Brouage mudflat and is characterized by a typical ridge

and runnel bedform (Gouleau et al., 2000).
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2. Inverse modelling

Two summer food web models were performed: the first one simulated a high-tide situation
with massive suspension of micro-organisms in the water column (resuspension model), and
the second one also at high tide, where the physical forcing was not sufficient to induce
resuspension (sedimentation model). As a consequence, an insignificant quantity of particles
is suspended via biological factors as macrofauna bioturbation and it counterparts by a strong

sedimentation of organic matter.

The inverse modelling can be divided into 3 steps: (i) determine the species that compose the
food web, and all possible flows between them. Twenty-one compartments were listed (Table
V-1) linked by 115 or 118 flows for the models with and without resuspension, respectively.
(i) determine the mass balance of each compartment and constrains flow values by in situ

measurements. (iii) limit possible values of flows by biological constraints.

2.1. Considered compartments and flows

2.1.1. Resuspension and sedimentation

A portable erodimeter (Guizien et al., 2012) was used to estimate the erosion shear stress of in
situ cohesive sediments. An increased shear stress (by small steps, each timed to last about 10
minutes) was applied to the mud surface and the suspension of micro-organisms inhabiting in
the sediment was monitored by changes in water column micro-organisms concentration.
From these experiments, it was defined that resuspension of the microorganisms and diatoms
took place when the shear bed velocity was higher or equal to 3 cm.s™. Sedimentation could
not occur at higher current velocity.

Sedimentation was only considered in the model without resuspension, because the lower
current velocity (< 3 cm.s™) allowed particles to settle down on the bottom during the slack
water. The sedimentation rate was estimated from the formula D=Ws*C where D is expressed

in mgC.m2.h?, C is the concentration of particles in the water column (mgC.m™) and Ws the
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sinking velocity of particles (m.h™*) (Krone, 1962). Concentration of both pelagic bacteria and

chlorophyll a were measured in situ. The minimal limit for the concentration of the particulate

carbon corresponded to the pelagic particulate carbon produced during high tide. For defining

its maximal limit we considered that the import of carbon into the water column was equal to

the amount of the benthic particulate carbon resuspended in the water column and not

consumed. Consequently, it was assumed that the particulate carbon present in the water

column at high tide, when resuspension occurred was likely to be found in a similar quantity

at high tide n+1.

Compartments | Abbreviations
Microphytobenthos mpb
Benthic bacteria bch
Meiofauna mfb
Nematods nem
2 Deposit-feeders dep
< Suspension-feeders sus
o Facultative suspension-feeders suf
o Omnivorous species omn
Carnivorous species car
Benthic viruses vrb
Benthic particulate carbon bpc
Benthic dissolve carbon bdc
Phytoplankton phy
pelagic bacteria bcp
Heterotrophic nanoflagellates hnf
8 |Cilliates cil
8 Mesozooplankton mes
o Grazing fishes gfi
Pelagic viruses vrp
Pelagic particulate carbon ppc
Pelagic dissolve carbon pdc

Table V-1: List of compartments and abbreviations.

2.1.2. The microphytobenthos

Primary production of the microphytobenthos is linked to the biomass of diatoms present in

the biofilm and to light conditions (Macintyre et al., 1996). During immersion, the turbidity of

155



Chapitre 5

the overlying water, stopping the penetration of light (Alpine and Cloern, 1988) inhibits
benthic primary production (Denis and Desreumaux, 2009; Migné et al., 2009). Moreover,
just before the flood return, the diatoms move down into the sediment (Round and Palmer,
1966; Herlory et al., 2004). In our models, no microphytobenthic production was considered.
The only input to the microphytobenthos compartment is thus an import of carbon which
comes from the production of the previous diurnal low tide by the microphytobenthos, and
which was not consumed during low tide. The import of carbon to the high tide corresponded
to the export of carbon determined for microphytobenthos in a low tide model and was equal
to 31.9 mgC.m™ per high tide (Saint-Béat et al., chap 4). Moreover the secretion of EPS,
related to the activity of photosynthesis and migration (Underwood and Paterson, 2003), was
supposed negligible at high tide (Hanlon et al., 2006). This was confirmed by a survey of EPS
concentration in a tidal mesocosm during a tidal cycle showing a fall of EPS concentration in

the biofilm during high tide (Agogué et al., in press)

9.7mgC of benthic diatoms were resuspended per high tide (Dupuy et al., in press); they
constitute a flow from the benthos to the pelagos that enhances the phytoplanktonic biomass
after resuspension (Koh et al., 2006; Brito et al., 2012). In this way, the microphytobenthos
constitutes a food resource for the secondary producers in pelagic and benthic ecosystems
(Riera and Richard, 1996; Guarini et al., 1998; Yoshino et al., 2012).

2.1.3. Benthic bacteria

Biofilms (i.e an assemblage of benthic diatoms and bacteria) were reconstituted in a tidal
mesocosm: the production and the biomass of the bacteria were measured during 5 days at
low and high tides (Agogué et al., in press). The benthic bacterial production was estimated
by tritiated thymidine incorporation (Garet and Moriarty, 1996), which was converted to
numbers of cells using the ratio of 1.96*10%" cells per mol of thymidine determined for this
study. A mean increase of 24.3% of the bacterial production in comparison to the bacterial
production at low tide was observed in mesocosm experiments. The bacterial biomass was
obtained from the mean cell volume calculated with Furhman’s formula (1981) and converted
in carbon units from the formula 133.754*V***¥(Vin um®) (Romanova and Sazhin, 2010).
The carbon contain in a bacterium was thus estimated as equal to 79 fg C. cell™ for a mean

biovolume of 0.28 um*During erosion experiments at the threshold velocity considered in
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this study, 58.2 mgC per high tide issued from the benthic bacteria were suspended (Dupuy et
al., in press). A part of the suspended bacteria were damaged or dead during the erosion
process (40%) (Mallet et al., in press), and thus they integrated the pelagic particulate organic
carbon compartment. On the contrary the remaining suspended benthic bacteria, still active,

were considered to increase the pelagic bacteria biomass (Mallet et al., in press).

2.1.4. Infauna (meiofauna, nematodes and macrofauna)

The microphytobenthos is the preferential resource of the benthic fauna but in case of
unavailability of microphytobenthos, bacterivory becomes significant (Pascal et al., 2009). At
high tide, bacterivory was supposed to be higher than the low tide values: the values of low
tide used in the previous model (Saint-Béat et al., chap 4) were thus integrated to high tide
models as minimal values. The obligate as well as facultative suspension feeders were
assumed to feed on particles from bacteria to mesozooplankton (Taghon, 1982; Self and
Jumars, 1988).

2.1.5. Phytoplankton

The primary production of the phytoplankton was estimated for six other sites in Marennes-
Oléron Bay based on in situ measurement of chlorophyll a water concentration, salinity,
temperature and depth profiles of light attenuation (Struski and Bacher, 2006). The
phytoplanktonic primary production is influenced by the erosion of sediment, limited light
penetration and by the resuspension of benthic diatoms which likely participate to the
phytoplanktonic production (Macintyre et al., 1996). In order to prevent any bias in the
estimation of the planktonic primary production, we constrained it by minimal and maximal
primary production values measured in summer for the different stations of the bay. These
stations are characterized by different hydrological conditions and are thus characterized by
different resuspension and turbidity, and consequently by a different light penetration.
Constraining the phytoplanktonic production by a range of possible values allowed to adjust
the probability density function for gross primary production according to the needs of the

food web based on the situation considered (i.e. with or without resuspension).
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2.1.6. Pelagic bacteria

The summer abundance and the summer production of the pelagic bacteria were measured in
situ (Ory et al., 2011). Bacteria were counted by epifluorescence microscopy after being fixed
with 0.02um filtered formaldehyde (2% final concentration) and staining for 30 min with
Sybr Green | (for more details see Noble and Fuhrman, 1998; Ory et al., 2011). The
measurement of AMPase (Vmax), Which is considered as an indicator of the bacterial
production, was used to estimate the bacterial production from the equation log BP =
0.9271*log Vmax + 5.3641 (r>=0.67, n=10, p=0.003). Pelagic bacteria being assumed to
contain 16 fgC per cell (Labry et al., 2002), the bacterial production was thus expressed in

carbon.

Experiments on viral lysis were conducted to test the interactions between bacteria,
heterotrophic nanoflagellates (HNF) and viruses in the water column. In artificial incubations,
they were re-combined to mimic the field assemblage with respect to the natural viral to
bacterial ratio (VRB) and the bacteria to flagellates ratios. Fractionation allowed creating
experimental recombined treatments and then differentiating between the direct and indirect
interactions of the presence/absence of the virus and HNF. Through in vitro experiments,
bacterial losses induced by viruses and flagellates were estimated by comparing the reduction

of the bacteria cell production (MBP) between the different experimental assemblages.

2.1.7. Ciliates (ESD (Equivalent Spherical Diameter) <50um) and
heterotrophic Nanoflagellates (2um<ESD<10um)

The biomasses were expressed in carbon from a conversion factor of 19 pgC.um-* (Putt and
Stoecker, 1989) by considering equivalent spherical diameter (ESD). The abundances and
biomass of Ciliates (ESD < 50 um) and heterotrophic nanoflagellates (2um < ESD < 10um)
were estimated in situ. The seawater was filtered onto 0.8 um Nucleopore black filter. The
ciliates and nanoflagellates were enumerated by epifluorescence microscopy. Cells were first
fixed by the glutaraldehyde and the paraformaldehyde and stained with the lugol 1% and
DAPI respectively.
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In the models, phytoplankton and pelagic bacteria are prey of the compartments ciliates and
nanoflagellates, which are themselves the preys of ciliates. The nanoflagellates also
potentially graze the viruses (Manage et al., 2002; Bettarel et al., 2005).

2.1.8. Mesozooplankton (200um<ESD<400um)

Mesozooplankton (200um < ESD < 400um) play a central role in the pelagic food web in the
Marennes-Oléron Bay (Sautour and Castel, 1998) and show a variable diet (Vincent and
Hartmann, 2001). The resources of mesozooplankton, as confirmed by bottle grazer
experiments, in the area of Brouage mudflat are phytoplankton, either directly or indirectly
via ciliates and the heterotrophic nanoflagellates (Azémar et al., 2007). This diet can be

completed by the ingestion of detritic matter (David et al., 2006).

The abundance and the biomass of the mesozooplankton were estimated during study period.
The mesozooplankton was sampled using a 200um mesh WP2 net, preserved in buffered
formaldehyde with Na(Bos)s (final concentration 5%) and counted under binocular
microscope. The biomasses were expressed in carbon by multiplying the dry weight by 0.4
(Simard et al., 1985). These measurements were completed by bottle grazer experiments to
test the effects of the biofilm suspension on the grazing of mesozooplankton. Water from the
erodimeter (after erosion experiments) was mixed with filtered pelagic water (200 pum, in
order to exclude mesozooplankton) in different proportions (20, 40 or 70%). This mix was
transferred in 1.13 L Nalgene bottles and and incubated during 12 or 24 h in presence/absence
(temoin) of mesozooplankton predators collected in situ. The resuspended biofilm in the water
disturbs the trophic interactions of the mesozooplankton, especially through an inhibition of
the grazing of phytoplankton and heterotrophic nanoflagellates by the mesozooplankton
(Hartmann, pers. comm.). Thus in the model with the resuspension no flow between

phytoplankton and nanoflagellates towards mesozooplankton was considered.

2.1.9. Grazing Fishes:

Main species able to graze on mudflat at high tide are mullets (Liza ramada and Liza aurata).
Observed individuals arrive on the mudflat with an empty stomach, while they leave it with a

full stomach (Carpentier et al., in press). Thus the mullets were considered as a vector of
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carbon export. Since, the abundance of individuals going about the Brouage mudflat at high
tide could not be measured in situ, grazing traces left by mullets on mudflat were considered
as a proxy of their grazing pressure. Presence of traces was estimated from pictures of one
square meter quadrats (expressed by surface of sediment removed by mullets by square
meter). In addition, experiments on the feeding behavior of mullets were conducted in
mesocoms to assess the volume of sediment ingested per individual at each tide (Como et al.,
in press). The coupling with field pictures finally allowed estimating the density of fishes per

square meter.

2.1.10. Benthic and pelagic viruses

Viral lysis was estimated from viral production (i.e. net increase of viral abundance divided
by the time of the experiment) within 2 L bottle incubations in the presence or absence of
benthic particulates in order to determine the effect of the biofilm resuspension on the viral
lysis. Bacterial mortality due to viral lysis was calculated from the viral production divided by
the burst-size viruses (i.e. number of viruses produced by a bacterium at burst-time) which
was estimated as 33 in this study (Montanié, pers. comm.). The quantity of viruses produced
per time unit was converted into carbon considering that one virus contains 0.2 fgC (Sulttle,
2005; Magagnini et al., 2007).

The viral lysis of benthic bacteria at high tide was considered to be similar to the one at low
tide, thus we considered that 40 % of the bacterial production was lost by viral lysis (Saint-
Béat et al., chap 4). At high tide, the benthic viruses were suspended and integrated into the
pelagic virus compartment. 1.29 mgC per high tide of virus per m2 were resuspended in the
water column at the critical shear bed velocity of 3cm.s™ (Dupuy et al., in press) determined
by the erosion experiment (see above).

2.1.11. Imports and exports

For all benthic compartments, we considered that the production during the previous low tide
was not totally consumed, thus imports of carbon from the diurnal low tide were taken into
account. These import values corresponded to the mean export values of the low tide model

(Saint-Beat et al., chap 4). Export was considered for both models regarding the
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microphytobenthos and the macrofauna, while export was considered only in the model
without resuspension regarding the benthic particulate carbon and the dissolved particulate
carbon. For the pelagic compartment, no import from the open sea was considered in the
model with resuspension and an import from the open sea of pelagic particulate carbon was
considered in the model without resuspension. We supposed that the production of the
pelagos was totally consumed during the high tide, thus no export from the bay to the open
sea of carbon was considered except for the pelagic particulate carbon, when the suspension

occurred.

2.2. Equations

The second step characterizes the mass balances of each compartment (listed in Table V-2)
and flows measured in the field. These two elements (i.e. mass balance and equations) were
written within an equation: A * x = b where x was vector that contained possible flows, the
matrix A expressed the mass balance and the field observation as a combination of
coefficients of the carbon flows and the vector b contained value of mass balances and values
of known flows (Vézina, 1989). The mass balances correspond to the report of inputs and
outputs for each compartment of the food web. By default, a compartment is considered to be
at the equilibrium (i.e. a constant biomass). Concerning the model with suspension we needed
to consider standing stock of the benthic particulate carbon and the benthic dissolved carbon
in deficit. Indeed, for these two compartments, there was a net change in mass equal to
resuspension term for particulate carbon and equal to the minimal value necessary to the
running of model for the dissolved organic carbon. In the case without resuspension, we
considered that the biomass loss of pelagic bacteria was equal to the value of the
sedimentation. The other sets of equations corresponded to the values of flows, which were

measured in situ.
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Mass balances of the model with supension

Phytoplankton
Pelagic bacteria
Pelagic viruses
Nanoflagellates
Ciliates
Mesozooplankton
Grazing fisches
Pelagic dissolved carbon

Pelagic particulate carbon
Microphytobenthos

Benthic bacteria

Foraminifera
Nematods
Carnivorous
Deposit feeders

Omnivorous
Suspension feeders

Facultative suspension feeders
Benthic viruses

Benthic particulate carbon

(gpp TOphy+mpbTOphy)- (phyTOres+phyTOpdc+phy TOhnf+phyTOcil+phy TOsus+phy TOsuf+phyTOppc)=0
(pdcTObcp+bcbTOpch)-(bcpTOres+bcpTOpdc+bep TOhnf+bep TOciH+-bep TOsus+bepTOsuf+bep TOvrp)=0
(bacTOvrp+vrbTOVIp)- (ip TOhnf+vp TOpdc+vrp TOexp)=0

(phyTOhnf+bcp TOhnf+virTOhnf)- (hnfTOres+hnfTopdc+hnfTOcil+hnfTOmes+hnfTOppc)=0
(phyTOciHbcpTOcil+hnfTOcil)- (cilTOres+cilTOpdc+cilTOmes+cilTOppc)=0
(cilTOmes+ppcTOMmes)-(mesTOres+mesTOpdc+mesTOsus+mes TOsuf+mesTOppc)=0

(mpbTOdfi+bch TOgfi+nemTOgf)- (gfiTOres+gfiTOdet+gfiTOexp)=0
(phyTOpdc+hnfTOpdc+cilTOpdc+mesTOpdc+bchTOpde+bep TOpde+vrp TOpde+ppc TOpdc)-pdc TObep=0
(impTOppc+phyTOppc+hnfTOppc+cilTOppc+mesTOppc+gfiTOppc+bchTOppc+beb TOppc)-
(ppcTOmMes+ppcTOsus+ppc TOsuf+ppcTOpdc+ppcTOexp)=0
(impTOmpb)-(mpbTOres+mpbTObdc+mpbTOphy+mpbTOmMf+mbpTOnem+mpbTOdep
+mpbTOomn+mpbTOsuf+mpb TOgfi+mpbTOppc+mpbTOexp)=0
(impTObcb+bdcTObch)-(bchTOres+bcbTObdc+becb TOmfb+bcb TOnem
+bchTOdep+bchTOomn+bch TOsuf+bch TOgfi+bch TOvrb+bchTOpde+bcb TObcp)=0

(mpbTOmfb+bcb TOmfb+bpcTOmfb)- (mfb TOres+mib TOcar+mfb TOomn+mfb TObpc)=0

(mpbTOnem+bcb TOnem+bpc TOnem)-(nemTOres+nemTOcar+nemTOomn+nemTOgfi+nemTObpc)=0
(impTOcar+mfb TOcar+nemTOcar+depTOcar+susTOcar+sufTOcar)- (carTOres+carTObpc+carTOexp)=0
(impTOdep+mpbTOdep+bchTOdep+bpcTOdep)-(depTOres+depTOcar+depTOomn+depTObpc+depTOexp)=0
(impTOomn+mfb TOomn+nemTOomn+dep TOomn+susTOomn+sufTOomn+bchTOomn+bcp TOomn)-
(omnTOres+omnTObpc+omnTOext)=0

(impTOsus+phyTOsus+hnfTOsus+cilTOsus+mesTOsus+bcp TOsus+ppcTOsUS)-
(susTOres+susTOcar+susTOomn+susTObpc+susTOext)=0

(impTOsuf+phy TOsuf+hnfTOsuf+cilTOsuf+mesTOsuf+bcp TOsuf+ppc TOsuf+mpb TOsuf+bch TOsuf+bpc TOsuf)-
(sufTOres+sufTOcar+sufTOomn+sufTObpc+sufTOext)=0

(impTOvrb+bchTOVrb)-(vrbTOvrp+wbTObdc)=0

(impTObpc+mfb TObpc+nemTObpc+carTObpc+depTObpc+omnTObpc+susTObpc+sufTObpc)-
(bcpTOmib+bcpTOnem+bpcTOdep+bpc TOomn+bpcTOsuf+bpcTOgfi+bpc TObdc+bpcTOppc)=-3584.75

Pelagic bacteria
Pelagic viruses
Mesozooplankton
Pelagic dissolved carbon

Microphytobenthos

Benthic bacteria
Benthic viruses
Benthic particulate carbon

Benthic dissolved carbon

Benthic dissolved carbon  (impTObdc+mpbTObdc+bchTObdc+bpcTObdc)-(bdcTObch)=-216
Mass balances of the model without supension
Phytoplankion (9ppTOphy)-(phyTOres+phy TOpdc+phyTOhnf+phyTOcil+

phyTOmes+phy TOmpb+phyTOsus+phyTOsuf+phy TOppc+phytOpdc)=0

(pdcTObcp)- (bepTOres+hepTOpdc+hep TOhnf+bepTOcil+bep TOsus+hcp TOsuf+bep TOvrp)=bcpTObch
(bacTOVrp)-(vrpTOhnf+vrpTOpdc)=0

(phyTOmes+cilTOmes+hnfTOmes+ppcTOmes)- (mesTOres+mesTOpdc+mesTOsus+mesTOsuf+mesTOppc)=0
(phyTOpdc+hnfTOpdc+cilTOpdc+mesTOpdc+bcpTOpdc+vrp TOpdc+ppcTOpdc)-(pdcTObep+pdc TObdc)=0
(impTOmpb+phy TOmMpb)-(mpbTOres+mpb TObdc+mpb TOmMfb+mbpTOnem+
mpbTOdep+mpbTOomn+mpb TOsuf+mpb TOgfi+mpbTOppc+mpbTOexp)=0
(impTObcb+bdcTObch+bcpTObch)-
(bcbTOres+bchTObdc+bch TOmfb+bch TOnem+bch TOdep+bch TOomn+bch TOsuf+bch TOgfi+bch TOwrb)=0
(impTOvrb+bcb TOVrb)-(vrbTObdc)=0

(impTObpc+mfb TObpc+nemTObpc+carTObpc+depTObpc+omnTObpc+susTObpc+sufTObpc+ppcTObpc)-
(bcpTOmib+bcpTONem+bpc TOdep+bpc TOomn+bpc TOsuf+bpcTOgfi+bpc TObdc+bpc TOext)=0
(impTObdc+mpbTObdc+bch TObdc+bpcTObdc+pdcTObdc)-(bdc TObch+bdc TOexp)=0

Table V-2: List of the mass balances for the two models. Each flow is coded by a set of 8
letters. The three first letters correspond to the source compartment and three last letters to the
sink compartment (for compartment abbreviations, see Table V-1). Each compartment is
alternatively a sink (i.e. it refers to inputs for the considered compartment) and a source
compartment (i.e. it represents outputs for the considered compartment). gpp= gross primary
production, ext=export and imp=import. The mass balances that remain the same whatever
the model were not written twice. The flows in bold correspond either to the flows of
resuspension in the mass balances of the model with suspension or to the flows of
sedimentation in the mass balances of the model without suspension.
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2.3. Inequalities

At the last step, some biological constraints were added to the mass balances and flow values.
These constraints were obtained from the literature and limit the possible solutions of flows to
realistic values. The information was added to the model with the inequality: G * x < h,
where x remains the vector containing flows, G is a matrix that contains the coefficients of the
biological constraints and the vector h is composed of values of biological constraints
(Vézina, 1989). For the benthic compartments the set of inequalities of the low tide model
(Saint-Béat et al., chap 4) was used. When the constraints corresponded to a value of flows,
the value of this constraint was updated according to the time of high tide (8h). The

inequalities for the pelagic compartments were grouped in the Table V-3.

The sedimentation flows values were limited, considering two different sinking velocities,
which is different according to the particle size (De La Rocha and Passow, 2007). The
minimal sinking velocity corresponded to the sinking velocity of a single isolated particle. We
considered a minimal sinking velocity of 0.05 m.d™ for free bacteria (Lapoussiére et al.,
2011), 0.25 m.d™ for chlorophyll a (Lapoussiére et al., 2011) and 2.32 m.d™ for particulate
carbon (Burns and Rosa, 1980). The maximal sinking velocity referred to the sinking velocity
of ‘marine snow’, that are defined as organic aggregates with a diameter > 0.5 mm (Alldredge
and Silver, 1988). The maximum sinking velocity chosen for this study was 16 m.d™ (Turner,
2002). We considered that pelagic dissolved carbon can fall with the aggregates formed by

‘marine snow’ and represents one third of the total carbon in aggregates (Alldredge, 2000).
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Processes Compartments Lower limit Upper limit References
Gross Growth efficiency HNF, CIL, MES 10% 40% Straile, 1997
Net Growth efficiency BCB, BCP 11% 61% DelGiorgio and Cole, 1998
MFB 30% 50%
NEM 60% 90% van Oevelen et al. 2006
MAC 50% 70%
Assimilation efficiency (loss to the det) HNF,CIL,MES 50% 90% Vézina and Platt, 1988
MFB 57% 97%
NEM 6% 30% van Oevelen et al. 2006
MAC 40% 75%
GFI 50% 90% Leguerrier et al., 2004

min: VVézina and Pace, 1994
max: Vézina and Platt, 1988

Excretion (loss to doc) HNF,CIL,MES 10% of ingestion 100% of respiration

PHY 10%NPP 55%NPP Breed et al., 2004
5%GPP 50%GPP Vézina and Platt, 1988
Respiration HNF,CIL,MES 20% ingestion - Breed et al., 2004
PHY, MPB 5% GPP 30%GPP Vézina and Platt, 1988
MES biomass*4.8*W 2% biomass*14*W %2 min: Hemmingsen, 1960
CIL, HNF biomass*0.6*W %° biomass*1.7*W %% max: Moloney and Field,1989
Consumption / Biomass GFI 3% 8% Bruslé, 1981
Gross primary production (mgC.m2.h™) PHY 10 50 Struski and Bacher, 2006
Loss of doc for pelagic bacteria (mgC.m-2.h-1) BCP 88(1)2 i in this study(with suspension)
0 .
HNF _ 49%ofthe bacte.rla in this study (with suspension)
Bacterivory by HNF production
ryby 45% of the bacterial I . .
HNF - production in this study (without suspension)
Respiration (mgC.m-2.h-1) GFI 0.226 3,62 Minderived from Killen et al., 2010

max: derived from Brett, 1965

Table V-3: List of biologial constraints used for the food web model. NPP: Net Primary Production, GPP: Gross Primary Production. W: body
mass in pgC. Net Growth Efficiency = (consumption—detritus production-respiration)/ (consumption-detritus production), Gross Growth
Efficiency=(consumption-loss to det-loss to doc-respiration)/ (consumption-loss to det-loss to doc- production).
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2.4. Calculation of solutions

The generated matrices (A, b, G and h) define a multi-dimensional space delimiting possible
solutions of the flows (x). The MCMC-LIM mirror (Van den Meersche et al., 2009) was used
to sample through that solution space in an attempt to map it completely. The MCMC-LIM,
based on the mirror technique defined by Van Den Meersche et al.(2009), calculates several
solutions and allows a direct characterization of the uncertainty. This modelling technique
brings the advantage of calculating a range of possible values for each flow (i.e. a probability
density function). For each model (with resuspension and without resuspension), 500, 000
iterations with a jump of 0.5 were calculated. The length of jump and the number of iterations
were determined to cover the solution space as completely as possible. In this study the
simulations were realized with a MATLAB® translation conceived by Alain Vézina and
Lauriane Campo of the R-CRAN project package LIM-Solve created by Van den Meersche et
al. (2009).

2.5. Network analysis

From the 500,000 solutions estimated by MCMC-LIM, seven ecological network analysis
(ENA) indices were calculated. These indices allow assessing the structure and the
functioning of the two food webs. The magnitude of cycling within the system was described
by the Finn cycling Index (i.e. FCI). This index represents the fraction of flows involved in
the cycling (Finn, 1976). A cycle represents a series of transfers between components in an
ecosystem beginning and ending in the same compartment without going through the same
compartment twice. The FCI is estimated by the ratio Tc/TST, where TST is the total system
throughput (i.e. sum of all flows) and Tc the amount devoted to cycling. Various global
indices describe the developmental and organizational state of the ecosystem (Ulanowicz,
1986). The TST measures the activity of the whole ecosystem. The TST can be considered as
the total power generated within the system (Baird et al., 1998). The AMI value is indicative
of the specialization of flows in the network (Ulanowicz, 2004). The probability of flows
between two compartments increases with the AMI value, and thus with the specialization of
flows. The Ascendency (A) which represents the state of organization within the ecosystem

(Ulanowicz, 1986), is described as the product of the TST and the average mutual information
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(i.e. AMI). The development capacity (DC) is defined as the upper limit of Ascendency. The
relative Ascendency is the ratio A/DC and estimates the proportion of the network that is
organized and thus efficient. The (DC — A) difference estimates the inefficient part of the
network, corresponding to the overheads (i.e. overheads on imports, exports and dissipation)
and redundancy, that measures the uncertainty associated to the presence of multiple or
parallel pathways among the compartments (Ulanowicz and Norden, 1990). The internal
Ascendency (A;) and internal development capacity (DC;) refer to internal exchanges alone

and exclude the exogenous flows.

These indices were estimated using MATLAB® routine written by Carole Lebreton and
Markus Schartau (GKSS Research Centre, Geesthacht, Germany) to calculate the index value
for every solution estimated by the LIM-MCMC.

2.6 Statistical test

Since the distribution of the data did not follow a normal distribution a non-parametric test
was used. The significance of the differences between the indices calculated for both
networks with and without resuspension was controlled by the Wilcoxon test (a = 0.01). The
tested hypothesis was that the two data sets were issued from a continuous distribution with
equal medians. Statistical tests is possible because using the LIM-MCMC technique on
500,000 solutions, 500,000 values of each ENA index were also calculated, as consequence
we can use statistical tests which are not usually possible in such a context of food web

modelling using static methods and at this level of functional diversity..

Results

1. Flow values

Some differences in flow values between the two conditions (i.e. with or without suspension)

were observed (Table V-4). The pelagic primary production was higher with resuspension. On
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the whole, consumption rates remained the same irrespective of the condition, except for the
bacterivory of heterotrophic nanoflagellates (doubled with resuspension), the bacterivory of
nematodes (consumption without resuspension was 7 times higher than the value during
resuspension), as well as herbivory of deposit-feeders (about twice higher without
resuspension than with resuspension) and consumption on nematodes by grazing fishes that
both doubled without suspension. The exudation of DOC by benthic bacteria increased
without suspension contrary to the exudation of DOC by pelagic bacteria that was five times
higher during resuspension. The mortality of phytoplankton (i.e. phyTOppc) was higher when
resuspension occurred. The egestion of nematodes without suspension was twice the egestion
during resuspension. The export of carbon from benthic compartment was higher without

suspension.
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Processes Code flow Without suspension With suspension

Gross primary production phytoplankton gpp phy 184.2 5% perc.: 114.3 95% perc.: 245.2 | 235.7 5%perc.: 107.2  95% perc.: 429.8
Consumption of heterotrophic nanoflagellates

from phytoplankton phyTOhnf 29.2 5%perc.: 13.7 95% perc.: 46.7 22.7 5%perc.: 6.4 95% perc.: 41.7
from pelagic bacteria bepTOhnf 42 5%perc.: 0.4 95%perc.: 8.1 9.6 5%perc.: 1.0 95% perc.: 17.7
from pelagic viruses vrpTOhnf 0.0 5% perc.: 0.0 95%perc.: 0.1 0.5 5%perc.: 0.0 95% perc.: 1.1
Consumption of cilliates

from phytoplankton phyTOcil 2.3 5%perc.: 0.2 95%perc.: 5.8 2.2 5%perc.: 0.2 95% perc.: 5.6
from pelagic bacteria bepTOcil 2.2 5%perc.: 0.2 95% perc.: 5.6 2.3 5%perc.: 0.2 95% perc.: 5.9
from heterotrophic nanoflagellates hnfTOcil 3.2 5%perc.: 0.5 95%perc.: 6.6 3.5 5%perc.: 0.6 95% perc.: 6.9
Consumption of mesozooplankton

from phytoplankton phyTOmzp 0.4 5%perc.: 0.0 95% perc.: 1.0 0.0

from heterotrophic nanoflagellates hnfTOmzp 0.4 5%perc.: 0.0 95% perc.: 1.0 0.0

from cilliates cilTOmzp 0.4 5%perc.: 0.0 95%perc.: 1.0 0.7 5%perc.: 0.1 95% perc.: 1.4
from pelagic particulate carbon ppcTOmzp 0.4 5%perc.: 0.0  95%perc.: 1.0 0.7 5%perc.: 0.1 95% perc.: 1.5
Consumption of meiofauna

from microphytobenthos mpbTOmfb 0.1 5%perc.: 0.0 95% perc.: 0.3 0.1 5% perc.: 0.0 95% perc.: 0.3
from benthic bacteria bcbTOmfb 0.2 5%perc.: 0.1  95% perc.: 0.4 0.2 5%perc.: 0.1 95% perc.: 0.4
from benthic particulate carbon bpcTOmfb 0.1 5%perc.: 0.0 95% perc.: 0.3 0.1 5%perc.: 0.0 95% perc.: 0.3
Consumption of nematods

from microphytobenthos mpbTOnem 9.5 5%perc.: 0.6 95% perc.: 24.8 4.4 5% perc.: 0.3 95% perc.: 11.2
from benthic bacteria bchTOnem 47.0 5%perc.: 2.2  95% perc.: 136.9 8.8 5% perc.: 0.9 95% perc.: 19.7
from benthic particulate carbon bpcTOnem  65.6 5%perc.: 9.4  95% perc.: 161.4 52.0 5% perc.: 12.2 95% perc.: 123.1
Consumption of deposit-feeders

from microphytobenthos mpbTOdep 23.3 5%perc.: 7.4  95% perc.: 37.9 12.5 5%perc.: 55 95% perc.: 17.2
from benthic bacteria bchTOdep  64.4 5% perc.: 45.5 95% perc.: 83.1 66.6 5% perc.: 55.6 95% perc.: 77.6
from benthic particulate carbon bpcTOdep 15 5%perc.: 0.1 95%perc.: 3.5 0.8 5% perc.: 0.1 95% perc.: 1.7
Consumption of suspension-feeders

from phytoplankton phyTOsus 1.2 5%perc.: 0.3 95%perc.: 2.2 1.3 5%perc.: 0.3 95% perc.: 2.4
from heterotrophic nanoflagellates hnfTOsus 1.8 5%perc.: 0.2 95%perc.: 4.2 2.1 5%perc.: 0.2 95% perc.: 4.7
from cilliates cilTOsus 1.2 5%perc.: 0.2 95%perc.: 2.6 1.0 5%perc.: 0.1 95% perc.: 2.3
from mesozooplankton mzpTOsus 0.3 5%perc.: 0.0 95% perc.: 0.5 0.2 5% perc.: 0.0 95% perc.: 0.5
from pelagic bacteria bcpTOsus 14 5%perc.: 0.1 95%perc.: 3.7 16 5%perc.: 0.1 95% perc.: 4.0
from pelagic particulate carbon ppcTOsus 1.7 5%perc.: 0.4 95%perc.: 3.1 1.8 5%perc.. 0.5 95% perc.: 3.3
Consumption of facultative suspension-feeders

from phytoplankton phyTOsuf 0.7 5%perc.: 0.1 95% perc.: 1.6 1.7 5%perc.: 1.3 95% perc.: 2.3
from microphytobenthos mpbTOsuf 1.2 5%perc.: 0.4 95% perc.: 1.8 0.3 5%perc.: 0.1 95% perc.: 0.5
from heterotrophic nanoflagellates hnfTOsuf 0.2 5%perc.: 0.0 95%perc.: 0.6 0.4 5%perc.: 0.0 95% perc.: 0.9
from cilliates cilTOsuf 0.2 5%perc.: 0.0 95% perc.: 0.6 0.3 5% perc.: 0.0 95% perc.: 0.8
from mesozooplankton mzpTOsuf 0.1 5%perc.: 0.0 95% perc.: 0.4 0.2 5% perc.: 0.0 95% perc.: 0.4
from benthic bacteria bchTOsuf 0.2 5%perc.: 0.0 95% perc.: 0.6 0.1 5% perc.: 0.0 95% perc.: 0.3
from pelagic bacteria bepTOsuf 0.2 5%perc.: 0.0 95%perc.: 0.6 0.3 5%perc.: 0.0 95% perc.: 0.8
from benthic particulate carbon bpcTOsuf 0.2 5%perc.: 0.0 95% perc.: 0.5 0.0 5% perc.: 0.0 95% perc.: 0.1
from pelagic particulate carbon ppcTOsuf 0.2 5%perc.: 0.0 95% perc.: 0.4 0.0 5% perc.: 0.0 95% perc.: 0.1

Table V-4: Values of flows obtained by LIM-MCMC and expressed in mgC.m™ per high
tide. The first values correspond to the mean value of the 500,000 solutions obtained for each
flow. Values in Italic represent the 5% and 95% percentiles corresponding to the value below
which 5 or 95 percent of the observation are found. The bold values correspond to values

measured in situ and thus integrated to the model in equality form.
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Processes Code flow Without suspension With suspension

Consumption of omnivorous species

from microphytobenthos mpbTOomn 2.8 5% perc.:0.7 95% perc.: 5.4 2.0 5%perc.: 0.4 95% perc.: 4.0
from meiofauna mfbTOomn 0.1 5% perc.:0.0 95% perc.: 0.1 0.1 5%perc.: 0.0 95% perc.: 0.1
from nematods nemTOomn 1.2 5% perc.:0.1 95% perc.: 3.2 15 b5%perc.: 0.1 95% perc.: 3.7
from deposit-feeders depTOomn 1.7 5% perc.:0.1 95% perc.: 4.6 1.4 5%perc.: 0.1 95% perc.: 3.8
from suspension-feeders susTOomn 0.4 5% perc.:0.0 95% perc.: 1.2 0.4 5%perc.: 0.0 95% perc.: 0.9
from facultative suspension-feeders sufTOomn 0.1 5% perc.:0.0 95% perc.: 0.2 0.1 5%perc.: 0.0 95% perc.: 0.3
from benthic bacteria bcbTOomn 2.1 5% perc.:0.1 95% perc.: 5.4 1.4 5%perc.: 0.1 95% perc.: 3.8
from benthic particulate carbon bpcTOomn 1.0 5% perc.:0.2 95% perc.: 2.4 0.7 5%perc.: 0.1 95% perc.: 1.7
Consumption of carnivorous

from meiofauna mfbTOcar 0.1 5% perc.:0.0 95% perc.: 0.1 0.1 5%perc.: 0.0 95% perc.: 0.1
from nematods nemTOcar 14 5% perc.:0.1 95% perc.: 3.2 1.3 5%perc.: 0.1 95% perc.: 2.8
from deposit-feeders depTOcar 1.8 5% perc.:0.2 95% perc.: 3.5 1.2 5%perc.: 0.1 95% perc.: 2.7
from suspension-feeders susTOcar 0.5 5% perc.:0.0 95% perc.: 1.2 0.4 5% perc.: 0.0 95% perc.: 0.9
from facultative suspension-feeders sufTOcar 0.1 5% perc.:0.0 95% perc.: 0.3 0.1 5%perc.: 0.0 95% perc.: 0.3
Consumption of grazing fishes

from microphytobenthos mpbTOdfi 29 5% perc.:0.7 95% perc.: 5.6 1.1 5%perc.: 0.3 95% perc.: 2.2
from nematods nemTOdgfi 8.3 5% perc.:5.5 95% perc.: 10.8 40 5%perc.: 3.3 95% perc.: 5.3
from benthic bacteria bebTOgfi 1.0 5% perc.:0.1 95% perc.: 2.5 0.4 5% perc.: 0.0 95% perc.: 1.0
from benthic particulate carbon bpcTOdfi 2.2 5% perc.:0.2 95% perc.: 5.5 0.8 5%perc.: 0.1 95% perc.: 2.1
Viral lysis

from benthic bacteria bcbTOwrb 8.7 8.7

from pelagic bacteria bcpTOvrp 0.1 0.2

Uptake of dissolve carbone by pelagic bacteria pdcTObcp  118.6 5% perc.:61.4 95% perc.: 164.2 | 301.7 5% perc.: 233.3 95% perc.: 342.6
Uptake of dissolve carbone by benthic bacteria bdcTObch  386.5 5% perc.:374.8  95% perc.: 408.8 | 374.3 5%perc.: 374.2 95% perc.: 374.5
Transformation particular carbon

from pelagic particulate carbon ppcTOpdc  118.3 5% perc.:64.5 95% perc.: 188.1 | 159.4 5% perc.: 103.7 95% perc.: 202.5
from benthic particulate carbon bpcTObdc  83.9 5% perc.:31.7 95% perc.: 173.3 48.8 5% perc.: 50.0  95% perc.: 68.2
Exudation of dissove carbon

from phytoplankton phyTOpdc  45.0 5% perc.:15.9 95% perc.: 81.5 51.7 5%perc.: 154  95%perc.: 98.4
from heterotrophic nanoflagellates hnfTOpdc 6.5 5% perc.:2.8 95% perc.: 11.0 6.3 5%perc.: 2.7 95% perc.: 11.0
from cilliates cilTOpdc 1.3 5% perc.:0.7 95% perc.: 2.0 1.4 5%perc.: 0.8 95% perc.: 2.0
from mesozooplankton mzpTOpdc 0.3 5% perc.:0.1 95% perc.: 0.4 0.2 5%perc.: 0.1 95% perc.: 0.4
from benthic bacteria bchTObdc  234.6 5% perc.:148.3  95% perc.: 290.6 92.2 5%perc.: 848  95%perc.: 103.6
from pelagic bacteria bcpTOpdc  10.9 5% perc.:5.5 95% perc.: 16.0 58.9 5% perc.: 50.0 95% perc.: 68.2
from benthic viruses wbTObdc ~ 10.4 5% perc.:10.4 95% perc.: 10.4 9.1 5%perc.: 9.1 95% perc.: 9.1
from pelagic viruses vrpTOpdc 0.0 5% perc.:0.0 95% perc.: 0.1 0.5 5%perc.: 0.0 95% perc.: 1.2
Excretion

from phytoplankton phyTOppc  53.9 5% perc.:7.8 95% perc.: 106.5 | 124.4 5%perc.: 36.0  95% perc.: 2715
from heterotrophic nanoflagellates hnfTOppc 11.2 5% perc.:3.0 95% perc.: 22.8 10.6 5%perc.: 2.8 95% perc.: 22.9
from cilliates cilTOppc 2.6 5% perc.:0.9 95% perc.: 4.5 2.7 5%perc.: 0.9 95% perc.: 4.5
from mesozooplankton mzpTOppc 0.5 5% perc.:0.2 95% perc.: 0.8 0.4 5%perc.: 0.1 95% perc.: 0.8
from meiofauna mibTObpc 0.2 5% perc.:0.1 95% perc.: 0.3 0.2 5%perc.: 0.1 95% perc.: 0.2
from nematods nemTObpc 109.6 5% perc.:41.1 95% perc.: 184.8 57.1 5%perc.: 20.7 95%perc.: 124.9
from deposit-feeders depTObpc  27.7 5% perc.:20.9 95% perc.: 36.9 27.1 5%perc.: 184  95%perc.: 38.8
from suspension-feeders susTObpc 2.6 5%perc.:1.8 95% perc.: 3.7 43 5%perc.: 35 95% perc.: 4.8
from facultative suspension-feeders sufTObpc 0.9 5% perc.:0.8 95% perc.: 1.1 1.0 5%perc.: 0.8 95% perc.: 1.1
from omnivorous species omnTObpc 3.8 5% perc.:2.2 95% perc.: 5.6 40 5%perc.: 1.9 95% perc.: 5.3
from carnivorous species carTObpc 1.6 5% perc.:0.9 95% perc.: 2.4 15 b5%perc.: 0.6 95% perc.: 2.3
from grazing fishes gfiTOppc 4.0 5% perc.:1.5 95% perc.: 7.3 1.7 5%perc.: 0.7 95% perc.: 3.0

Table V-4. (Continued)
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Processes Code flow Without suspension With suspension
Respiration
from phytoplankton phyTOres 32.6 5%perc.: 10.3 95% perc.: 61.8 41.3 5% perc.: 9.1 95% perc.: 111.4
from microphytobenthos mpbTOres 49 5%perc.: 1.8 95% perc.: 8.8 1.7 5%perc.: 1.6 95% perc.: 1.9
from heterotrophic nanoflagellates hnfTOres 10.2 5%perc.: 6.1 95% perc.: 13.1 10.0 5% perc.: 5.9 95% perc.: 13.1
from cilliates cilTOres 19 5%perc.: 14 95% perc.: 2.2 2.0 5%perc.: 14 95% perc.: 2.2
from mesozooplankton mzpTOres 04 5%perc.: 0.3 95% perc.: 0.4 0.3 5% perc.: 0.2 95% perc.: 0.4
from meiofauna mfbTOres 0.2 5%perc.: 0.1 95% perc.: 0.2 0.2 5%perc.: 0.1 95% perc.: 0.2
from nematods nemTOres 14 5%perc.: 1.1 95% perc.: 1.6 1.1 5%perc.: 1.0 95% perc.: 1.4
from deposit-feeders depTOres 53.9 5% perc.. 50.2 95% perc.: 60.4 50.0 5%perc.: 49.9  95% perc.: 50.3
from suspension feeders susTOres 35 5%perc.: 2.9 95% perc.: 4.2 2.8 5%perc.: 2.6 95% perc.: 3.1
from facultative suspension-feeders sufTOres 21 5%perc.: 2.0 95% perc.: 2.3 2.1 5%perc.: 2.0 95% perc.: 2.2
from omnivorous species omnTOres 51 5%perc.: 3.8 95% perc.: 6.9 35 b5%perc.: 34 95% perc.: 3.7
from carnivorous species carTOres 2.1 5%perc.: 15 95% perc.: 2.8 15 5%perc.: 1.3 95% perc.: 1.7
from grazing fishes gfiTOres 6.1 5% perc.: 2.2 95% perc.: 11.4 3.3 5%perc.: 1.9 95% perc.: 4.9
from benthic bacteria bchTOres  158.3 5% perc.: 146.6 95% perc.: 180.6 | 146.0 5% perc.: 1459 95% perc.: 146.3
from pelagic bacteria bcpTOres 99.6 5%perc.. 424 95%perc.: 145.2 | 263.7 5% perc.: 195.3 95% perc.: 304.6
Imports
to microphytobenthos impTOmpb  31.9 31.9
to deposit-feeders impTOdep  99.6 99.6
to suspension-feeders impTOsuf 2.6 2.6
from facultative suspension-feeders impTOsus 5.4 5.4
to omnivorous species impTOomn 7.8 7.8
to carnivorous species impTOcar 3.1 3.1
to benthic bacteria impTObch 8.3 8.3
to benthic viruses impTOvrb 1.7 17
to benthic particulate carbon impTObpc 8.2 8.2
to benthic dissolve carbon impTObdc 8.1 8.1
to pelagic particulate carbon impTOppc ~ 241.2 5% perc.: 132.8 95% perc.: 354.2 0.0
Exports
from microphytobenthos mpbTOexp 6.3 5% perc.: 0.4 95% perc.: 17.0 0.1 5% perc.: 0.0 95% perc.: 0.3
from deposit-feeders depTOexp 103.6 5% perc.: 99.9 95% perc.: 110.0 99.7 5%perc.: 99.6  95% perc.: 99.9
from suspension-feeders susTOexp 59 5%perc.: 54 95% perc.: 6.7 55 5%perc.: 5.4 95% perc.: 5.7
from facultative suspension-feeders sufTOexp 2.7 5%perc.: 2.6 95% perc.: 2.9 2.7 5%perc.: 2.6 95% perc.: 2.8
from omnivorous species omnTOexp 8.4 5%perc.: 7.8 95% perc.: 9.1 7.8 5%perc.: 7.8 95% perc.: 8.0
from carnivorous species carTOexp 3.3 b5%perc.: 3.1 95% perc.: 3.6 3.1 5%perc.: 3.1 95% perc.: 3.3
from grazing fishes gfiTOexp 43 5%perc.: 04 95% perc.: 9.7 15 b5%perc.: 0.1 95% perc.: 3.1
from benthic particulate carbon bpcTOext  193.0 5% perc.: 106.2 95% perc.: 283.3 0.0
from benthic dissolve carbon bdcTOext 142 5%perc.: 0.7 95% perc.: 43.2 0.0
from pelagic viruses vrpTOext 0.0 5%perc.: 0.0 95% perc.: 0.1 0.5 5% perc.: 0.0 95% perc.: 1.2
from pelagic particulate carbon ppcTOexp 0.0 3562.6 5% perc.: 3448.1 95% perc.: 3693.1
Connection between benthos and pelagos
from phytoplankton phyTOmpb  18.9 5% perc.: 7.9 95% perc.: 24.4
from microphytobenthos mpbTOphy 9.7
from pelagic bacteria bcpTObch  121.7 5% perc.: 94.0 95% perc.: 134.4
from pelagic particulate carbon ppcTObpc  193.0 5% perc.: 106.2 95% perc.: 283.3
from benthic bacteria bcbTOpdc 233

bcbTObcp 34.9
from benthic viruses vrbTOvrp 1.3
from benthic particulate carbon bpcTOppc 3584.8
from pelagic dissolve carbon pdcTObdc  63.7 5% perc.: 35.1 95% perc.: 93.5

Table V-4. (Continued)

2. Compartment activities

Significant differences appeared according to the condition considered (Figure 2). The benthic

activity was stimulated by the sedimentation of micro-organisms of the water column. In

contrast, the resuspension of micro-organisms inhabiting in the sediment stimulated the

pelagic activity.
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Several pelagic compartments were affected by the resuspension of micro-organisms. The
phytoplankton (phy), the pelagic non-living compartments (i.e. particulate compartment (ppc)
and dissolved organic carbon (pdc)) as well as the pelagic bacteria (bcp) had a higher activity
in the case of resuspension. On the contrary the microphytobenthos, the benthic bacteria, the

benthic non-living compartments were more active when sedimentation occurred.
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Figure V-2: Histogram presenting the activity of the compartments composing the food web. The activity corresponds to the sum of inflows and
is expressed in mgC.m™ per high tide. A) corresponds to the sum of the activity of all compartments for the benthos and the pelagos according to
the 2 modeled situations. B) and C) refer to the activity of each compartment of the benthos and of the pelagos. See table V-1 for the

abbreviations of the compartments.
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3. Diet and consumption

Benthic Pelagic
With Resuspension [Without resuspension |With Resuspension |Without resuspension
Herbivory
2 20.4+0.1 39.7+7.3 28.7+11.2 33.8+9.8
(mgC.m™“.HT")
Bacterivory
2 85.9+5.8 123.7+42.7 14.3 +5.8 8.1+3.2
(mgC.m™“.HT ")
~ Ratio 0.230.01 0.35+0.1 29+3.1 5.56+4.9
herbivory/bacterivory

Table V-5: Mean values of herbivory and bacterivory in the benthos and the pelagos
according to the resuspension of the biofilm. HT™= per High Tide. These values corresponded
to the mean and the standard deviation calculated from the 500,000 iterations calculated by
the inverse analyses. For each compartment (i.e. benthos and pelagos) values were
significantly different with or without resuspension (Wilcoxon test, p<0.05) according to the
condition considered.

Herbivory tended to represent a more important part in the pelagic system (Table V-5). In
contrast, bacterivory was higher in the benthic compartment. The resuspension of the micro-
organisms to the water column had an effect on bacterivory, herbivory and the ratio between
them. In the pelagic part, the resuspension favored the bacterivory. On the contrary, the
herbivory was favored in the case without resuspension. The herbivory and bacterivory in

benthos were both higher without resuspension.

The ratios showed that the herbivory was dominant in the pelagos. Nevertheless, when
resuspension occurred, the decline in the ratio (almost divided by 2) was due to a fall of
herbivory as well as a rise in bacterivory. A fall in the ratio was observed regarding the

benthos due to a decline in the bacterivory lower than in herbivory.

None of the compartment was affected by the resuspension (Figure V-3). Conversely, the diet
of nematodes was drastically altered during the resuspension phase (B). Whatever the
resuspension occurred or not, the contribution of the microphytobenthos as a food item for
nematodes did not change (about 15%). On the contrary, benthic bacteria and detritus
contributed to nematodes diet almost equally in the case without resuspension (40 and 30%,
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respectively), while it mainly shifted to benthic particulate (about 80%) in resuspension

situation.

The detritus contributed only slightly to the diet of deposit feeders. This group fed mainly on
microphytobenthos and benthic bacteria. The contribution of each of these two groups
changed with the resuspension. While the consumption on the benthic bacteria remained the
same between resuspension and sedimentation phases, it corresponded to a higher

contribution to the deposit-feeder diet during resuspension.

The facultative suspension feeders fed on the planktonic and benthic species. The contribution
of the phytoplankton to the diet of this group was higher when the resuspension occurred.
Consequently, the microphytobenthos was merely consumed. In contrast, in the case without
resuspension, the microphytobenthos contributed to 40% of the consumption and the
phytoplankton for 20%. The contribution of pelagic and particulate carbon tended to be lower

with the resuspension.
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Figure V-3: Diet of the meiofauna and macrofauna. A) refers to the case without resuspension and B) to the case where the resuspension
occurred. The contribution corresponds to the fraction that represents the consumption on a prey in comparison to the total consumption. The
contribution of each species to the compartment consumption was estimated from the mean value of each flow.
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The resuspension tended to have some consequences on the diet of the heterotrophic
nanoflagellates and mesozooplankton (Figure V-4). The diet of the heterotrophic
nanoflagellates was more diversified during resuspension because of the contribution of virus
(vrp). The contribution of pelagic bacteria (bcp) was three times higher in the case of
resuspension. Consequently the contribution of the phytoplankton (phy) decreased. The most
affected compartment was the mesozooplankton. Without resuspension the mesozooplankton
fed equally on the phytoplankton, heterotrophic nanoflagellates, pelagic particulate carbon
(ppc) and ciliates. During the resuspension, the consumption on both heterotrophic

nanoflagellates and phytoplankton was inhibited.
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Figure V-4: Diet of heterotrophic nanoflagellates (hnf), ciliates (cil) and mesozooplankton (mes). A) refers to the case without resuspension and
B) the case where the resuspension occurred. The contribution corresponds to the fraction that represents the consumption on a compartment in
comparison to the total consumption. The contribution of each species to the compartment consumption was estimated from the mean value of

each flow.
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4. ENA indices
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Figure V-5: Boxplots displaying the values of different ENA indices: the total System
Throughput (TST), the Ascendency, the overheads, the relative Ascendency (A/DC), the
Average mutual Information (AMI), the internal relative Ascendency (Ai/DCi) and the Finn
Cycling index (FCI). The indices were calculated from the 500,000 solutions coming from the
MCMC-LIM method. Red crosses correspond to outliers. Medians of all these indices were
significantly different for the two seasons (Wilcoxon test, Hy was rejected, p-value < 0.01).
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Significant differences between values of the indices of the two situations were observed
(Figure V-5). The TST was about 3 times higher when the resuspension occurred. The
Ascendency followed the same trend. However, a lower organization of the system (i.e. lower
AMI value) was observed. The higher relative Ascendency, coupled with a lower AMI value
observed in the case of resuspension, suggested a lower diversity of flows. The overheads
based on the imports, exports, respiration and redundancy of the system were lower during
resuspension. The internal normalized Ascendency tended to be similar for the two situations.
The proportion of flows involved in the cycling (i.e. FCI value) was lower during

resuspension event.

Discussion

1. Activity of the benthic and the pelagic compartments

The benthos was more active than the pelagos regarding simulation without resuspension; in
contrast the pelagic activity was higher during resuspension. This fact can be explained by a
large import of particulate carbon to the pelagic particulate compartment. Without this import
of pelagic carbon, the pelagic activity was equal to the benthic activity during resuspension.
The higher benthic activity was previously shown in the model of the Brouage mudflat food
web. In fact, the higher activity of the benthos was observed irrespective of the model
considered in previous studies by regarding annual budget (Leguerrier et al., 2004) or by
deciphering seasonal budgets (Degré et al., 2006). However, in our model, the ranking of the
compartments was modified. The main difference concerned the benthic bacteria and the
microphytobenthos. The benthic bacteria dominated the ecosystem; they were followed by the
benthic non-living detritus compartments. Surprisingly, the microphytobenthos was ranked
only 8". The difference with previous models is the time-scale considered: a mean year
(Leguerrier et al., 2004) or a mean month (Degré et al., 2006) which is in dramatic contrast to
the small scale mean immersion period integrated in our model. During immersion, because
of darkness due to sediment burying, the microphytobenthos production was null (Blanchard,

2006). As a consequence, the carbon input to this compartment exclusively originated from
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the photosynthesis performed during the previous diurnal low tide, which might explain its 8"
rank in our model. The first pelagic compartments were ranked 4™ and 5™ and corresponded
to the phytoplankton and the dissolved organic carbon, respectively.

The resuspension of the microbial biofilm stimulated the activity of the phytoplankton, the
non-living compartments (detritus) and the pelagic bacteria. This stimulation was not only the
consequence of the input of new matter in the water column. The phytoplankton showed a
higher gross primary production when the resuspension of the microbial biofilm occurred.
Pelagic primary production was not imposed to the model; it was only constrained by minimal
and maximal values of pelagic production found for different hydrological conditions in
Marennes-Oléron Bay. The higher production was somewhat surprising because the
resuspension also generates a high turbidity and the reduction of the light penetration which
dramatically reduces phytoplankton photosynthesis (Billerbeck et al., 2007; Porter et al.,
2010). When buried in the sediments, the microphytobenthos can remove nutrients from the
overlying water and the sediment pore water (Macintyre et al., 1996). Such activity tends to
reduce the nutrient fluxes from the sediments to the water column which can limit the
phytoplankton production (Sloth et al.,, 1996; Sarker et al., 2009). When the
microphytobenthos resuspension occurs, the nutrient fluxes to the water column increase
which has a positive effect on the phytoplankton production even if light is limiting (Porter et
al., 2010). Paradoxically, the import of microphytobenthic diatoms to the water column
contributes itself positively to the production of the phytoplankton (Macintyre et al., 1996).
By enriching water in particulate and dissolved carbon, which sustained a higher bacterial
activity as previously reported (Sloth et al., 1996; Poremba et al., 1999; Cotner et al., 2000),

the resuspension also stimulated heterotrophic production.

On the contrary, the settling of pelagic micro-organisms to the bottom of the water column
had smaller but significant consequences on the benthic compartments. In our model, the
input of pelagic fresh matter to the benthos increased the stock of available carbon for higher
trophic levels but it did not affect the production of the different compartments. The higher
activity observed for the benthic compartments (mpb, bdc, bcb, bpc) (Figure V-2) was linked
to the deposit of pelagic diatoms, dissolved carbon, pelagic bacteria and particulate carbon
respectively at the surface of the sediments. The photosynthetic production of the pelagic
diatoms settled at the bottom of the water column during immersion is more probably limited
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by the penetration of light than by the nutrient availability. It is supposed that, in contrast to
the light reaching the surface of the sediments (Macintyre et al., 1996; Billerbeck et al., 2007),
nutrients are often not a limiting factor for the photosynthesis in the intertidal sediments
(Serddio and Catarino, 2000; Migné et al., 2004). The high turbidity reported in the bay of
Marennes-Oléron (Raillard and Mesenguen, 1994) likely stops the light penetration to the
sediment surface and strongly impairs the photosynthesis of pelagic diatoms. The effect of the
settling on the benthic bacterial production is more obvious. The bacterial production depends
on the substrate supply including organic carbon (Sander and Kalff, 1993). For instance in
Kiel Bight, the settling of detritus stimulates the benthic bacterial production (Meyer-Reil,
1983). Consequently, it is very likely that the benthic bacterial production is stimulated in the
Brouage mudflat during sedimentation.

2. Consumption of the benthic compartments

The hydrodynamics events (i.e. sedimentation and resuspension) did not affect the
consumption rate of the macrofauna but it could modify its diet. The contribution of the
microphytobenthos to the diet of the deposit-feeders was about twice higher during the
sedimentation vs. the resuspension. This was due to the settling of phytoplankton which
enriched the stock of available microalgal carbon. On the contrary, during resuspension, part
of the microphytobenthos was exported to the water column thus decreasing the carbon
available for the benthic herbivorous species. In such situation, the deposit-feeders tended to
feed on an alternative resource: the benthic bacteria (van Oevelen et al., 2006a; Pascal et al.,
2009). While the consumption on the benthic bacteria remained the same between
resuspension and sedimentation phases, it corresponded to a higher contribution to the
deposit-feeder diet during resuspension. The diet of facultative suspension-feeders was also
affected, especially the ratio microphytobenthos/phytoplankton. The resuspension of the
microphytobenthos enriched the phytoplankton. The facultative suspension-feeders doubled
their consumption of phytoplankton and thus it contributed to 50% to the diet of this
compartment to the detriment of the direct microphytobenthos contribution.
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3. Herbivory versus bacterivory

The massive resuspension event impacted the pelagic microbial food web. It stimulated the
bacterivory of the pelagos as reported before for heterotrophic nanoflagellates (Garstecki et
al., 2002). A higher quantity of carbon flowed through the virus (viral lysis was doubled) and
consequently more virus were consumed by heterotrophic nanoflagellates. The increase of
pelagic bacterial abundance and production doubled the bacterivory rate of heterotrophic
nanoflagellates. In contrast, the resuspension tended to decrease the pelagic herbivory. In spite
of a higher gross primary production and a direct input of benthic diatoms biomass to the
water column, the phytoplankton was integrated to a lower proportion to the pelagic food
web. Indeed, the grazing of phytoplankton by the mesozooplankton had been shown to be
inhibited during catastrophic erosion event (Hartmann, pers.comm.). Consequently, our
models showed that a lower part of the phytoplankton was consumed in the model with
resuspension, inducing a greater mortality of this comportment. This result of the models (i.e.
higher phyTOppc when resuspension occurs) is coherent with previous results of
resuspension experiments (Porter et al., 2010). It thus appears that in conditions of
resuspension, the phytoplankton indirectly participated to the enrichment of the water column
in dissolved organic carbon and to the pelagic bacterial production.

The bacterivory dominated the benthic compartment during immersion irrespective of the
resuspension. At high tide, benthic diatoms moves down the sediment and cannot perform
photosynthesis because of the absence of light (Cartaxana et al., 2011). Hence, the benthic
food web must be sustained by the input of carbon coming from the photosynthetic
production of the previous emersion and by the bacterial production. In our model, we
supposed that the meiofauna and the macrofauna showed a constant consumption along the
day irrespective of immersion/emersion periods. This hypothesis was based on the assumption
that the meiofauna and the deposit feeders had alternative resources since the
microphytobenthos was not sufficient to sustain their respective metabolism. Detritus (van
Oevelen et al., 2006a) bacteria were possible alternative resource for benthic fauna (van
Oevelen et al., 2006a; Pascal et al., 2009). Some isotopic analyses at the Brouage mudflat
showed that the benthic detritus contributes to 11% in maximum to the deposit-feeders
consumption (Richard, comm. pers.). We supposed that the alternative feeding resource was

the benthic bacteria (see result section .
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Previous studies on the bacterivory rates of the nematodes, the foraminifera and Peringia
ulvae in the Brouage mudflat indeed showed that bacteria can constitute a significant
alternative resource to the microphytobenthos under some conditions (Pascal et al., 2008b;
Pascal et al., 2008c; Pascal et al., 2008d). When there was no resuspension, the herbivory and
the bacterivory were both stimulated, although the bacterivory was stimulated in a larger
proportion due to the higher activity of the nematodes. The bacterivory thus remained
dominant in the benthic compartment irrespective of the physical forcing.The Sylt- Remg
Bight in the North of Germany is composed of a mosaic of habitats including a mudflat. Its
benthic food web is based on microphytobenthos and macrophytes. In this benthic ecosystem,
the herbivory dominates the bacterivory (Baird et al., 2004). Indeed, herbivory is more than
two times higher than bacterivory. Thus the ratio herbivory/bacterivory of the Sylt-Remg
Bight displays an opposite tendency than the ratio estimated for the Brouage mudflat. This
opposite tendency may be linked to the fact that this ratio was obtained from the food web for
the whole bay on a long term. As a consequence, habitats with high and low primary
production were associated, thus the available carbon issued from the primary production was
more important. Moreover, the food web considered in Baird et al. (2004a) represents a mean
day as a consequence the difference between low tide and high tide was not visible and the
effect of the season was not considered contrary to present simulations, which focused on
summer conditions and high tide only In this study, that considered the summer period, little
carbon issued from the primary production at low tide was available. The consideration of the
food web for the whole year at the Brouage mudflat should abate the seasonal difference and

change the trend of herbivory/bacterivory ratio.

4. Functioning of the Brouage food web

For comparing the functional indices from our model to others, we took care of selecting
ecosystem models that coupled the pelagic and benthic compartments. Moreover the non-
living compartments must be separated from bacteria, otherwise the ENA indices would be
biased (Johnson et al., 2009). Values of relative Ascendency and internal relative Ascendency
were in general higher to those previously reported. Relative Ascendency ranged from 33.4
(Monaco and Ulanowicz, 1997) to 49.5 for the Chesapeake Bay (Baird et al., 1991) and the

internal Ascendency from 31.2 for the Delaware (Monaco and Ulanowicz, 1997) to 44.1 for
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the Sundays Bay (Scharler and Baird, 2005). The cycling estimated without resuspension was
higher to the FCI (i.e. Finn Cycling Index) estimated in the Sylt- Remg Bight (= 17.2%) and
close to the value of Sundays Estuary (Scharler and Baird, 2005). The differences between
our study and previous ones are most probably based on the shorter time scale in our models.
In the aforementioned studies, the ecosystems considered are estuaries which are subjected to
the tidal rhythm and thus which are controlled by strong temporal/physical forcing. It was
demonstrated how physical parameters can influence the ecological properties described by
the ENA indices (Niquil et al., 2012). The consequences of physical forcing like the
resuspension are smoothed when the considered networks use flows averaged over a mean
day, more representative of normal conditions without waves. Additionally, the biological
processes change according to the immersion and the emersion periods which impacts the
carbon budget (Migné et al., 2009). Consequently, when emersion and immersion are
considered separately (i.e. short time scale), it allows more precisely deciphering the

biological and physical processes that control the functioning of the food web.

When the massive resuspension of the microbial biofilm occurred, the enrichment of the
water column by the benthic particulate carbon (i.e. 3.584gC.m™.per high tide) mainly
supported the increased activity of the whole system and the decreased organization of the
network decreased. The higher value of Ascendency (2*10* mgC.m™.per high tide against
0.6*10* mgC.m™.per high tide during sedimentation) was the consequence of a higher TST
(10000 mgC.m™.per high tide during resuspension and 3500 mgC.m™.per high tide during
sedimentation), in spite of a drop down in the specialization of the trophic way (measured by
AMI)This is a characteristic observation for a so-called “pulse eutrophication”, an intermittent
increase of organic matter supply combined with physical factors (Patricio et al., 2004).
Moreover a high value of Ascendency derived from a very high TST, could disturb the
internal stability of the system (Ulanowicz, 2003). The lower overheads suggest a lower
resistance to the perturbation as proposed by Ulanowicz (2003). Thus the resuspension
decreased the resistance of the system to a perturbation. We propose that the massive
resuspension event in the Brouage mudflat could be defined as a “pulse eutrophication” event
that regularly disturbs the meta-ecosystem. On the contrary the biological erosion coupled

with a high sedimentation tended to reduce the perturbation in the meta-system.
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During the massive resuspension, the lower proportion of cycling (i.e. lower value of FCI)
coupled with a high internal relative Ascendency (close to 50%) can be explained by the
limited integration to the planktonic food web of the non-living carbon suspended in the water
column. Indeed, in spite of a higher pelagic bacterial production and a higher detritivory, a
low quantity of carbon was recycled. As a consequence, almost all the carbon suspended in
the water column (i.e. 3.534 gC.m™.per high tide) was exported. Note that the export value
was not constrained in the model, thus this value reflected a real property of the network. The
larger the difference between the cycling and the internal relative Ascendency, the less
organized and more under pressure a system would be (Baird et al., 1991; Baird et al., 2007).
Thus the Brouage mudflat was less organized (confirmed by lower value of AMI) and
submitted to a higher stress during the resuspension. A similar relation (i.e. great difference)
between FCI and internal relative Ascendency was found for the mussel-bed in the Sylt-Remg
Bight (Baird et al., 2007) and in an upwelling area (Baird et al., 1991). Baird et al (1991)
brought a significant nuance to the stress sense, by the distinction between ecosystems which
are under physically or chemically pressure. Indeed, the two constraints do not refer to the
same time scale. A chemical stress is in general recent and it has an exogenous origin to the
considered ecosystem. In contrast, physical perturbations are older and the ecosystem can
have adapted to it. These differences explain how a low cycling value can be coupled with a
high internal relative Ascendency (Baird et al., 1991). During the massive resuspension phase,
and as expected, the Brouage mudflat obviously showed the characteristics of a system that is

physically perturbed.

When massive resuspension did not occur, the Brouage mudflat was characterized by a high
specialization (i.e. high AMI) and by a relative Ascendency close to 60%. Such value
illustrates a state closed to the equilibrium between the efficient and the fraction of the
network that has not yet been organized (Bodini and Bondavalli, 2002); it is based on
redundancy in the imports, the exports, the dissipation and on internal redundancy (Baird et
al., 2004a). The equilibrium between both parts (relative Ascendency and overheads) is
supposed to bring sustainability to the ecosystem (Ulanowicz et al., 2009); the inefficient part
being used as a reserve that brings the necessary flexibility for the ecosystem sustainability.
Moreover the high internal relative Ascendency is a strong sign that the system is relatively
mature (Baird et al., 1991). The lower difference between internal relative Ascendency and
FCI supposed a higher organization and a less disturbed system (Baird et al., 2007). Hence,
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without massive resuspension of the microbial biofilm, the Brouage system seems to be

relatively mature and stable.

5. Conclusion: the stability of the Brouage meta-ecosystem

As defined by Loreau (2003), a meta-ecosystem corresponds to the different ecosystems
which are linked together by spatial flows of energy and matter. The rise of the tide and the
chemical/physical/biological processes, which are associated with the increase of the water
level on the mudflat can be considered as spatial flows. Here, we considered two different
events according to the hydrodynamical conditions: 1) the massive resuspension of benthic
matter in the water column 2) the sedimentation of pelagic matter on the mudflat sediments
associated to a biological resuspension induced by macrofauna activities. As described above,
their respective impact on the functioning of the benthic and the pelagic food webs strongly
differs. The massive resuspension tends to disturb the Brouage meta-system while the
sedimentation stabilizes it. These opposite consequences can be explained by the difference in
the intensity of the flows. When the massive resuspension occurs, the sum of flows from the
sediments to the water column was strong (about 3654 mgC.m™ per immersion) while during
the sedimentation, it was only 10%of the flow during resuspension. The interaction between
the benthic and the pelagic compartments also appeared weaker during sedimentation than
during massive resuspension. As suggested by Levin (1999), a highly modular system
(composed of strongly connected sub-systems which are connected by weak links) is a stable
system. This concept could be transposed to the meta-ecosystem. We observed that the
sedimentation constitutes a weak link between the two subsystems benthos and pelagos. In
contrast the massive resuspension constitutes a strong link between benthos and pelagos. To
conclude the stabilizing pattern of Levin is observed when sedimentation occurs and not
during massive resuspension event. This conceptual step appears essential for the better
understanding of (meta-)ecosystem structure and functioning in order to improve our

prediction for their sustainability.

Despite its visible destabilizing effect, the massive resuspension brought some benefits to the
Brouage meta-system. It stimulated the pelagic microbial food web by increasing both

phytoplanktonic and bacterial production, and by stimulating bacterivory. Because of the
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coupling of beneficial and destabilizing effects, massive resuspension show features
characteristic of an intermediate disturbance (reviewed in Shea et al., 2004). An intermediate
disturbance can be defined as an event that alters the specific niche availability, for instance
by removing the biomass or changing the nutrient availability, while it maintains the general
biodiversity (Shea et al., 2004). A complementary and extensive study of the long term
massive resuspension frequency and its consequences on the Brouage meta-system would

allow to confirm the intermediate disturbance hypothesis.
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Discussion générale
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La reconstruction des réseaux trophiques par la modélisation inverse, couplée au calcul
d’indices de 1’analyse des réseaux écologiques (ENA) a mis en évidence les propriétés
émergentes du réseau trophique de la vasiére intertidale de Brouage et a ainsi permis la
compréhension de son fonctionnement. D’une part, le travail méthodologique sur la
modélisation inverse linéaire de Monte Carlo en Chain de Markov a défini un algorithme qui
permet d’optimiser I’estimation des flux manquant des réseaux trophiques. D’autre part, la
réalisation des modeles et leur caractérisation par les indices de réseaux ENA ont caractérisé
le fonctionnement des réseaux trophiques considérés (i.e. basse mer, pleine mer). Replacée
dans le contexte de I’ANR VASIREMI, cette thése a intégré toutes les observations faites sur
le devenir du biofilm microbien dans le réseau trophique couplé benthos-pélagos, pour en
avoir une vision synthétique. De plus, les observations faites a 1’échelle des processus, que ce
soit par des expérimentations en mésocosmes ou par des mesures de terrain, ont été intégrées
dans une vision couvrant I’ensemble du réseau trophique, ce qui permet d’appréhender 1’effet

des observations a petite échelle sur le fonctionnement d’ensemble de 1’écosystéme.

Aspects méthodologiques

L’étude méthodologique réalisée sur la modélisation inverse a optimisé la méthode. La
méthode d’échantillonnage aléatoire congue par Van den Meersche (2009), a apporté des
solutions aux défauts de la méthode originale de la modélisation inverse de Vézina et Platt
(1988). De maniere intuitive, la moyenne de 1’ensemble des solutions était choisie lorsqu’une
seule solution était nécessaire, comme par exemple pour le calcul de certains indices ENA.
Cette utilisation de la moyenne ne reposait sur aucun fondement écologique, ainsi nous nous
sommes demandés si des critéres basés sur des théories de maturité des écosystémes ne
seraient pas mieux adaptés a la reconstruction des réseaux trophiques. L’analyse
méthodologique réalisée par dégradation/reconstruction d’un jeu de données trés complet a
donné des eléments de réponse. Les résultats ont confirmé les lacunes de I’estimation par la
méthode déterministe basée sur le critere de choix du moindre carré des flux, lacunes déja
soulevées dans des études précédentes (e.g. Niquil et al., 1998; Donali et al., 1999; Vézina
and Pahlow, 2003; Johnson et al., 2009). Lorsque 1’échantillonnage aléatoire de 1’espace des
solutions selon la méthode des miroirs décrite par Van den Meersche (2009) est utilisé, nous
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démontrons dans le chapitre 3 que ¢’est la moyenne qui apparait comme la meilleure fonction
pour choisir une seule valeur pour chaque flux. La fonction « moyenne des flux » est la
fonction qui estime au mieux les valeurs des flux quel que soit le niveau d’information. De
plus elle impacte le moins les valeurs des indices ENA, caractérisant le fonctionnement des
réseaux trophiques ainsi reconstruits. Les fonctions écologiques (i.c. 1’Ascendence, les
Overheads, le FCI, le SOI, le TST, 1I’Ascendence relative et AMI) basées sur les théories de
maturité des écosystémes, sont moins performantes que la moyenne. En effet, ’erreur sur
I’estimation de la valeur des flux est plus importante et elle est fortement dépendante de la
quantit¢ d’informations intégrées au modele. Grace a cette étude il a été montré que la
solution basée sur la moyenne est robuste face a la quantité d’information entrée dans le
modele. Ces résultats vont avoir une large répercussion sur les utilisateurs de la modélisation
inverse puisque la preuve que la moyenne est la meilleure fonction pour reconstruire les
réseaux trophiques a été apportée. Les travaux réalisés au cours de cette thése m’ont permis
de mettre en avant d’autre questionnements méthodologiques sur la modélisation inverse,
notamment sur 1’influence du type et de la nature de I’information intégrée au modé¢le. Par
type d’information, il faut comprendre I’origine des données : données issues de la littérature,
données expérimentales ou mesures de terrain. La nature de I’information caractérise le type
de processus considéré. Dans un réseau trophique, différents processus peuvent étre

considérés : la respiration, la consommation, 1’égestion, 1’excrétion, les imports et les exports.

1. Développer les contraintes pour réduire I’incertitude de 1’estimation des flux

Le développement méthodologique récent apporté a la modélisation inverse (Van den
Meersche et al., 2009) apporte de nombreux avantages a la reconstruction des réseaux.
L’¢chantillonnage aléatoire de 1’ensemble de 1’espace des solutions permet d’obtenir une
distribution de probabilité pour chacun des flux (van Oevelen et al., 2010). Le principal
avantage a cela est d’obtenir un étalement des valeurs possibles et donc une estimation de
I’incertitude associée a la valeur estimée pour chaque flux, ce qui n’était pas possible avec la
méthode déterministe d’origine (Vézina and Platt, 1988). De plus, I’incertitude de 1’estimation
peut étre appréhendée par 1’étalement des valeurs de flux obtenues. Un mod¢ele fortement
contraint presentera un petit espace de solutions et donc un faible étalement des valeurs. Si les

connaissances le permettent, il est préférable de favoriser les espaces de solutions fortement
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contraints afin d’obtenir une incertitude faible sur les valeurs estimées, ce qui donne plus de
pertinence au réseau trophique ainsi reconstruit. L’intervalle des contraintes biologiques (i.e.
limites minimale et maximale) a donc un impact direct sur I’incertitude des résultats mais on
peut également noter un impact indirect sur les valeurs estimées comme solution unique. En
effet, la solution choisie comme la meilleure estimation pour chaque flux est basée sur le
calcul de la moyenne de I’ensemble des solutions obtenues pour décrire I’espace de solutions
(conclusion du chapitre 3). La moyenne sera alors dépendante des bornes minimales et
maximales imposées au modéle (comme vu dans le chapitre 4), c’est-a-dire des données qui
forment I’espace des solutions. Ceci souligne et accentue le constat de I’importance des
contraintes biologiques (i.e. le jeu d’inéquations) dans le modele déja argumenté dans de
précédentes études (Niquil et al., 1998). Ainsi, un espace bien contraint, obtenu par un
ensemble de bornes minimales et maximales sur chaque flux, et traduisant au mieux
I’ensemble de I’information disponible dans la littérature, méne a une estimation de la valeur
des flux présentant une plus faible incertitude. Le but du modélisateur est de bien délimiter
son espace de solutions puisque toute la qualité de son travail repose sur cet espace. Ainsi, au
cours de la thése j’ai développé le jeu de contraintes biologiques couramment utilisées afin
que chaque processus (e.g. respiration, égestion...) soit limité par des bornes inférieures et
supérieures. J’ai essayé autant que possible de considérer des valeurs de processus estimées a
partir des relations allométriques faisant intervenir la taille individuelle moyenne, la biomasse,
la température, ainsi que des taux physiologiques associant plusieurs flux entre eux, comme
par exemple ’efficacité d’assimilation qui associe 1’égestion a x% de la consommation. Par
I’é¢tude méthodologique réalisée chapitre 3 le jeu d’inéquations intégré au modele a été tres
développé de maniére a ce que tous les flux du réseau trophique soient contraints. Or, les
articles précédents concentraient généralement les contraintes sur les flux inconnus. La liste
des contraintes ainsi définie pourra étre utilisée dans les futures études de modeéles couplés
benthos-pélagos.Ce travail sur une détermination précise et réaliste de 1’espace des solutions
peut-étre amélioré par une attention particuliere au type de données (i.e. littérature,

expériences, mesures terrain) entré dans le modéle.
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2. Developper le couplage observation-expérimentation-modélisation

A T’heure actuelle les modélisateurs s’appuient sur des données issues de la littérature pour
définir leurs contraintes biologiques. Ces valeurs correspondent dans la majorité des cas a des
connaissances trés généralistes sur un groupe trophique. Par exemple, une méme gamme
d’efficacité d’assimilation est considérée pour 1’ensemble de la macrofaune (van Oevelen et
al., 2006b). Parfois, cette gamme peut étre réduite a un groupe taxonomique et a mode de
nutrition, par exemple ’efficacité d’assimilation d’un annélide suspensivore ou déposivore ne
sera pas la méme (Gontikaki et al., 2011). La question se pose de savoir si des contraintes
biologiques aussi peu spécifiques sont suffisantes pour contraindre un modéle et surtout
rendre compte de la réalité trophique de chaque compartiment de 1’écosysteéme considéré. Une
amélioration envisageable serait le couplage de manipulations ex situ (i.e. ‘au laboratoire’) et
in situ afin d’obtenir des contraintes biologiques spécifiques au milieu considéré. Les
conditions abiotiques, comme la température, la lumiére, etc. régissent le fonctionnement d’un
écosysteme. La premiere étape est donc de connaitre les fluctuations abiotiques auxquelles est
soumis un écosysteme, afin de pouvoir les appliquer aux expérimentations en laboratoire.
L’avantage de ces expériences est qu’elles sont réalisées en milieu contrdlé, ainsi les effets de
différents facteurs abiotiques sur un processus spécifique peuvent étre testés, soit séparément,
dans un premier temps, soit ensemble. Prenons un exemple concernant la vasiére de Brouage.
L’hydrobie est connue pour étre une espéce dominante, en particulier en milieu de vasiére
(Orvain et al., 2007). Elle est donc un compartiment essentiel du réseau trophique, par lequel
transite une quantité de carbone importante. La consommation par cette espéce est influencée
par son besoin métabolique et donc les pertes métaboliques de carbone associées (respiration).
Il pourrait étre envisageable de prélever des hydrobies in situ (afin de bien considérer la
réalité de la communauté), de les placer dans un mésocosme tidal afin de mesurer leur
respiration en fonction de la température et du cycle tidal (émersion/immersion). Finalement,
une fois la méthodologie mise au point et le métabolisme des hydrobies compris, des mesures
in situ peuvent confirmer les observations ex situ. Grace a ce couplage, un intervalle de
valeurs speécifiques a cette espéce pour la vasiére de Brouage peut étre obtenu. Ce couplage a
déja fait ses preuves pour la détermination de la bactérivorie de la méiofaune et d’Hydrobia
ulvae, réalisée par Pierre-Yves Pascal lors de sa these (Pascal, 2008; Pascal et al., 2008a;
Pascal et al., 2008b; Pascal et al., 2008c; Pascal et al., 2009). Si ce couplage ne peut pas étre

réalisé pour tous les compartiments d’un réseau trophique, il apparait essentiel pour les
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espéces dominantes de 1’écosystéme considéré ou celles ayant un réle important dans le
réseau trophique (figure VI-1). La particularité de 1’échelle propre a cette thése, pour les
modeles du réseau trophique de la vasiére de Brouage, a mis en avant des lacunes sur les
connaissances des processus benthiques lors de I’immersion. La respiration du
microphytobenthos est—elle plus forte lors de I’immersion? La consommation de la
macrofaune est-elle constante tout au long du cycle tidal ? La respiration bactérienne est-elle
influencée par I’immersion ? Ce manque d’information nous oblige a considérer, par défaut,
des contraintes biologiques semblables a celles utilisées pour les modéles de basse mer (en
émersion). Dans ce cas précis, le couplage expériences/mesures terrain serait indispensable,

afin d’affiner les contraintes biologiques.

3. Caractériser ’effet de la nature des flux considérés dans un modele :

vers la réalisation d’un guide des flux prioritaires a estimer in situ.

Un modele de réseau trophique est construit de maniére a obtenir une vision globale de
I’écosystéme considéré afin de répondre a une problématique précise. Par exemple, dans cette
thése le réseau trophique a pleine mer a été construit afin de déterminer I’impact de la remise
en suspension sur le fonctionnement du couplage benthos-pelagos. La problématique est
définie en amont afin de construire un modéle adapté. Elle peut étre définie en 1’absence de
modélisateur mais les étapes suivantes du processus de modélisation doivent étre réalisées en
étroite collaboration avec lui pour deux raisons. Premiérement, les mesures terrain ou les
expérimentations réalisées ex situ doivent étre adaptées aux besoins du modélisateur pour
répondre a la problématique donnée. Deuxiemement, il est toujours plus facile d’intégrer des
données a un modele quand les expériences et les mesures réalisées sont bien appréhendées,
notamment quand les biais ou les faiblesses potentiels des données sont connues en amont.
Les besoins du modélisateur sont liés a I’obtention d’un espace de solutions suffisamment

contraint pour une estimation des flux manquants de faible incertitude.

Lors de I’étude méthodologique qui s’est concentrée sur le choix de la meilleure fonction, des
variations de la qualité de 1’estimation par la modélisation inverse ont été observées selon la
quantité mais aussi selon la nature de 1’information intégrées au modele. Ainsi la nature du

flux (e.g. respiration, égestion, import, etc.) est susceptible d’avoir un impact sur la qualité
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d’estimation des flux manquants du réseau trophique. Un travail complémentaire, envisagé
apres cette these, consiste a utiliser le jeu de données complet décrivant la baie de Sylt- Remg
en Allemagne (Baird et al., 2004a, 2007) afin de mener une étude complémentaire sur cette
problématique. La méme méthode de dégradation/estimation est utilisée afin de tester I’effet
de la nature du flux retiré et de répondre a la question : Quels sont les flux absolument
nécessaires a la bonne estimation des flux manquants par la modélisation inverse ? Le but
serait de créer un guide des mesures indispensables a réaliser sur le terrain ou en
expérimentations en conditions controlées, dans I’optique de construire un modele de réseau
trophique. Ceci permettrait aux expérimentateurs de concentrer leurs efforts sur les flux ayant
le plus fort impact sur I’estimation des flux manquants. Les flux considérés comme
‘accessoires’ pourront alors seulement étre considérés dans un deuxiéme temps, via des
mesures/expérimentations, ou tout simplement laissés de coté s’ils sont vraiment négligeables

et contraints par les données de la littérature (figure VI-1).
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Probléeme posé

l Quels flux sont
indispensables a une
Modélisation inverse: bonneestimation par|e
échantillonnage aléatoire deI’espace modélisation inverse?
\I, des solutions

Unevaleur par flux
=la moyenne

Importancedes contraintes
pourréduirel’incertitude

\ / Flux peuimportants

Contraintes plus adaptées ?

Flux importants

Insitu Invitro .
Confirmation des | «—5 | Compréhension Donnees dela
expériences in des processusen littérature

vitro? milieu controlé?

|
Contraintes adaptées a
1’écosystéme considéré

Figure VI-1: Schéma conceptuel de synthése d’un processus de construction d’un réseau
trophique. Le modéle, soumis a la modélisation inverse, doit s’adapter a un probleme. En
sortie de modélisation inverse, si I’on souhaite une seule solution, c’est la moyenne qui doit
étre choisie. Une estimation de qualité nécessite des contraintes adaptées a 1’écosystéme
considéré, mais comment les obtenir ? Le couplage d’expérimentations en laboratoire et de
mesures in situ apparait comme la meilleure solution. Ce travail ne peut pas étre fait sur tous
les flux du réseau trophique. Il est donc nécessaire de déterminer les flux indispensables & une
bonne estimation. Pour les flux importants des efforts seront déployés, pour les flux non
importants des donneées issues de la littérature seront suffisantes.
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Modélisation de la vasiere de Brouage

Au cours de cette thése quatre modeles de réseaux trophiques ont été realisés : deux qui
considerent une basse mer a deux saisons distinctes (été-hiver), et deux qui intégrent une
pleine mer estivale selon deux situations hydrologiques différentes (avec ou sans remise en
suspension). Les différents modéles de réseaux trophiques réalisés dans cette these ont pour
originalité d’utiliser une échelle de temps différente des modéles statiques trouves dans la
littérature (Savenkoff et al., 2004; Richardson et al., 2006; Marquis et al., 2007; Grami et al.,
2008; Tortajada et al., 2012) et notamment de ceux réalisés précédemment sur le vasiere de
Brouage (Leguerrier et al., 2003; Leguerrier et al., 2004; Degré et al., 2006; Leguerrier et al.,
2007). Les premiers modeles de la vasiére de Brouage considéraient une année moyenne
(Leguerrier et al., 2003; Leguerrier et al., 2004), puis des modéles mensuels saisonniers ont vu
le jour (Degré et al., 2006; Leguerrier et al., 2007). Les modéles de cette thése se placent a
une échelle beaucoup plus fine, puisque deux périodes de basse mer et de pleine mer ont été
considérées. Ces modeéles ont mis en exergue des propriétés de fonctionnement du réseau
trophique de la vasiere de Brouage spécifiques a la basse mer ou a la pleine mer, et qui ne

sont pas visibles lorsque 1’on se place a une échelle temporelle plus grande.

1. Echelle considérée

Les modeles de cette these se basent sur les données récoltées lors de I’ANR VASIREMI qui
avait pour objectif de répondre a certains questionnements soulevés par les précédents
modeéles de la vasiére de Brouage (Leguerrier et al., 2004; Degré et al., 2006): la
quantification de ’export de matiére par les poissons, la remise en suspension du biofilm
microbien et les flux liés a la méiofaune. Le jeu de données intégré a mes modeles est donc
plus complet que pour les précédents méme si quelques lacunes persistent. Comme décrit ci-
dessus, la principale différence entre 1’ensemble de ces modéeles est 1’échelle temporelle
considérée.. Un effet de cette échelle doit étre envisage pour expliquer les différences de
propriétés ecologiques observées. Les habitats intertidaux sont soumis a de fortes contraintes
biologiques et physiques au cours du cycle tidal (Raffaelli and Hawkins, 1996; Herman et al.,
2001b) entrainant de grandes variations journalieres retrouvees tout au long de I’année
(Morris and Taylor, 1983). Au niveau des vasieres intertidales et plus particuliérement de la
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vasiere de Brouage, la basse mer est caractérisée par une forte production primaire du
microphytobenthos (Blanchard et al., 1997; Guarini et al., 2000b; Blanchard, 2006). Elle
s’intégre au réseau trophique benthique par broutage direct par la méiofaune (Rzeznik-
Orignac and Fichet, 2012) et par les déposivores, notamment Hydrobia ulvae (Haubois et al.,
2005a). A pleine mer, la production microphytobenthique est inhibée (Blanchard, 2006) ce
qui engendre des changements au sein de la communauté benthique. On peut donc s’attendre
a des propriétés du réseau trophique benthique variables entre la basse mer et la pleine mer.
Le fait de se placer a une échelle supérieure a la marée comme dans les modeles précédents,
ne permet pas d’appréhender les variations liées au cycle tidal journalier. Dans un objectif de
compréhension fine du fonctionnement d’une vasiére intertidale soumise a un cycle
émersion/immersion, il parait essentiel de considérer les contraintes imposées par le rythme
des marées a une échelle adaptée a celui-ci. Les modéles (comme ceux de cette thése) doivent
donc se placer a 1’échelle d’une marée ce qui implique non seulement une connaissance
précise des processus a basse mer (production, broutage, etc.) et a pleine mer (remise en
suspension, sédimentation, broutage par les poissons, etc.) mais aussi des études plus

poussées de 1’effet de I’immersion sur le réseau trophique benthique.

2. Réseau trophique benthique a basse mer

Les réseaux trophiques intégrant une basse mer considérent deux saisons : 1’été et I’hiver,
dont ce dernier est caractérisé par la présence d’oiseaux migrateurs. La comparaison des
réseaux trophiques estival et hivernal de basse mer (chapitre 4) a mis en avant une différence
de fonctionnement qui réside principalement dans le fait que I’activité globale du systéme et
le recyclage sont plus forts en hiver. Les propriétés d’organisation et de spécialisation
(Ascendence relative interne, AMI, etc.) des flux trophiques restent les mémes quelle que soit
la saison considérée. L’association de cette forte production et de ce fort recyclage a une
organisation et une spécialisation indépendantes de la saison permet de subvenir aux besoins

nutritionnels des oiseaux limicoles migrateurs.

Le réseau trophique hivernal, centré sur les oiseaux, avait pour but de déterminer les
propriétés de structure et de fonctionnement permettant au réseau trophique de subvenir aux

besoins des oiseaux. Ce modéle a intégré de nouvelles connaissances sur les oiseaux,
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notamment au niveau de leur régime alimentaire, du temps consacré a leur alimentation et de
I’abondance des oiseaux faisant une halte migratoire dans la Baie de Marennes-Oléron.
Cependant, une inconnue demeure : la distribution des oiseaux sur la vasiere. Afin de
construire le modeéle hivernal de basse mer, des hypotheses ont di étre posées quant a la
distribution des oiseaux sur la vasiére puisque leur distribution est encore inconnue. Des
densités minimales et maximales ont été determinées afin de contraindre les flux de
consommation calculés a partir d’équations métaboliques impliquant le nombre d’individus
(Scheiffarth and Nehls, 1997). En effet, si des comptages d’oiseaux existent, il est difficile
d’en tirer des informations sur les flux pour une zone donnée de la vasiere puisque la
distribution des oiseaux est dépendante de la distribution des proies (Bocher et al., 2007) mais
elle est également contr6lée par la compétition intra-spécifique entre les individus
(Sutherland, 1983; Triplet et al., 1999). Une densité d’individus trop importante va générer
des interférences entravant leur prédation et diminuant ainsi leur efficacité d’ingestion
(Sutherland, 1983). La distribution des oiseaux est une information pourtant essentielle pour
construire un réseau trophique impliquant des oiseaux, puis que la densité des individus par
unité de surface détermine la prédation par unité de surface. Une des solutions possible pour
estimer la distribution des oiseaux sur la vasiére de Brouage est 1’utilisation de survols
aériens. Les photos aériennes prises lors du survol sont ensuite traitées et analysées afin de
déterminer la répartition des oiseaux par hectare. Cette technique ayant déja fait ses preuves
pour le suivi des mammiféres marins ou pour estimer la fréquentation des plages par les
touristes en été (programme QualiPlage), elle pourrait étre transposée aux oiseaux. La
connaissance de la répartition des individus sur la vasiere permettrait alors d’affiner les

contraintes du modele et d’obtenir une incertitude moins importante sur les résultats.

Les différences de structure et de fonctionnement observées entre les réseaux trophiques
benthiques en été et en hiver sont principalement dues a une différence de production
primaire. En effet, la production du microphytobenthos est plus forte en hiver. Cependant, elle
est intégrée au réseau trophique benthique avec une plus faible efficacité qu’en été (67%
contre 82%). La production primaire en été, du fait de la forte demande en carbone de la
macrofaune, est efficacement transmise aux niveaux trophiques supérieurs, ce qui aboutit a
une efficacité trophique moyenne supérieure. En hiver, une forte part de cette production est
exportée (35%) vers la pleine mer suivante. Cet export ne représente que 17% de la
production primaire en période estivale. L’hypothése d’une remise en suspension plus
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fréquente en hiver est raisonnablement envisageable. La remise en suspension du
microphytobenthos est liée a la remise en suspension des sédiments (Lucas et al., 2000).
L’érosion des sédiments est contrdlée par des facteurs physiques (Le Hir et al., 2000) et
biologiques (Orvain et al., 2003b; Orvain et al., 2004; Orvain et al., 2006). Tout d’abord,
I’érosion des sédiments dépend du frottement sur le fond induit par les courants de maree
et/ou les courants de vagues (Le Hir et al., 2000) et du coefficient de rugosité du sédiment. La
rugosité du sédiment est influencée par des facteurs biologiques tel que la densité du biofilm
microalgal qui augmente la cohésion du sédiment (Underwood and Paterson, 2003; Orvain et
al., 2004) et qui modifie ainsi les propriétés d’érosion du sédiment. De plus, 1’activité de la
macrofaune benthique favorise la remise en suspension du microphytobenthos via la
bioturbation (Orvain et al., 2003b; Orvain et al., 2007). L’enrichissement de la colonne d’eau
en diatomées benthiques par une remise en suspension en hiver est conforté par deux
observations. Premierement, la communauté de diatomées planctoniques de la baie de
Marennes-Oléron présente une forte proportion de diatomées pennées caractéristiques du
benthos en hiver (Guarini et al., 2004). D’autre part, I’apparition des diatomées benthiques
dans le compartiment pélagique est corrélée a une augmentation de la turbidité. Au contraire,
la communauté phytoplanctonique est caractérisée par les diatomées centrique (spécifique du
pélagos) et des dinoflagellés durant I’été. Ceci témoigne d’une remise en suspension plus
limitée durant cette période (Guarini et al., 2004). Ainsi, en hiver, la vasiére de Brouage
produit une grande quantité de carbone a basse mer dont une grande partie est exportée a
pleine mer par remise en suspension dans la colonne d’eau. Elle enrichie ainsi la communauté
planctonique peu productive en cette saison (Struski and Bacher, 2006). Les observations
faites a partir des modeéles a basse mer pour les deux saisons (été-hiver) semblent alors étre en
adéquation avec les observations faites sur les communautés de diatomées planctoniques

faites dans la baie de Marennes-Oléron.

3. Réseau trophique benthique a pleine mer

Le réseau trophique de la vasieére de Brouage a pleine mer n’a pu étre considéré que pendant
la période estivale. Lorsque le réseau trophique benthique de la vasiére de Brouage est
considéré a pleine mer, il présente des caractéristiques différentes avec notamment un

développement important de la bactérivorie par la méiofaune et la macrofaune. D’aprés la
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modélisation, les bactéries benthiques constituent 40% de la consommation des foraminifeéres,
10 a 40% de la consommation des nématodes, et 70 a 80% de la consommation des hydrobies.
Ainsi, environ 35% de la production bactérienne est transférée vers les niveaux trophiques
supérieurs. En été, une faible quantit¢ de carbone issue de la production du
microphytobenthos est importée a pleine mer (voir ci-avant). De plus la biomasse algale est
faible, du fait de la forte pression de broutage exercée a la basse mer précédente (Cariou-Le
Gall and Blanchard, 1995). Néanmoins, la production bactérienne est stimulée et forte a
pleine mer. Or les bactéries constituent une ressource trophique alternative a la méiofaune et
au déposivores (principalement Hydrobia ulvae) lorsque la biomasse algale est faible (Pascal
et al., 2008b; Pascal et al., 2008c; Pascal et al., 2008d). Un réseau trophique ou la bactérivorie
représente 35% de la production bactérienne et ou les bactéries peuvent participer jusqu’a

80% a la consommation de la macrofaune et méiofaune est-il réaliste ?

Les précédentes études réalisées sur la bactérivorie de ces groupes montrent un faible transfert
du carbone bactérien vers les niveaux trophiques supérieurs (van Oevelen et al., 2006a; Pascal
et al., 2009). La part de la production bactérienne ingérée par les organismes benthiques varie
selon les études de 3 & 6% (Pascal et al., 2009) et jusqu’a 27% (van Oevelen et al., 2006a)
pour des vasiéres intertidales. En général, les bactéries ne représentent qu’une faible part de la
demande en carbone des organismes benthiques puisqu’ils se nourrissent préférentiellement
sur le microphytobenthos (Sundbéck et al., 1996; Pascal, 2008). Les bactéries contribuent de
10% (Sundback et al., 1996) a 18% (van Oevelen et al., 2006a) a la consommation de la
macrofaune benthique. Toutes ces études ont été menées sur des habitats intertidaux. Si un
autre habitat tel qu'un ruisseau est considéré, les bactéries participent a plus de 20% a la
consommation des invertébrés (Hall and Meyer, 1998). Ainsi, dans les systemes ou
’assimilation directe de détritus n’est pas possible, les bactéries sont consommées de fagon
plus importante que lorsque d’autres ressources sont disponibles. Van Oevelen et al. (2006a)
en ont conclu que dans les sédiments intertidaux ou les phyto-détritus, les microalgues et les
bactéries sont directement assimilables, la macrofaune se nourrit préférentiellement sur les
phyto-détritus et les microalgues. En été, sur la vasiere de Brouage, il a été estimé par analyse
isotopique, que les détritus benthiques contribuent au maximum a 11% de la consommation
des déposivores. On peut ainsi supposer que les déposivores, de par la faible biomasse algale
et la faible contribution des phyto-détritus, consomment préférentiellement les bactéries car
elles sont alors leur seule ressource alternative. Afin de vérifier notre hypothése, il serait
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intéressant de mesurer le niveau de la bactérivorie en hiver, sachant que les microalgues sont
plus abondantes a pleine mer et que les détritus benthiques contribuent jusqu’a 31% a la

demande en carbone des déposivores (Richard, comm. pers.).

Suite a cette thése, ou seul un modele de pleine mer estival a été réalise, il est prévu de
travailler sur un modéle de pleine mer d’hiver. Ceci permettra de vérifier ’hypothése posée
ci-dessus et de déterminer si le couplage benthos-pelagos présente les mémes caractéristiques

en été et en hiver.

4. Remise en suspension et sédimentation

Deux réseaux trophiques a pleine mer ont été considérés, 1’un integre la remise en suspension
du biofilm et ’autre considére la sédimentation des particules pélagiques. Le but de cette
opposition entre les deux réseaux trophiques était de vérifier I’hypothése selon laquelle la
remise en suspension du biofilm pourrait avoir un effet stabilisateur sur le réseau couplé
benthos-pelagos. Contrairement a 1’hypothése de départ, la remise en suspension des micro-
organismes dans la colonne d’eau n’a pas un effet stabilisateur (chapitre 4). Cependant, et
malgré 1’observation de marqueurs d’un pulse d’eutrophisation (Patricio et al., 2004), ¢’est-a-
dire une forte activité du systeme couplée a une faible organisation des voies trophiques, ce
couplage benthos-pelagos présente les caractéristique d’un réseau mature (i.e. avec une forte
valeur d’Ascendence interne relative) (Baird et al., 1991). Ceci suggére que le systeme est
adapté a cette perturbation physique réguliére d’origine naturelle. Cependant, la grande
différence entre le recyclage et 1’Ascendance relative interne indique un stress important
(Baird et al., 1991). Le systeme soumis a la sédimentation, phénoméne lui-aussi naturel,
présente les caractéristiques d’un systéme stable : une forte maturité (Baird et al., 1991), un
équilibre entre une partie efficace (Ascendence) et une partie inefficace (OverHeads) du
réseau (Ulanowicz, 2009). Cette derniere propriété lui conféere une flexibilité face a de
nouvelles perturbations et donc une bonne résistance. La caractérisation de deux réseaux
trophiques couplés benthos-pélagos et ‘opposés’, I’un caractérisé par la remise en suspension
et ’autre par la sédimentation, nous a permis d’illustrer la théorie de Levin (1999) sur la
modularité. Cette théorie suppose qu’une structure stabilisante associe des systemes fortement

connectés en leur sein mais faiblement connecté entre eux. Une telle structure est observée
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dans le cas du modele sans remise en suspension, ou benthos et pélagos sont couplés par la
sédimentation. L’utilisation des indices ENA dans cette étude est originale de par 1’échelle
considérée. En effet, les indices ENA et les interprétations qui leurs sont associées en termes
de stabilit¢ s’appliquent de maniére genérale a des écosystemes considérant une année
moyenne (e.g. Baird et al., 1998; Christian et al., 2005; Baird et al., 2007). Comme décrit
précédemment, nos modéles se placent a une échelle de temps beaucoup plus courte (basse et
pleine mers moyennes). La considération d’une année moyenne correspond finalement a une
succession de basses mers et de pleines mers intégrées et considérées comme un tout.
Cependant, la succession de pleines mers doit étre considérée avec et sans remise en
suspension plus ou moins réguliére en fonction des saisons. Pour compléter le présent travail,
la question essenticlle du changement d’échelle temporelle doit étre approfondie : Quelles
sont les conséquences du passage a une année moyenne sur l’interprétation des propriétés

émergeantes de 1’écosystéme en termes de stabilité ?

D’autres perspectives sont a envisager. Premiérement, ces résultats concernent la période
estivale. Comme mentionné précédemment, les modeles sur la période hivernale devront étre
réalisés afin de vérifier les hypotheses émises a partir des modéles estivaux . Il a déja été
montré que le réseau trophique benthique en été et en hiver ne présentent pas les mémes
caractéristiques. Est-ce que les caractéristiques du réseau trophique hivernal vont modifier les
conclusions sur I’effet de la remise en suspension trouvées pour le couplage benthos-pelagos
en eté ? D’autre part, les processus de sédimentation et de remise en suspension ont été
étudiés a I’échelle d’une pleine mer. Quelles seraient les conclusions si on se place a 1’échelle
d’un mois, d’une saison ou d’une année ? La remise en suspension est un phénoméne a
considérer lorsque le couplage benthos-pelagos des zones peu profondes est étudié. Le
changement de I’intensité ou de la fréquence de ces événements devrait étre étudié avec plus
d’attention (Porter et al., 2010). Dans la continuité de cette these, une étude de la fréquence de
remise en suspension sur la vasiere de Brouage est envisagée. Un suivi a long terme de la
remise en suspension (sur les 20 derniéres années) nécessite la connaissance des courants de
vagues et de marée sur la période d’intérét. Cette étude ne peut s’effectuer que dans le cadre
d’un projet transdisciplinaire entre des hydrodynamiciens et des écologues. Par le couplage
des résultats de modélisation des courants de vagues et de maree, les vitesses de frottement
sur le fond, la fréquence de remise en suspension du biofilm microbien sur cette période sera
obtenue (travail initié par Camille Geimer, stagiaire de M1, collaboration avec Xavier Bertin).
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Grace a la modélisation des forcages physiques, des schémas temporels (variation
interannuelle, intra-annuelle, cyclique) de la remise en suspension pourront étre dégages.
L’analyse de la fréquence de remise en suspension du biofilm dans la colonne d’eau permettra
d’estimer un flux net de remise en suspension sur une période donnée. Prenons un exemple,
considérons une période de temps de 15 jours. Si sur ces 15 jours, il n’y a qu’un événement de
remise en suspension, le flux net de remise en suspension sera trés faible voire négatif, car la
sédimentation sera plus importante. Au contraire, si, sur cette méme période, une dizaine
d’événements de remise en suspension a lieu, le flux net de remise en suspension sera
largement positif. Ces deux cas de figure n’auront pas les mémes conséquences sur la stabilité
du méta-écosystéme, basée en partie sur le couplage benthos-pelagos, puisque I’intensité des
liens entre benthos et pelagos sera différente.

5. Propriétés de stabilité des réseaux trophiques de pleine mer : role du couplage

benthos-pélagos

La stabilité des écosystemes reste une notion tres complexe et difficile a appréhender. Ceci
réside principalement dans le fait que les écosystémes sont uniques et donc les conclusions
pour 1’un sont difficilement transposables a un autre ; d’ou la difficulté ressentie en rédigeant
la synthése bibliographique (chapitre 2), de tirer des régles générales d’une littérature aux
conclusions contradictoires, du fait de la spécificité de chaque écosystéeme. Par exemple, deux
écosystemes présentant le méme niveau de diversité, n’ont pas nécessairement la méme
stabilité du fait d’une ‘connectance’ et/ou de forces d’interactions différentes. Cependant,
certaines théories, méme si les mots employés sont différents, menent aux mémes
conclusions. Une notion, retrouvée dans de nombreuses théories, est la flexibilité ou
’adaptabilité de 1I’écosystéme. Ceci se traduit par une structure alliant liens faibles-liens forts
(McCann et al., 1998), ou présentant une asymétrie de structure (Rooney et al., 2006), par un
écosystéme ou I’omnivorie est importante (Fagan, 1997; McCann and Hastings, 1997), ou
encore par un systéme présentant un équilibre entre une partie organisée et efficace et une
partie non-organisée et peu efficace (Ascendence relative intermédiaire Ulanowicz, 2003,
2009). Par exemple, une spécialisation extréme des voies trophiques méne 1’écosystéme a
changer d’état en cas de fortes perturbations (Ulanowicz, 2009). Toutes ces théories

s’accordent sur le fait que la structure d’un écosysteme, en termes d’organisation et de
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fonctionnement, ne doit pas étre poussée vers des extrémes. L’écosystéme doit trouver un
équilibre en associant deux parameétres opposé€s. Reprenons I’exemple de ’organisation du
systeme : la partie organisée (Ascendence) doit étre en équilibre avec la partie non (encore)
organisée (les overheads) afin d’assurer la stabilité de 1’écosystéme. Cette structuration non
homogene, asymétrique de 1’écosystéme peut étre trouvée a une échelle plus grande,
notamment au niveau saisonnier, comme par exemple dans I’écosystéme de la Gironde (Lobry
et al., 2008). L’intégration des connaissances a petite échelle temporelle sur une échelle de
temps supeérieure ou égale a la saison permettrait-elle de mettre en évidence une asymétrie

saisonniere sur la vasiére de Brouage ?

Comme vu dans la section 4, les simulations des courants de vagues et de marées sur les 20
dernieres années permettront de définir la fréquence de remise en suspension des micro-
organismes dans la colonne d’eau. Au vu de I’étude sur la contribution des diatomées
benthiques a la communautés de diatomées pélagiques menées dans la baie de Marennes-
Oléron (Guarini et al., 2004), une fréquence supérieure de remise en suspension du biofilm est
attendue en hiver. L’hypothése d’un schéma saisonnier est raisonnablement envisageable
(figure VI-2): I’hiver serait caractérisé par un flux net de remise en suspension afin
d’alimenter le pelagos, qui est alors faiblement productif (du fait de la forte turbidité de 1’eau
et des faibles températures). Au contraire, I’été serait caractérisé par un flux net de
sédimentation soutenant le réseau trophique benthique faiblement productif (du fait de la

thermo-/-photoinhibition et de la forte pression de broutage).
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Structure stabilisante de la vasiéere intertidale?

Figure VI-2: Schéma bilan. Hypothése d’une saisonnalité de la remise en suspension

apportant de la stabilité a I’écosystéme vasiére intertidale.

La modélisation du réseau trophique intégrant les données hydrodynamiques pourrait ainsi
étre affinée pour chaque saison. Ceci permettrait de mieux comprendre et d’analyser les
conséquences sur le couplage benthos-pelagos (comme réalisé ici a petite échelle temporelle)
et sur le fonctionnement saisonnier de la baie de Marennes-Oléron. Pour finir, la réalisation
d’un réseau trophique couplé benthos-pelagos et été-hiver permettrait de vérifier I’hypothése
(soulevée ci-dessus) de la stabilité de 1’écosystéme assurée par une asymétrie saisonniére.
L’intégration de la saisonnalité de I’écosystéme dans un modele de réseau trophique n’est pas
évidente. Une méthodologie avait été mise en place par Degré et al., (2006) mais cette
méthode s’appliquait seulement a la méthode déterministe d’origine de 1’analyse inverse
(Vézina and Platt, 1988). L’intégration de la saisonnalit¢ en utilisant la technique de la
modélisation inverse par échantillonnage aléatoire (MCMC-LIM, Van den Meersche et al.,
2009) sera probablement trés lourde et trés gourmande en temps de calcul. Afin d’obtenir une
méthode plus performante des ajustements de 1’algorithme de calcul seront certainement

nécessaires.
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Conclusion

Les modeles de cette thése se sont appuyés sur des données issues de I’ANR VASIREMI qui
présentait plusieurs originalités. Ce projet de grande envergure a eu la volonté d’étudier
simultanément le benthos et le pélagos ainsi que I’ensemble des organismes occupant la
vasiere intertidale de Brouage, des virus aux oiseaux en passant par la meiofaune, la
macrofaune, les poissons et bien sdr le biofilm microbien (bactéries, archees et
microphytobenthos). Une autre originalité réside dans le couplage d’observation in situ et
d’expérimentations en mésocomes et en laboratoire. Par exemple, les traces laissées par les
poissons ont été suivies en mésocosmes afin de déterminer 1’aire moyenne broutée par un
individu, puis les observations des traces sur le terrain ont permis d’estimer la fréquentation
des poissons sur la vasiere a partir des résultats obtenus en meésocosmes. La détermination du
flux d’érosion par les expériences d’érodimétrie réalisées a partir d’une carotte de sédiment
prélevée sur le terrain constitue, elle-aussi, une innovation et une originalité de ce programme

de recherche.

Les modeles de cette thése créés a partir des données VASIREMI sont eux aussi originaux de
par les échelles de temps (une basse mer, une pleine mer) et d’espace (un meétre carré moyen
en milieu de vasiére) considérées. C’est la premiére fois qu’un modéle statique de réseau
trophique est réalisé a de si petites échelles spatiales et temporelles. La considération d’une
échelle si fine a demandé d’ajuster de nombreuses étapes de la méthode inverse et une
réflexion importante sur les liaisons entre basse mer et pleine mer. La construction de ces
modéles a également fait suite a une optimisation de 1’approche numérique par un travail
méthodologique approfondi. En effet, a partir du jeu de données tres riche de la baie de Sylt-
Remg (Allemagne), nous avons déterminé que la meilleure des solutions a considérer a la
sortie de la modélisation inverse par échantillonnage aléatoire correspond a la moyenne des
flux échantillonnés dans 1’espace des solutions possibles. Cette étude est la premicre a le
prouver et devrait donc faire référence dans le domaine. Une étude supplémentaire prévue a
I’issue de la thése envisage d’utiliser les données de la baie de Sylt- Remg pour définir les
flux essentiels (e.g. respiration, égestion, etc.) a une estimation de qualité par la modélisation
inverse. Le but est de créer un guide des mesures terrain ou des experimentations a réaliser
dans I’optique de la construction de réseaux trophiques couplés benthos-pélagos. Cette future

étude répond a un manque de la littérature et a un besoin fort des chercheurs.
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La partie méthodologique de cette thése et I’interprétation des modeéles de réseaux trophiques
de la vasiére de Brouage en termes de stabilité a demandé une analyse approfondie 1) des
théories sur la maturité des écosystemes (liée a la thermodynamique), 2) des théories
associant les propriétés émergentes de 1’organisation et du fonctionnement des écosystémes a
certaines propriétés de stabilité (résistance, résilience, etc.). Cette synthése comble elle aussi
un manque dans la littérature, elle constitue une base d’informations trés riche pour la
compréhension des écosystemes. De plus, cette synthese définit un contexte théorique
nécessaire a la comparaison des écosystemes. Dans le contexte actuel de recherche
d’indicateurs de santé des réseaux trophiques (par exemple au niveau européen dans le cadre
de la mise en place de la Directive Cadre Stratégie pour le Milieu Marin), un tel contexte

théorique est indispensable.
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Abstract

Quantitative estimates of energy or material flows within food webs are increasingly viewed as essential to progress on a
number of questions in ecosystem science. Inverse analysis has been used since the 1980s to estimate all flows within
plankton food webs originally based on incomplete information. Its application to many aquatic environments, including
the coastal zone, has led to a variety of methodological improvements. This chapter explains the methodology of inverse
modeling and illustrates its application in modern ecosystems ecology. This relatively new approach also provides rigorous
statistical comparisons of food web properties across ecosystems.

9.07.1 Introduction

Organisms in a habitat or ecosystem interact in a number of
ways, mostly through competition and predation; the ensem-
ble of trophic flows that describes the exchange of matter
between ecosystem compartments is called a food web. Food
webs are central to many questions in ecosystem science, for
example, productivity, capacity to support harvesting, and resi-
lience to disturbance (e.g., Polis and Hurd, 1996; Pauly et al.,
1998, 2002; Polis, 1999; Dambacher et al., 2003; Hughes et al.,
2003; Heymans et al, 2004). Interdisciplinary studies of
coastal and estuarine ecosystems have recently led to the com-
pilation of data sets that make it possible to quantify complex
food web flows. Whereas the feeding rate of large animals can
be directly measured, this becomes problematic for smaller

organisms, or for organisms that live in environments that are
not easily accessible or observable. For such systems, the quan-
tification of food webs by measurement alone can be a
daunting task. With a few notable exceptions (e.g., Sylt-Romo
Bight; Baird et al., 2007), the direct determination of a com-
plete set of flows characterizing an ecosystem or habitat is
generally not possible. Most data sets will provide only a snap-
shot of the complexity of the food web that may contain many
gaps, not only in coverage of interactions but also in the sam-
pling of flows in space and over time. However, inverse
modeling can fill in these gaps, and can provide estimates of
the missing flows. When applied to estimate unknown quan-
tities (i.e., model parameters from the realized values of the
model’s system state), a model is said to be inverse. This sets it
apart from forward applications where the model is used to
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describe the time evolution of a system using known para-
meters and relations.

From a mathematical point of view, three different inverse
problems can be distinguished. The most familiar situation is
the estimation of unknown parameters describing statistical
relationships between different variables (e.g., fitting a line
through a scatter of points in dimension 2). Typically, the
number of observations (more than two points observed,
with a quantification of the two variables for each point) is
greater than the number of unknown parameters (two for a
straight line: the slope and the intercept), and the problem can
be characterized as overdetermined (more equations than
unknowns). This rarely applies to the problem of quantifying
interactions among components of a food web or ecosystem
where the flows of energy or matter, and associated parameters,
rise rapidly with the number of food web compartments. The
complexity of even relatively simple food webs quickly out-
strips our ability to quantify all the interactions. As a result, the
number of observations is typically smaller than the number of
unknown parameters (the flows). In this case, the problem can
be characterized as underdetermined (less equations than
unknowns) and does not have a unique solution, that is,
many different flow patterns can give rise to the same set of
limited observations. Finding a solution to an underdeter-
mined problem can be compared with the fitting of a straight
line to one point: any line crossing that point will do. Inverse
problems can also be even-determined (the number of obser-
vations equals the number of unknowns) and show a unique
solution; this is equivalent to the fitting of a line through two
points. However, such a situation does not arise naturally and
requires subjective decisions and manipulations to match
unknowns with data.

The over- and even-determined problems are preferred from
a scientific and statistical point of view, but they are not realistic
expectations for most food web investigations, including those
that target the coastal zone. This means that a unique solution
does not a priori exist. Researchers have taken two alternatives
to overcome this problem. Either the overdeterminacy is
enforced by adding unobserved data (e.g., from neighboring
sites or from literature) to the model, or a single solution is
selected a posteriori. The standard approach, detailed in this
chapter, consists in associating the two, with a hierarchical
organization of the information into two different levels that
distinguishes the local determination of processes from more
general constraints derived from studies in other ecosystems or
the laboratory. We adopt linear inverse modeling (LIM) to
describe a class of methods that rely on linear relations to
estimate unknown flows in food webs.

The particulars of LIM are described below. At this stage, it is
suffice to say that that LIM relies on the principle of conserva-
tion of mass at steady state, that is, the sum of the inflows and
outflows through the components of the system equals the rate
of change in their standing stocks. This allows turning the
problem into a set of simple linear relations that describe
mass balance. Direct measurements of mass transfer rates or
other properties linked to these transfers can be expressed as
linear combinations of the flows. These can include local esti-
mations of primary production, respiration, stoichiometric
relationships, and isotopic composition. These two sets of
linear relationships, usually enforced as equalities, together
define the local constraints on the flows. We can then add,

from literature information, linear relations that bound the
flows or linear combinations of the flows to fall between
certain values. The inequality in relationships forms the general
constraints on the problem, while linear equality and inequa-
lity relations together define a bounded multidimensional
space, called a polytope, within which all realistic solutions to
the problem lie. Past practice has been to select a single solu-
tion inside this space of possible solutions. The initial one,
applied most often, is based on a least-squares criterion
(Vézina and Platt, 1988). Most recently, new methods have
been developed to describe the solution space by calculating
a representative sample of all the possible solutions using the
Monte Carlo approach (Kones et al., 2006, 2009; Van den
Meersche et al., 2009).

This chapter aims at presenting LIM, from its early use to its
most recent advance, and its applications in coastal ecology.
After a brief presentation of LIM history (Section 9.07.2), the
different steps of LIM (Section 9.07.3) are presented as devel-
oped by Vézina and Platt (1988). Section 9.07.4 presents recent
methodological innovations. All these methods are not specific
to coastal ecology and could be equally applied to freshwater
and ocean systems, but they have greatly improved the quality
of description of the functioning of coastal food webs. Section
9.07.5 presents methods used to analyze the results (sensitivity
analysis and ecological network analysis (ENA)), with recom-
mendations formulated in Section 9.07.6 dedicated to
methodological choices for the use of LIM in coastal ecology.
Section 9.07.7 presents a simple example of application to a
coastal problem, comparing five states in the late winter-spring
succession of the planktonic system of the Bay of Biscay.

9.07.2 Brief History of LIM

Inverse problems first surfaced in the geophysical sciences
where they are still commonly used for studying wave or chem-
ical component dispersion, and especially in subsurface studies
where direct measurement is often limited. The translation of
the geophysical inverse problem into the estimation of the
flows in a food web was done, more or less simultaneously,
by several authors in the late 1980s. The first attempts at
estimating missing values of flows in a food web were based
on the method proposed in geophysics (Tarantola and Valette,
1982), treating both over- and underdetermined situations.
Inspired by this work, food web applications were realized
(Chardy et al., 1993; Jean, 1994) in a situation of overdetermi-
nacy by specifying a value for each flow or efficiency, taken
either from the studied site or from other sites. Then the solu-
tion in which the flows and efficiencies were as close as possible
to the initially set values was selected.

Klepper and Van de Kamer (1987) proposed the first under-
determined approach, by assigning only the mass balances to
the equalities, while a set of inequalities corresponded to the
intervals of confidence of measured flows. A combination of
equalities and inequalities was also proposed by Vézina and
Platt (1988), but with a different scheme. They considered that
flows, estimated in situ, had to be considered with priority,
compared to information from other systems, estimated by
experiments or from theory. Thus, the set of equalities in their
case comprised both the mass balances together with a set of
measured flows from the study site. All other information was
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taken as inequalities. Both these contributions proceeded by
selecting the simplest food web from the infinite number of
solutions: Klepper and Van de Kamer (1987) by minimizing a
linear norm (i.e., the sum of the absolute values of the flows)
and Vézina and Platt (1988) by minimizing either the linear or
the quadratic norm (i.e., the sum of squared flows). These
techniques share strong similarities with metabolic flux ana-
lyses that were developed at about the same time to reconstruct
metabolic reaction networks in cells (Vallino and
Stephanopoulos, 1993; Varma and Palsson, 1994), except
that the criterion for selecting a single solution was to optimize
growth rate (maximizing flux).

Later, the Ecopath (Christensen and Pauly, 1992) steady-
state mass-balance model was created, and this is possibly the
most well-known LIM framework. Typically, Ecopath is
applied in underdetermined situations, but creates an even-
determined, or overdetermined, system to fill gaps by using
diet or physiological/ecological efficiencies from comparable
systems. This system is obtained by specifying, for all biotic
components, the diet composition as well as the consumption
and production rates, trophic efficiencies, fishery harvests, etc.
As the diet composition needs to be known, it is most easily
applied to large-bodied organisms where this can potentially
be estimated, for example, based on gut contents. Thus,
Ecopath is mostly used to investigate higher trophic levels
subjected to fishing (e.g., Pauly et al., 1998, 2002), with the
lower trophic levels simplified to largely undifferentiated
compartments.

The paper by Vézina and Platt (1988) has been most
influential for investigations focused on the plankton and
lower trophic levels of the food web. Because of the posterior
selection method, the method of Vézina and Platt (1988),
termed simply ‘inverse analysis’ in the original paper, can
now be placed in the larger context of LIM that includes a
range of methods, which is discussed subsequently (see also
van Oevelen et al., 2010). This method can be termed ‘linear
inverse modeling with a minimum norm’ (LIM-MN). The
applications of LIM-MN, and other LIM methods developed
on the work of Vézina and Platt (1988) basis, in coastal and
estuarine studies (Table 1 and Figure 1) were done either on
coupled benthic and pelagic systems or on subsystems, espe-
cially the plankton and benthic microbial systems.

The LIM represents the most transparent and flexible tool
for dealing with underdetermined systems. For every flow in
which a value is unknown or for which only a range of values is
known, the equations used to determine the value are explicit.
Because such assumptions are explicit, systems for which the
solutions contain multiple flows at or near their limits (mini-
mum or maximum) can be easily identified and the likelihood
that the system is properly defined can be examined. This
transparency is advantageous not only for investigators in the
examination of their own systems, but also for reviewers and
subsequent users who can view every piece of information that
went into the construction of the model. The flexibility of the
LIM is limited only by the programming ability of the user; the
same framework of linear equations and inequalities can be
solved in any number of ways, reflecting the investigator’s
preferences and assumptions about ecosystem structure and
function. The definition of the criterion for the choice of the
best solution and the weighting scheme (whether the same

importance is given to all information considered) can be set
up as desired.

Because the LIM establishes a space of possible solutions
(the polytope), it can also be used to calculate ranges of possi-
ble values for flows and thus allow a more flexible
interpretation of the results that acknowledges the gaps in
existing knowledge.

9.07.3 Methodology for LIM: The Four Steps
of the LIM-MN Method

LIM is based on the definition of a single set of flow values
that fulfills a set of linear equalities and linear inequalities
(Vézina and Platt, 1988; Vézina, 1989). In the LIM-MN
method, a final criterion is added, based on a minimum
norm solution, to select a unique solution. Other criteria
have been proposed, based either on deterministic methods
(the matrix calculation leads directly to the best solution
according to the criterion defined) or, more recently, on
Monte Carlo methods, based on a sampling procedure that
attempts a complete coverage of the range of possible solu-
tions. In this case, if one solution is to be determined, a
criterion has to be defined in order to select it in the sample
obtained. The following steps are distinguished.

9.07.3.1 Step 1: The A Priori Model

The first step is to define the unknowns, that is, the flows that
ought to be determined. This corresponds to the definition of
the a priori model. At this stage, one selects the compartments
of the system and hence the level of aggregation that will be
acceptable, according to the objective of the study and to the
available data on processes. For example, plankton ecologists
usually consider one or more size classes in the phyto- and
zooplankton compartment, one compartment of heterotrophic
bacteria, and two compartments of nonliving material (dis-
solved and particulate).

At this stage, the currency that is used ought to be defined.
The flows to be resolved will generally have units of mass per
unit volume and unit time, or mass per unit area and unit time.
The former denotes mass concentration or density change with
time and the latter represents mass flux. As flows in one cur-
rency (e.g., C) are often coupled to flows in another currency
(e.g., N, P, and O,), the use of data in multiple currencies can
strongly constrain food web interactions (e.g., Vézina and Platt,
1988; Jackson and Eldridge, 1992; Gaedke et al., 2002). As
shown in Chapter 9.14, the coupling will give a more complete
analysis, for example, of recycling properties. The unknowns
are the flows that are considered as possible between the
compartments defined or between one compartment and the
exterior of the system. The questions asked at this point are:
“Who eats whom?”, “Who/what is imported into or leaves the
system?”, “What is the form of the rejected nonliving matter?”
All these questions are constrained by what has actually been
measured in any particular application.

In order to illustrate the steps of the calculation, a toy model
can be defined with a very simple situation (Figure 2).
The model is composed of three compartments (a primary
producer = phytoplankton; a grazer = microzooplankton; and
a nonliving compartment = dissolved organic cartbon (DOC)).
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Table 1 List of coastal systems modeled using linear inverse model for food webs

Site System Period Method Currency Reference
Celtic Sea' Plankton Mean year MN C/N Vézina and Platt (1988)
English Channel? Plankton Mean year MN C/N Vézina and Platt (1988)
Santa Monica Basin® Benthos Mean year MN C/N Eldridge and Jackson (1992)
Patton Escarpment* Benthos Mean year MN C/N Eldridge and Jackson (1993)
Southern California® Plankton Mean year MN C/N Jackson and Eldridge (1992)
Takapoto Atoll® Plankton Mean year MN C Niquil et al. (1998)
Takapoto Atoll® Plankton + oysters Mean year MN C Niquil et al. (2001)
Gulf of St Lawrence’ Plankton Nov-Apr/May-0ct MN C Vézina et al. (2000)
Gulf of Riga (Baltic Sea)® Plankton Spring/Summer/Autumn MN C Donali et al. (1999)
Baltic Sea® Plankton Mean year MN C Olsen et al. (2001)
Mediterranean Sea'® Plankton Mean year MN C Olsen et al. (2001)
NE-Atlantic'! Plankton Mean year MN ¢ Olsen et al. (2001)
Florida Bay'2 Plankton Mean year MN C Richardson et al. (2003)
Marennes-Oléron Bay (Brouage) mudflat'® Benthos-Pelagos Mean year MN C Leguerrier et al. (2003)
Marennes-Oléron Bay mudflat'® Benthos-Pelagos Mean year MN ¢ Leguerrier et al. (2004)
(oyster simulations)
Marennes-Oléron Bay mudflat' Benthos-Pelagos Mean year MN C Niquil et al. (2006)
(herbicide simulation)
Marennes-0léron Bay mudflat vs. Aiguillon Benthos-Pelagos Mid Oct-mid March/Mar-Oct MN with seasonal C Degré et al. (2006)
cove' coupling
Nueces Bay'® Benthos-Pelagos ME C+8'3C Eldridge et al. (2005)
(Molenplaat) Scheldt estuary'® Benthos Mean year MN C+8'C+"Ctracer  van Oevelen et al. (2006b)
Arabian Sea'” Plankton Three seasons (Winter, Spring, MN C Richardson et al. (2006)
Summer)
Bay of Biscay shelf'® Plankton Five stages of the Winter/Spring MN C Marquis et al. (2007)
succession
Bizerte lagoon'® Plankton Summer MN ¢ Grami et al. (2008)
Gulf of St. Lawrence’ Pelagos — demersal 1985-87 MN C Savenkoff et al. (2004)
Gulf of St. Lawrence’ Pelagos — demersal 1980s/90s/2000s MN Biomass Savenkoff et al. (2007)
NE Atlantic ! Plankton MN ¢ Olsen et al. (2007)
Takapoto® + Gulf of Riga revisited® Plankton Spring/Summer/Autumn for GR MC C Kones et al. (2006)
Takapoto® + Gulf of Riga revisited® Plankton Spring/Summer/Autumn for GR MCMC C Kones et al. (2009)
Mississippi River plume2® Plankton Spring-Summer and Fall MN C/N Breed et al. (2004)
Rockall?! Cold-water coral Mean year MCMC C+8"N van Oevelen et al. (2009)
Barents Sea®? Plankton +fish Two seasons MCMC C De Laender et al. (2010)
Tasmania®® Microbial of intertidal mudflat Mean year MCMC C/N Cook et al. (2009)

MN, Minimum norm solution; ME, maximum evenness; MC, Monte Carlo inverse analysis; MCMC, Markov Chain Monte Carlo inverse analysis.

Superscript numbers in the first column refer to site number on the map of Figure 1.
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Figure 1 Map of the sites studied with LIM and detailed in Table 1.
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Figure 2 Toy model used for the presentation of LIM and associated
linear equations (1-3 mass balance equations, 4-5 in situ estimates) and
inequalities of the flows (6-17).

We can consider that it represents mean carbon flows for a
defined habitat during a day for a defined period. The currency
is carbon and the units are m-Cm™2 day ™.

In the toy model, some flows can directly be considered as
improbable, such as from microzooplankton to phytoplankton
and will not be considered. For certain cases, the flows to
include or exclude may not be obvious; for instance, the use
of DOC by hetero-mixotrophic protozoa forming the micro-
zooplankton is a possible flow as shown by the experiments of
Sherr and Sherr (1988), but it is an unlikely flow in most
ecosystems. As a consequence, it will not be considered here.
The vector of all possible flows forms the vector of unknowns
(called x hereafter). In the example, there are eight flows,

Table 2 List of the flows of the toy model

Flow  Compartment Process

X4 Phytoplankton Gross primary production

Xo Phytoplankton Dissolved Organic Carbon (DOC)
exudation

X3 Phytoplankton Respiration

Xa Microzooplankton Consumption of phytoplankton

X5 Microzooplankton DOC excretion

Xs Microzooplankton Production, consumed by external
organisms

X7 Microzooplankton Respiration

Xg DOC DOC consumption by external organisms

corresponding to gross primary production, grazing, respira-
tion, and DOC excretion (Table 2). Gross primary production
represents the only flow entering the system, while the outputs
from the system are respiration, the grazing of microzooplank-
ton production, and uptake of exuded/excreted DOC by
organisms external to the system.

9.07.3.2 Step 2: The Set of Equalities

The second step consists in establishing the set of linear equal-
ities. The mass balance of each compartment constitutes the
first set of equalities. If the mass of the compartment is constant
during the period considered, the sum of the flows entering
into this compartment should equal to the sum of the flows
leaving it. This can be modified if the compartment shows
variation, in which case the rate of change is equal to the sum
of inputs minus the outputs. However, as mass variations are
often very low compared to the magnitude of the flows con-
sidered, neglecting them is rarely a problem. One mass-balance
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equation is written for each compartment. In the example
(Figure 2), they constitute eqns [1]-[3].

Another set of equations are those concerning the flows that
have been measured from the community via in situ experiments.
Assuming that gross primary production by phytoplankton and
total respiration has been estimated, eqns [4] and [5] are
obtained for the toy model (Figure 2). Note that if every flow
value except one is estimated for each compartment, the mass
balance would permit a direct estimation of the last flow and the
situation would be even-determined. This is rarely the case
and the ratio of unknowns to estimated flows is more often
close to 4:1 (Vézina et al., 2004).

Once all the equalities have been defined, two possibilities
arise. First, the equalities may be contradictory. For example, if
the measured respiration for an animal exceeds its ingestion,
then the set of equations has no solution. In this case, the
model formulation should be reconsidered, perhaps by con-
sidering the measurements with a margin of error and adding
them to the inequalities (see next step) rather than keeping
them fixed. In the second situation, the equalities are plausible
and the LIM, being underdetermined, has infinite solutions;
thus, the solutions span a space that has as many dimensions as
there are flows. In this space, it is necessary to set rules that
define which solutions are considered as realistic. For example,
a negative value for an ingestion flow is not realistic, nor is it
realistic to assume that respiration equals ingestion. These
constraints are written as linear inequalities.

9.07.3.3 Step 3: The Set of Inequalities

The third step of inverse analysis is the selection of constraints
that make the solution meaningful. The constraints, written as
linear inequalities, comprise, for instance, physiological effi-
ciencies, either as ratios between flows or as ratios between a
flow and a biomass. In addition, values measured with a large
margin of error may be included. For systems where consumers
have varied diets, diet information may be included as
inequalities as well.

In the toy model, total respiration is determined but not the
phytoplankton respiration. It is then possible to add the upper
and lower constraints from the literature analysis that was done
by Vézina and Platt (1988) stating that the respiration by
phytoplankton respiration as a lower bound of 5% the gross
primary production and an upper bound of 30% (inequalities

X2

Xo 30% Xq

L~ X55% X

max X

6 and 7 in Figure 2). The microzooplankton ingestion can also
be considered as being constrained by an allometric relation-
ship linking its maximum value to the total biomass of the
compartment, the mean individual mass, and the temperature
(eqn [8] in Figure 2), as defined in Vézina and Pace (1994)
from Moloney and Field (1989). Finally, all flows must be set
to be higher or equal to zero (eqns [9]-[16] in Figure 2).

The set of inequalities, added to the set of equalities, will set
limits to the space of solutions that can be visualized as skew
walls. For example, the inequalities 6 and 7 can define an angle
in the space of solution. Then if the gross primary production
had only one maximum value, the subspace of solutions would
be triangular (Figure 3, left side). Generalizing this to a more
complex situation leads to the definition of a subspace, gener-
ally bounded as a polytope (as shown Figure 3, right side).

9.07.3.4 Step 4: The Choice of a Single Vector of Flows

The last step is to represent the results and to select one solution
or to define each unknown by the range of its possible solu-
tions. In the minimum norm method, a single solution is
selected from within the polytope. Vézina and Platt (1988)
proposed a deterministic algorithm based on the parsimony
principle, that is, the simplest flow network is selected that
satisfies both the mass conservation and biological constraints.
It is the network where the sum of squared flow values is
lowest. The complete algorithm, from steps 1 to 4, can then
be summarized as the scheme of Figure 4.

As stated by Vézina and Platt (1988), the choice of the
solution with a minimal norm “does not imply that food
webs are organized on the principle of maximum simplicity.
Rather, the aim is to produce a baseline flow network that can
be compared within and across food webs. At this time, the
operational requirement that the flow structure be as simple as
possible seems no worse than any other, and certainly better
than none”. Notwithstanding these reservations, the choice of
the simplest solution has often been criticized afterward
(Niquil et al., 1998; Donali et al., 1999; Vézina et al., 2004).
The consequences of applying a minimization of the norm of
the flows can be summed up as three types: (1) when several
pathways of different length go from a compartment to one
another, the shortest pathway from one compartment to
another is favored; (2) when several pathways have the same
length, the vector with the smallest norm is the one evenly

NV

Figure 3 Visualization of the subspace of solutions defined by the set of equations plus the set of inequalities. (Left side) A triangle space of solutions
defined by inequalities (x3 —0.05 x; 20), (0.3 x; — x3>0), (x; 20), and (max > x;). (Right side) The shape of a possible polytope, defined by a more

complex set of inequalities.
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Figure 4 Scheme of the principle of LIM-MN as developed by Vézina and Platt (1988).

distributed, and (3) when a unit of matter is not required
within the system, according to the constraints, the solution
with the smallest norm will be the one with matter leaving the
system as soon as possible. In practice, one often finds that
many flows that are not directly needed in the mass-balancing
procedure will be set to zero, and that flow values of the LIM-
MN typically lie on the lower boundary of their possible value.
The main conclusion was that the use of this criterion must be
done with a maximum number of constraints translating prior
knowledge. Only then can the result be considered to have
some link to reality, meaning that, among all possible realistic
solutions, it is the solution that introduces the least amount of
structure that is required to explain the observations.

9.07.4 Recent Advances in the LIM Methodology

9.07.4.1 New Methods for Step 4: Generating Solutions
Using Monte Carlo Techniques

The uncertainty surrounding the interpretation of the LIM-MN
solution has led to the development of new techniques that
build on the initial algorithm. These methods aim to describe
the complete space of possible solutions, defined as the poly-
tope described in Figure 3. The original idea of describing each
flow, not just by one value, but by a range of possible values,
was proposed by Donali et al. (1999). The first idea these
authors proposed was to define a minimal and maximal
value for each flow, given the constraints defined by the set of
equalities and inequalities. Later, sampling methods were pro-
posed in order to describe the population of solutions defined
by the polytope. The first techniques (called LIM-MC for Monte
Carlo) relied on a random sampling of flow values from their
minimum to their maximum values (Leguerrier, 2005; Kones
et al., 2006). This method samples randomly the right-angled
parallelepiped (or multidimensional box) in which the poly-
tope is inscribed. Points sampled are then accepted or rejected
depending on whether they fall inside or outside of the poly-
tope. The large number of dimensions in the polytopes usually
defined in coastal areas (up to the order of magnitude of 100 in
the benthos-pelagos coupled model of Leguerrier (2005)) and
the complex geometry of the polytope, linked to interdepen-
dencies among many flows, led to situations where
computations become intractable. Moreover, in related meta-
bolic flux analysis, Wiback et al. (2004) showed that the
algorithm would not converge to a complete coverage of the
solution polytope.

This solution space can then be sampled by hit-and-run
methods (Smith, 1984) where points are chosen randomly
along line segments that span the space. However, our own
work indicates that these hit-and-run methods can become ineffi-
cient and fail to converge under certain conditions. We noted, for
example, that the variance of the reconstructed distribution for
certain flows keeps rising with the number of trials. The method
that seems to work for all the problems we tried (called
LIM-MCMC for Markov Chain Monte Carlo) is based on a mirror
technique (Van Den Meersche et al., 2009). This method consists
in choosing a point within the polytope, then sampling a second
point from a normal distribution centered on the first point and
with a fixed standard deviation called the jump length. This is
repeated from the new point to define the next one. When a new
point falls outside the polytope, it is reflected along successive
dimensions until it falls again within the polytype, as if mirrors
were positioned on the inside walls of the polytope. This is
equivalent to an MCMC Metropolis-Hastings algorithm with
an acceptance ratio for the sampled solution of either 1 (inside
the polytope) or 0 (outside the polytope). This method directly
generates a sample of points inside the polytope. With an appro-
priate choice of the number of iterations and of the jump length,
the polytope can be fully covered by this sampling. The selection
must be done by checking that the flow values reach a steady
state of their mean and standard deviation. The R-Package
limSolve can be used for this procedure. The function xsample
in this package provides the solution methods and can be asso-
ciated with the package NetIndices that calculates network
indices and food web descriptors (see below).

If the sampling parameters are appropriate, this method will
converge on representative samples of the marginal probability
distribution functions for each flow. These probability density
functions do not account for the uncertainties related to model
structure, data, and constraints. The mean of each probability
density function - being a linear operation - can be combined
to develop a mass-balanced solution that fits all the constraints
(van Oevelen et al., 2010). However, the probability density
functions are often non-normal, as - even if the underlying
distribution is normal - they can either be truncated by the
inequality constraints or be uniform if the model and data
together are insufficient to constrain the value of a particular
flow. The skewness of the probability density functions would
suggest the use of other measures of central tendency such as
the mode or the median; however, a solution based on com-
bining the modes or the medians would not balance the
inflows and outflows. If the goal of the exercise is to compute
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one solution that is less biased than a solution based on direct
optimization (such as least-squares), then the means of each
probability density function should be used to construct that
solution until better techniques to identify a single solution are
developed. On the other hand, if the goal is to compare flows
or properties of the flow network across different ecosystems,
then the probability density functions should be used directly
to compute credible intervals for each flow or property and
assess the degree of overlap.

It is interesting to note that a similar evolution from single
to multiple solutions has occurred in metabolic flux analysis
(Wiback et al., 2004; Barrett et al., 2009). It is likely that direct
optimization solutions will become less common and that the
focus will shift to sampling the solution space and investigating
the properties of these samples and determining whether solu-
tions within these samples exist that have more descriptive or
predictive value than others.

9.07.4.2 Taking into Account Spatial and Temporal
Variahility

LIM gives an average food web quantified for a characteristic
time period and space, determined by the data available.
However, natural systems are known to demonstrate strong
spatial and temporal variability. Coastal areas, for example,
are characterized by strong transfers of energy along an
inshore-offshore gradient and between the water column and
the benthic environment. There can also be strong seasonal

variability in coastal areas, which has a great impact on ecosys-
tem components and their spatial relationships. Therefore, an
important addition to inverse techniques is to incorporate
these spatio-temporal interactions.

In LIM, one method for incorporating temporal variability
is to model a succession of periods, but this does not take into
account the coupling of the biomass changes from one period
to another. Consider an example from an intertidal temperate
mudflat. Some properties are highly variable between seasons,
whereas others can be considered invariant. A coupled proce-
dure can be devised where certain equations operate only on
the flows within a season, whereas other equations apply to the
complete year. The method is presented in Figure 5 (Degré
et al., 2006) for a regime of two seasons.

The algorithm for the calculation remains the same as pre-
sented before, but the coupled method proposes another way to
build the vectors and matrices of equalities and inequalities. The
vector of unknowns x is composed of the two vectors x; and x,,
which contain the flows of the two seasons (written as trans-
posed vectors in Figure 5). The mass-balance equations are
established for the whole year and determine a first set of equa-
tions (matrix with the coefficients of the linear equations is A,
and constant terms of the right-hand side of the equation in b).
Another set of equations is built for each season and determines
two matrices of coefficients (A;, A,) and two right-hand vectors
(b, and b,). Then a set of equations concerns annual informa-
tion for observations that cannot be resolved between the
seasons and defines the matrix A, and the vector b,

2xN
) N ) N Z
As Ne b,
A 0 o1 b,
A M
12 0 A2 ) b2
n
Aq ng by
A h1
Gy 0 m 1
Giz 0 G, t h,
m2
Gy mg hg
X
X'1 X’g

Figure 5

Introduction of spatio-temporal changes into LIM. Construction of the matrices Aand G and of the vectors b and h for inverse analysis applied

to a two-coupled-seasons model. A is the annual equilibrium equation matrix, A; and A, are the two seasonal equation matrices, Aq is the annual equation
matrix. be (null vector), by, by, and by are the associated right-hand side constant vectors. G; and G, are the two seasonal inequality matrices; Gj is the
annual inequality matrix. hy, hy, and hg are the associated solution vectors. X’ is the transposed vector of x, the solution vector, composed of the solution
vector x4 for season 1 and the solution vector x, for season 2. These are column vectors and hence appear here in their transposed form: x'.
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All these matrices are assembled as shown in Figure 5, which
allows defining an equation:

Axx=Db (1]

where A is the association of A, A, A,, and Ay as in Figure 5
and b is an association of b, by, by, and b,

The inequalities are defined for the two seasons, which allows
the building of matrices G; and G, of coefficients, and the
boundary vectors h; and h,. Some inequalities apply on an
annual basis, which defines the matrix G, of coefficients and
the vector h, of the boundaries. These matrices and vectors are
associated as shown in Figure 5 and define the set of inequalities:

Gxx>h 2]

where G is the association of Gy, G,, and Gg as in Figure 5 and h
is an association of hy, h,, and hy.

Then the resolution is done using the inverse algorithms
described previously.

Such a procedure is applied in Degré et al. (2006) for a
coupled model of warm and cold seasons in two intertidal
ecosystems of the Atlantic Coast of France. The seasonal or
annual definition of the constraints was defined by the avail-
able information. In such a context, it is important to know the
variation of the biomass of compartments between the two
seasons. In this example, seasonal information was available
for primary production, respiration of some compartments,
DOC exudation, and some grazing flows, whereas only annual
information was available for other compartments.

9.07.4.3 Constraining the Flows Using Tracers

Adding new, independent information reduces the model’s
solution space and leads to better-constrained results.
Whereas the most commonly available data in food web mod-
els consist of biomasses and occasional rate measurements,
stable isotope data provide integrated diet information and
information of trophic position, and have proven to give valu-
able information on food webs (e.g., van Oevelen et al., 2006b,
2009). However, their usefulness depends on at least two
requirements: (1) the different food sources should have dif-
ferent isotope signatures and (2) the isotope signature of a food
should be measurable. For instance, it is not straightforward to
measure the isotope composition of benthic algae that are
mixed with sedimentary organic material. A way to overcome
this limitation is to experimentally manipulate the isotopic
signature of a food source. For instance, injection of labeled
bicarbonate will isotopically enrich algae (Middelburg et al.,
2000); adding labeled glucose will label bacteria (van Oevelen
et al,, 2006a). As organisms consume the labeled material,
they also become isotopically enriched, and the timing and
magnitude of label incorporation provide information about
the importance of the food in the consumer’s diet. Transient
simulations combined with LIM were pioneered by Jackson
and Eldridge (1992), who simulated the fate of a tracer intro-
duced in a pelagic food web inferred by LIM-MN.

Starting from an inverse solution, it is relatively straightfor-
ward to derive a tracer model that simulates tracer dynamics in
each compartment of the food web. The dynamic model is
developed by categorizing the food web interactions into inter-
actions that are source based (e.g, mortality, excretion,
dissolution of detritus, and export) and interactions that are

source-sink based such as predation and grazing. In a source-
sink based interaction, the intensity of the flow depends on
both the stock of the source and the sink; in a source-based
interaction, there is only dependence on the source.

For each interaction, a rate constant is then calculated by
dividing the magnitude of the flows by the size of the source
compartment or of the product of the size of the source by the
size of the sink compartment (note that the units of the rate
parameters differ):

Source based

) Flow; _, ;
ity = 5
Source-sink based
SS FlOWj,‘,]' [4]

rY =
GG

where C; is the stock size (in mass) of compartment i.

The feces production and respiration can be modeled as a
function of the grazing, by assuming that a fixed part of the
uptake flows to the detritus pools as feces (through the assimi-
lation efficiency formulation) and that part of the assimilated
food is respired as growth respiration (through the net growth
efficiency formulation).

During transient simulation, the rate constants are multip-
lied with the tracer concentration of the source compartment (if
source based), or of the product of source and sink compart-
ment (source-sink based flows). Thus, the rate coefficients
enter the dynamic model equations by describing the rate of
change of component i as

dc; !
D DU IR DL
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The model is initialized by injection of the tracer in the relevant
compartment.

It is quite natural to combine these transient simulations
with the LIM-MCMC sampling techniques. Starting from an
inverse modeling solution (as generated by an LIM-MCMC
step), the transient simulation is run and the probability of
this model, given the data, estimated. The probability obtained
from the dynamic model is then used to define the acceptance
ratio of the sampled LIM solution.

A somewhat simplified version of the combined use of LIM
and transient simulation was used by van Oevelen et al.
(2006b) to better quantify the food web from an intertidal
mudflat. These authors first made a traditional LIM model
based on carbon biomass and stable isotopic data. Then,
MCMC sampling of this LIM was combined with a transient
simulation, reproducing the data from a pulse-chase labeling of
microphytobenthic carbon (Middelburg et al., 2000). It was
shown that using both these types of data significantly
improved the quality of the inverse food web reconstruction.

9.07.5 Analyzing the Results from LIM

Depending on the method selected, one can obtain a single
solution from direct optimization, a single solution from aver-
aging a sample of plausible solutions, or work directly from a
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multivariate probability density function of the plausible solu-
tions. In any case, the result characterizes a food web over a
time span and a spatial area defined by the investigator, con-
strained by the available data and the variability of the studied
system. Sensitivity analysis is used to characterize the robust-
ness of the results obtained using LIM. Further analysis of the
results can be direct by comparing the magnitude of the differ-
ent flows, or indirect using indices calculated for characterizing
the properties of the system. ENA indices are often used at this
stage for comparing systems between temporal stages or spatial
zones.

9.07.5.1 Sensitivity Analysis

The motivation behind sensitivity analysis is to assess how
dependent the result is to the quality or precision of the input
data. These techniques apply similarly to the types of solution
defined above. Several methods exist for assessing the
sensitivity of the reconstructed food web to changes in the
assumptions. The impact of adding or removing links in the a
priori model can be investigated. The inequalities can be
modified. However, the most often used sensitivity analysis is
based on the investigation of the influence of variations in the
field data used as hard constraints (the equalities). The meas-
ured processes are varied by minus or plus a certain percentage.
Then the consequences of this variation on the properties of the
system are observed.

The question of the robustness is then: “to which field data
is the result the most sensitive?” or “which LIM-determined
flows are the most sensitive to variations in input data?”
Then an overall characterization of the sensitivity of one
system is possible for comparing sensitivity between systems.
A sensitivity index was proposed (Richardson et al., 2003) to
compare the sensitivity between food webs, between flows, or
between input data. It relies on the computation of relative
variations between each flow values, after a modification of
each input data. Simulations are realized where each data are
modified by plus or minus 10% or 20%. Then the value for
each flow is calculated using inverse analysis and the result is
compared to the value obtained with the initial value of the
data. The results of inverse analysis calculated with the data
value are considered as a reference and compared to the
flow values obtained with the simulated variation of the
input data.

The computation of the sensitivity index is as follows:

R( S ) _Rref
Rref

D ( S ) —Dhrer
D ref 5

SI(D, R) = (6]

where D stands for tested data, R for resulting flux, ref for
reference model, and s for simulation. For each parameter
and each resulting flux, SI is the mean sensitivity obtained
over all simulations, which is symbolized by <>,. This index
corresponds to the ratio of the relative variation of the result to
the relative variation of the input data. The sum of SI over all
the results R for one input data (D) variation is then computed.
This index SI(D) gives the overall influence of this parameter
on the results. The same principle can be applied for the com-
putation of the global impact on one result. R(s) can be a single

solution from direct optimization, or an average of a sample of
solutions obtained with Monte Carlo techniques.

With Monte Carlo techniques, it is possible to specify
variances for the measurements from which possible values of
the measurements can be sampled simultaneously with possi-
ble values of the flows from the polytope defined by the
inequality constraints (Van den Meersche et al., 2009; van
Oevelen et al, 2010). The resulting marginal probability
density functions incorporate both the effect of measurement
uncertainty and the uncertainty resulting from the lack of
observations. Running the analysis again by setting the obser-
vational variances to zero would generate the probability
density functions that account for the underdeterminacy only
and would allow an assessment of the impact of observational
error on the results. These techniques have not been applied yet
in the literature but have the potential to account more fully for
the uncertainty in the solutions to these inverse food web
problems.

9.07.5.2 Ecological Netwo