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R É S U M É 

Les écosystèmes côtiers méditerranéens sont considérés parmi les zones les plus perturbées vu 

qu’elles sont soumises à une importance pression anthropique, qui a conduit à leur 

eutrophisation et leur contamination par divers types de polluants chimiques. Ces perturbations 

ont des conséquences sur le fonctionnement de ces écosystèmes, leur état écologique et 

ultimement sur leurs capacités d’exportation de carbone et de productivité. C’est dans ce 

contexte que ce travail a été mené visant à étudier l’état de santé des deux écosystèmes côtiers 

sud méditerranéens anthropisés en caractérisant les réseaux trophiques planctoniques (RTPs) et 

en appliquant des indicateurs écologiques. Cette étude a concerné le Golfe de Gabès qui est 

caractérisé par une forte hydrodynamique et une contamination chronique due principalement 

aux industries du complexe Gannouche-Gabès et le Canal de Bizerte qui a été soumis à une 

contamination pulsée causée par une fuite de pétrole.  

Dans le Golfe de Gabès, la dynamique spatiale du RTP a été étudiée en automne 2017 lors de 

la campagne MERMEX-MERITE dans quatre stations situées à différentes distances de la 

principale source de contamination. Des échantillonnages et des incubations in situ ont été 

conduits à chaque station pour déterminer les conditions environnementales, et nutritives entre 

autres, les biomasses carbonées des composantes du réseau [carbone organique particulaire et 

dissous, bactérioplancton, picophytoplancton (< 2 µm), nanophytoplancton (2-10 µm), 

microphytoplancton (> 10 µm), protozooplancton et métazooplancton (> 200 µm)] et certains 

flux de carbone (production bactérienne et phytoplanctonique, consommation du 

protozooplancton et du métazooplancton et sédimentation des particules). Les flux estimés à 

partir des données de terrain ont été utilisés dans une analyse inverse de Monte Carlo en Chaîne 

de Markov (LIM-MCMC) pour calculer les flux manquants afin de construire des modèles du 

RTP de chaque station. Cette analyse inverse était suivie par une analyse des indicateurs 

écologiques (ENAs et ratios de typologie) afin de dégager les propriétés structurales et 

fonctionnelles des RTPs. Les résultats ont montré que la circulation hydrodynamique complexe 

dans le Golfe semble induire un gradient nord-sud et côte-large des concentrations nutritives 

conduisant à des variations spatiales dans la structuration en taille et la production du 

phytoplancton ainsi que dans les interactions trophiques. Par conséquent différentes voies 

trophiques ont été distinguées en fonction du stress nutritif. Le réseau microbien dominait à la 

station la moins riche en nutriments (la plus au nord) et se caractérisait par la production 

primaire et l’activité les plus faibles, mais par l’ascendance la plus élevée, reflétant une 

importante organisation et stabilité. Le système à la station la plus eutrophe (la plus au sud) 

fonctionnait comme un réseau herbivore et était le plus actif avec une forte production primaire 

et débit total de carbone, mais restait le moins organisé et le moins stable. Dans les deux autres 

stations, un réseau multivore s’est développé et était le plus organisé grâce à une importante 

détritivorie par rapport à l’herbivorie, un fort recycle et une ascendance élevée. 

Dans le Canal de Bizerte, les effets d’une marée noire, survenue en octobre 2018, sur les 

communautés du phytoplancton et du protozooplancton ainsi que leurs interactions trophiques 

ont été évalués dès les premiers jours suivant le déversement du pétrole et après quelques 

semaines. L’évolution du RTP au cours des différents jours suivant le déversement a été aussi 

décrite. Des échantillonnages et des incubations in situ ont été conduits les 1ier, 4ème, 8ème et 

18ème jours après la fuite du pétrole. On a noté la présence d’une nappe de pétrole du 1ier au 8ème 

jour avec une contamination des eaux par les hydrocarbures aromatiques polycycliques (HAPs), 

principalement le chrysène. Le phytoplankton a montré des différentes réponses au fil du temps. 

À court terme (du 1ier au 8ème jour), la croissance et la biomasse du picophytoplancton ont 

augmenté, alors que celles du nano- et du microphytoplancton ont diminué, probablement en 

raison de la sensibilité des certaines grandes espèces aux HAPs. À plus long terme (18ème jour),
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 la dispersion du pétrole et la réduction de son effet négatif se sont accompagnées par une 

prolifération des grandes cellules avec un changement dans leur composition taxinomique et 

une forte accumulation de la biomasse du picophytoplancton, causée par la diminution de leur 

broutage par le protozooplancton. En conséquence, la structure en taille du phytoplancton a 

évolué tout au long de l'exposition au pétrole, passant d'une prédominance du 

microphytoplancton après quelques jours à une dominance à long terme du picophytoplancton. 

La structure de la communauté du protozooplancton a également changé au fil des jours vers 

une dominance des dinoflagellés mixotrophes (principalement Heterocapsa) au détriment d'une 

diminution des dinoflagellés hétérotrophes (i.e. Gyrodinium and Protoperidinium). Les ciliés 

(principalement Strombidium) ont montré une diminution à court terme mais une récupération 

au 18ème jour, tandis que les nanoflagellés hétérotrophes étaient plus vulnérables à la toxicité 

du pétrole et ont disparu à partir du 8ème jour. Les taux de production des différentes fractions 

de taille du phytoplancton ainsi que leurs taux de consommation par le protozooplancton ont 

largement varié entre les différents jours. L'intégration de ces taux modifiés par la 

contamination pétrolière dans des modèles linéaires inverses de flux de carbone et le calcul des 

indicateurs écologiques ont montré un changement clair dans la structure et le fonctionnement 

du RTP, de la voie herbivore (au 1ier jour), au réseau multivore (4ème et 8ème jour) jusqu’un 

réseau microbien spécial (au 18ème jour), ce qui implique différentes efficacités dans 

l'exportation du carbone tout au long de l’évolution de la marée noire.  

Cette étude met en évidence l’importance de coupler la typologie des RTPs et les indicateurs 

écologiques pour mieux décrire l’état écologique des écosystèmes soumis soit à une 

contamination permanente ou pulsée. Ces approches intégratives peuvent fournir des outils 

efficaces pour gérer et évaluer la santé des écosystèmes anthropisés.  
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A B S T R A C T 

Mediterranean coastal ecosystems are considered to be among the most disturbed zones, as they 

are subject to considerable anthropogenic pressure, which has led to their eutrophication and 

contamination by various types of chemical pollutants. These disturbances have consequences 

for the functioning of these ecosystems, their ecological status and ultimately their carbon 

export and productivity capacities. It is against this backdrop that this study was carried out to 

investigate the state of health of two anthropized southern Mediterranean coastal ecosystems 

by characterizing planktonic food webs (PFWs) and applying ecological indicators. The study 

focused on the Gulf of Gabès, which is characterized by strong hydrodynamics and chronic 

contamination due mainly to the industries of the Gannouche-Gabès complex, and the Bizerte 

Channel, which was subjected to pulsed contamination caused by an oil spill. 

In the Gulf of Gabès, the spatial dynamics of the PFWs were studied in autumn 2017 during 

the MERMEX-MERITE campaign at four stations located at different distances from the main 

source of contamination. Sampling and in situ incubation were conducted at each station to 

determine environmental and nutrient conditions, including carbon biomass of food 

webcomponents [particulate and dissolved organic carbon, bacterioplankton, 

picophytoplankton (< 2 µm), nanophytoplankton (2-10 µm), microphytoplankton (> 10 µm), 

protozooplankton and metazooplankton (> 200 µm)] and certain carbon fluxes (bacterial and 

phytoplankton production, protozooplankton and metazooplankton consumption and 

particulate sedimentation). The fluxes estimated from the field data were used in an inverse 

Markov Chain Monte Carlo (LIM-MCMC) analysis to calculate the missing fluxes in order to 

build models of the PFW for each station. This inverse analysis was followed by an analysis of 

ecological indicators (ENAs and typology ratios) to identify the structural and functional 

properties of the PFWs. The results showed that the complex hydrodynamic circulation in the 

Gulf appears to induce a north-south and coast-offshore gradient in nutrient concentrations, 

leading to spatial variations in phytoplankton size structuring and production, as well as trophic 

interactions. As a result, different trophic pathways were distinguished as a function of nutrient 

stress. The microbial food web dominated at the least nutrient-rich station (northernmost) and 

was characterized by the lowest primary production and activity, but the highest ascendancy, 

reflecting a high degree of organization and stability.  The system at the most eutrophic station 

(southernmost) functioned as an herbivorous food web and was the most active with high 

primary production and total carbon flow, but remained the least organized and stable. At the 

other two stations, a multivorous food web developed and was the most organized thanks to 

high detritivory compared with herbivory, strong recycling and high ascendancy. 

In the Bizerte Channel, the effects of an oil spill, which occurred in October 2018, on 

phytoplankton and protozooplankton communities and their trophic interactions were assessed 

from the first days after the oil spill and after a few weeks. In situ sampling and incubation were 

carried out on days 1, 4, 8 and 18 after the oil spill. The presence of an oil slick was noted from 

days 1 to 8, with water contamination by polycyclic aromatic hydrocarbons (PAHs), mainly 

chrysene. Phytoplankton showed different responses over time. In the short term (days 1-8), 

picophytoplankton growth and biomass increased, while those of nano- and 
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microphytoplankton decreased, probably due to the sensitivity of certain large species to PAHs. 

In the longer term (day 18), the dispersal of oil and the reduction of its negative effect were 

accompanied by a proliferation of large cells with a change in their taxonomic composition and 

a strong accumulation of picophytoplankton biomass, caused by reduced grazing by 

protozooplankton. As a result, the size structure of phytoplankton evolved throughout oil 

exposure, from a predominance of microphytoplankton after a few days to a long-term 

dominance of picophytoplankton. The structure of the protozooplankton community also 

changed over the days towards a dominance of mixotrophic dinoflagellates (mainly 

Heterocapsa) at the expense of a decrease in heterotrophic dinoflagellates (i.e. Gyrodinium and 

Protoperidinium). Ciliates (mainly Strombidium) showed a short-term decrease but recovery 

by day 18, while heterotrophic nanoflagellates were more vulnerable to oil toxicity and 

disappeared by day 8. The production rates of the various phytoplankton size fractions and their 

consumption rates by protozooplankton varied widely among days. Integrating these oil 

contamination-modified rates into linear inverse carbon flux models and calculating ecological 

indicators showed a clear shift in PFW structure and function, from the herbivorous pathway 

(at day 1), to the multivorous food web (days 4 and 8) to a special microbial food web (at day 

18), implying different carbon export efficiencies throughout the evolution of the oil spill.  

This study highlights the importance of coupling PFW typology and ecological indicators to 

better describe the ecological state of ecosystems subjected to either permanent or pulsed 

contamination. These integrative approaches can provide effective tools for managing and 

assessing the health of anthropized ecosystems. 
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Introduction générale 

1 
   

Introduction Générale 

Les écosystèmes aquatiques sont des systèmes sensibles aux changements 

environnementaux et aux stress anthropiques qui déclenchent à la fois des problèmes locaux et 

globaux  (Worm et al., 2006; Eastwood et al., 2007; Michán et al., 2021). Les pressions exercées 

sur les systèmes marins provoquent donc des réponses qui pourraient être rapidement visibles, 

ou enregistrables, ce qui en fait des milieux sentinelles intéressants. Aujourd’hui, chercheurs et 

gestionnaires s’interrogent sur le devenir à long terme de ces écosystèmes. Ainsi, la 

compréhension du fonctionnement et de la dynamique de ces systèmes est primordiale pour 

pouvoir comprendre leur évolution et évaluer leur "état de santé" pour les mieux les gérer. 

La Commission Européenne a mis en place la Directive-Cadre pour l’Eau (DCE) en 2000 

et la Directive-Cadre Stratégie pour le Milieu Marin (DCSMM) en 2008 permettant d'établir un 

cadre d'action communautaire dans le domaine de la politique pour l’eau et le milieu marin dans 

les pays de l’Union Européenne. Ces directives ont pour principal objectif que toutes les 

mesures nécessaires soient prises pour réaliser ou maintenir un "Bon Etat Ecologique, BEE" à 

l'horizon 2026. Elles ont permis de centraliser plus de 30 directives régionales différentes, 

comme la Convention de Barcelone en Méditerranée (1976), l'OSPAR en Atlantique Nord-Est 

(1992) ou l'HELCOM en Mer Baltique (1992). Par définition, un écosystème possédant un 

« BEE » et qui ne présente pas de "syndrome de stress" est un système stable, durable, actif et 

qui maintient son organisation et son autonomie dans le temps (Costanza et al., 1992). Des 

travaux effectués dans le cadre de la DCSMM ont mis en évidence l'importance de prendre en 

considération des différents processus éco-systémiques et de développer des indicateurs 

intégratifs axés sur ces processus (tels que les indicateurs du réseau trophique, les ENA) afin 

d'établir le « BEE » (Rombouts et al., 2013; Niquil et al., 2014a). Ces indicateurs fonctionnels 

et holistiques permettent de décrire l'activité et le niveau d'organisation et de maturité des 

réseaux trophiques et fournissent des informations utiles sur le degré de stress et de stabilité des 

écosystèmes (Christensen, 1995; Bodini & Bondavalli, 2002; Grami et al., 2008; Heymans et 

al., 2014; Saint-Béat et al., 2015; Pezy et al., 2017). Par conséquent, les indicateurs fonctionnels 

sont fréquemment utilisés pour évaluer l'impact des pressions naturelles et anthropiques sur les 

écosystèmes marins côtiers (Belgrano et al., 2005; Niquil et al., 2014a; Piroddi et al., 2015; 

Chaalali et al., 2016) et peuvent donc être appliqués par les gestionnaires des écosystèmes 

aquatiques (Arroyo et al., 2019; Fath et al., 2019; Safi et al., 2019). En outre, la DCSMM a 
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retenu le "réseau trophique marin" comme descripteur de l'état écologique du système (Cardoso 

et al., 2010; European Commission, 2010), puisque le fonctionnement global de l’écosystème 

dépend énormément de la structure et des caractéristiques de son réseau trophique. L’étude des 

réseaux trophiques présente donc un grand intérêt écologique et pratique, car elle constitue une 

étape essentielle dans l'évaluation des réponses de l'écosystème aux différentes perturbations 

(Gotwals & Songer, 2010; Lewis et al., 2022).  

En raison de leur structure de taille, leur grande abondance et leur diversité taxonomique 

et fonctionnelle, les organismes planctoniques (i.e. bactérioplancton, phytoplancton, 

protozooplancton et métazooplancton) jouent un rôle prépondérant dans les flux de matière et 

d'énergie au sein des écosystèmes aquatiques grâce à leurs activités de production de biomasse, 

de consommation, d’excrétion, de minéralisation, etc. (Azam et al., 1983; Legendre & 

Rassoulzadegan, 1995; Sime-Ngando et al., 1995; Sakka et al., 2000; Arrigo, 2005; Sime-

Ngando, 2012). De ce fait, la caractérisation des réseaux trophiques planctoniques (RTPs) 

semble être très utile pour évaluer l’état des écosystèmes aquatiques (Araignous, 2017). 

Différentes structures trophiques planctonique existent, incluant la boucle microbienne, le 

réseau herbivore, le réseau microbien, le réseau multivore, le réseau multivore-bactérien et les 

réseaux poly- ou phyto-microbiens (Azam et al., 1983; Legendre & Rassoulzadegan, 1995; 

Sakka Hlaili et al., 2014; Meddeb et al., 2019). Ces structures trophiques ont des différentes 

capacités de production de carbone, de recyclage et d’exportation et ils contrôlent les flux de 

carbone vers les consommateurs supérieurs (Legendre & Rassoulzadegan, 1995, 1996), 

influençant ainsi la productivité de l’écosystème et ses propriétés structurales et fonctionnelles 

en général (Mazumder et al., 2017). Le type de réseau peut changer à des échelles spatiale et 

saisonnière en réponse à tout changement des conditions environnementales (hydrologiques, 

nutritives, climatiques, contamination, etc.). Il est donc primordial de déterminer le type de 

réseau pour évaluer comment les écosystèmes réagissent faces aux perturbations 

environnementales et anthropiques et les impacts de ces forçages sur eux. Malgré leur 

pertinence, les RTPs restent peu proposés comme potentiels indicateurs de santé des 

écosystèmes (Fath et al., 2019; Safi et al., 2019).  

La détermination des réseaux trophiques planctoniques, entre autres, nécessite la 

connaissance des flux de carbone entre leurs compartiments, qui ne peuvent pas toujours être 

mesurés sur le terrain, à cause des limitations techniques et financières. Le recours à la 

modélisation des flux de carbone peut fournir des informations concises sur les flux de matière 

et d’énergie dans le système (Forest et al., 2011; Thompson et al., 2012; Meddeb et al., 2019). 
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La modélisation des réseaux trophiques est considérée comme l'une des méthodes les plus utiles 

dans l'étude de l'état des écosystèmes marins (Niquil et al., 2011; Pacella et al., 2013; Taffi et 

al., 2015; Hines et al., 2018). Elle permet d’estimer l'incertitude des flux et des indices des 

propriétés structurelles et fonctionnelles du réseau trophique (De Laender et al., 2010; Grami 

et al., 2011; Niquil et al., 2011; Saint-Béat et al., 2013; Chaalali et al., 2015; Hines et al., 2018). 

Les flux calculés par modélisation permettent de déterminer la typologie et le fonctionnement 

du réseau trophique qui à leur tour permettent de quantification des degrés d’organisation, de 

stabilité et de stress des écosystèmes (Christensen, 1995; Thomas & Christian, 2001; Ulanowicz 

et al., 2009). Par exemple, les modèles des réseaux trophiques ont été appliqués pour évaluer 

l’impact du changement climatique, pour la bioaccumulation des polychlorobiphényles (PCB) 

et même pour les impacts cumulatifs tels que les parcs éoliens offshore combinés au 

changement climatique (Forest et al., 2011; Taffi et al., 2015; Nogues et al., 2021). 

Dans le bassin Sud méditerranéen, le Golfe de Gabès est classé en Méditerranée parmi 

les mers à forte productivité avec une grande importance socio-économique, assurant 64% de 

la production halieutique nationale. Paradoxalement, cet écosystème est considéré comme un 

«hot spot» de contamination chimique avec un problème crucial dû aux industries chimiques 

d’acide phosphorique. Les caractéristiques biologiques et hydrodynamiques du Golfe ont fait 

l’objet de plusieurs études, ainsi que son niveau de contamination et d’eutrophisation et leur 

impact sur les organismes sont de plus en plus connus ( Bel Hassen et al., 2009; Ben Ltaief et 

al., 2015). Par ailleurs, des modèles de réseau pélagiques sur le plateau continental du Golfe de 

Gabès ont permis d'incorporer différentes sources d'information provenant d'études physiques, 

bio-géochimiques et biologiques pour caractériser la distribution des communautés pélagiques 

au sein de réseau trophique (Hattab et al., 2013; Halouani et al., 2016). Toutefois, la dynamique 

des réseaux trophiques planctoniques sont peu étudiés vue que peu de données existent à ce 

jour sur les interactions entre les compartiments planctoniques et sur les flux de carbone. En 

outre, l’impact des forçages anthropique sur les propriétés fonctionnelles de l’écosystème reste 

à appréhender. De plus les contaminants peuvent avoir une influence irréversible sur cet 

écosystème dont la capacité de résilience est peu connue.  

La Lagune de Bizerte, incluant le Canal de Bizerte, constituent un pôle de conchyliculture 

et de pêche en Tunisie. Ces écosystèmes se trouvent aussi sous une anthropisation accrue, 

conduisant à leur eutrophisation et contamination chimique par divers polluants (Lafabrie et al., 

2013; Barhoumi et al., 2014; Saidi et al., 2019; Pringault et al., 2016, 2021) qui ont impacté les 

communautés marines et les microorganismes planctoniques. La modélisation des flux de 
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carbone a montré que la structure et le fonctionnement trophique de ces écosystèmes changent 

en réponse à une perturbation par les sédiments contaminés et que leur capacité de recyclage 

augmente aussi. Ceci a révélé la forte capacité de résilience de la Lagune et du Canal qui sont 

continuellement soumis à des perturbations, dues surtout à une contamination chimique qui ne 

diminue pas. Ces écosystèmes ont été affrontés à une contamination soudaine en 2018 

provoquée par une fuite de pétrole brute causant une marée noire. Malheureusement, la capacité 

de résistance de ces écosystèmes face à cet évènement majeur de perturbation pulsée reste à 

vérifier.  

Ces lacunes d’ordre fonctionnel au niveau du Golfe de Gabès et du Canal de Bizerte, nous 

a conduit à mener ce travail de thèse dont les objectifs principaux sont (i) évaluer les impacts 

d’une contamination chronique ou pulsée sur les RTPs et les propriétés structurales, 

fonctionnelles et émergentes des deux systèmes et (ii) proposer des indicateurs écologiques 

spécifiques aux deux pressions pour décrire l’état de santé de chaque écosystèmes. Les 

indicateurs sélectionnés peuvent être mis à la disposition des gestionnaires comme des outils 

efficaces pour une gestion durable de l’environnement marin. 

Afin d’atteindre ces objectifs, différents types d’approches ont été utilisées, incluant des 

échantillonnages dans les deux sites d’étude, des incubations et expérimentations in situ et des 

analyses de modélisation. 

Le manuscrit de la thèse est organisé en différents chapitres : 

► Chapitre I: Ce chapitre est dédié à la revue bibliographique qui présente une synthèse 

sur le fonctionnement des écosystèmes avec les différents types de réseaux trophiques 

planctoniques, l’impact de la contamination sur le fonctionnement et la structuration des 

réseaux ainsi que sur la modélisation numérique et l’analyse d’indicateurs écologiques. 

► Chapitre II : Ce chapitre présente le « Matériel et Méthodes » utilisés pour accomplir 

le travail de la thèse avec des descriptions des stratégies d’échantillonnage, des dispositifs 

expérimentaux, des protocoles analytiques utilisés, de la modélisation inverse LIM-

MCMC, de l’analyse ENA et des rapports écologiques ainsi que des analyses statistiques.  

► Chapitre III : Ce chapitre présente les données de terrain collectées dans le Golfe de 

Gabès au niveau de quatre stations situées le long d’un gradient de contamination 

(pression nutritive). Ces données ont concerné le phytoplancton (biomasse, composition, 

structure en taille, croissance et production primaire), le protozooplankton (abondance et 
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composition), le métazooplancton (abondance et composition), les interactions 

trophiques (broutage du phytoplancton par le proto- et métazooplancton) et les taux de 

sédimentation (flux verticaux des particules de carbone organique). Ces données de 

terrain ont permis de conceptualiser des voies de transfert de carbone. Ce chapitre était 

écrit sous forme d’un article scientifique «Influence of Nutrient Gradient on 

Phytoplankton Size Structure, Primary Production and Carbon Transfer Pathway in a 

Highly Productive Area (SE Mediterranean)» qui est publié dans le journal «Ocean 

Sciences Journal», Chkili et al. (2023) 58:6. https://doi.org/10.1007/s12601-023-00101-

6 

► Chapitre IV : Dans ce chapitre, les modèles des réseaux trophiques planctoniques ont 

été mis en place par la méthode inverse améliorée (LIM-MCMC) pour les quatre stations 

du Golfe de Gabès. Cette méthode a été couplée à une analyse des réseaux afin de dégager 

des indices écologiques permettant de décrire les propriétés structurales et fonctionnelles 

de chaque réseau et pour aussi une comparaison inter-système. Ces deux outils 

numériques ont été appliqués pour la première fois sur le réseau trophique planctonique 

du Golfe de Gabès. Les résultats de ce chapitre étaient rédigés sous forme d’un article 

scientifique «Typology of planktonic food webs and associated emerging properties as 

indicators of the ecological status of a permanently disturbed Gulf» qui est soumis dans 

la revue « Progress in Oceanography ». 

► Chapitre V : Ce chapitre présente les résultats du monitorage réalisé dans le Canal de 

Bizerte à la suite de la marée noire et qui ont concerné la réponse à la contamination 

pétrolière, à court et à long terme, de la communauté naturelle du phytoplancton, de la 

communauté du protozooplancton et son activité de broutage ainsi que les conséquences 

sur la structure et le fonctionnement du réseau trophique planctonique. Ces résultats ont 

fait l’objet de deux articles :  

Article 3 : «Field study on natural phytoplankton throughout “Bizerte City” oil spill on the 

south-western Cost of the Mediterranean Sea» qui est soumis dans le journal « Archive 

of Environmental Contamination and Toxicologie ».  

https://doi.org/10.1007/s12601-023-00101-6
https://doi.org/10.1007/s12601-023-00101-6


Introduction générale 

6 
   

Article 4: «Novel insight into the oil impact on the protozooplankton, trophic interactions 

and food web structure: field and modelling study» qui est en cours de soumission dans 

la revue «Science of The Total Environment». 

Une discussion générale présente tous les résultats et met en évidence les changements 

entre les deux types de contamination, en se basant sur les indices écologiques. Le manuscrit 

de la thèse se termine par une conclusion générale et les perspectives de recherche sont 

finalement développées.
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Fonctionnement des écosystèmes marins 

 

I. Producteurs primaires et consommateurs planctoniques 

L'un des principaux défis de l’écologie était de comprendre les moteurs de la structure et 

de la fonction des écosystèmes (Levin, 1992). Les écosystèmes marins forment des systèmes 

dynamiques contenant de nombreux composants vivants et non vivants qui interagissent entre 

eux (Prasad, 2022). Les composants vivants ont besoin de matière et d'énergie pour exécuter 

leurs fonctions vitales et, ainsi, développer leurs cycles de vie. L’énergie entre dans 

l’écosystème sous la forme de production primaire, le traverse et est stockée sous forme de 

biomasse dans les organismes vivants (Tomlinson et al., 2014). Ainsi la production primaire 

correspond à la production de matière organique végétale (biomasse), issue de la photosynthèse 

par des organismes autotrophes, les producteurs primaires (P1) qui représentent le premier 

maillon du réseau trophique. Le stock de carbone organique produit est transféré aux divers 

consommateurs (C1, C2, etc.) qui vont se succéder dans les réseaux trophiques (Figure I. 1). 

 

 

Figure I. 1. Schéma simplifié de la production primaire et son transfert (P : producteurs ; 

C1, C2 : Consommateurs) 
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1. Producteurs primaires  

Le phytoplancton constitue les producteurs primaires des écosystèmes marins, dont la 

productivité dépend énormément du taux de la production phytoplanctonique. Ce taux est lui-

même lié à la structuration de la communauté phytoplanctonique, surtout à la taille des 

producteurs (Maranon, 2010; Kang et al., 2020).  

Le picophytoplancton (0,2-2 µm) est constitué par les pico-cyanobactéries procaryotes et 

pico-eucaryotes photosynthétiques (notamment des représentants des chlorophytes) (Stockner 

& Antia, 1986; Riemann & Christoffersen, 1993). Le picophytoplancton forme une faible 

fraction de la biomasse carbonée du phytoplancton (10%) mais pourrait contribuer à 75% de la 

chlorophylle a dans certaines régions (Stockner & Antia, 1986; Magazzu & Decembrini, 1995). 

Il est capable d’utiliser les faibles ressources plus efficacement que les grosses cellules grâce à 

sa petite taille (Raven, 1986). Cette particularité de taille lui permet d’être plus abondant et plus 

compétitif par rapport aux larges algues dans les écosystèmes pauvres en nutriments (Chisholm, 

1992; Agawin et al., 2000). Plusieurs études ont montré également que le picophytoplancton 

joue un rôle très important dans le flux de matière et d’énergie dans le réseau trophique 

microbien (Šimek et al., 1995; Stockner et al., 2002; Jiao et al., 2005; Sakka Hlaili et al., 2007). 

Le nanophytoplancton (2-10 µm ou 2-20 µm) renferme un ensemble d’organismes 

eucaryotes autotrophes appartenant à différentes classes taxinomiques, tels que les 

chlorophycées, les prasinophycées, les cryptophycées, les chrysophycées et les petits 

dinoflagellés et petites diatomées. Ces nano-organismes sont considérés comme les principaux 

producteurs primaires, dont l’énergie et la matière sont transférées vers les consommateurs 

protozooplanctoniques (Sherr et al., 1986; Verity et al., 2002). Plusieurs travaux ont montré 

l’importance quantitative de la fraction nanoplanctonique dans le milieu marin (Sanders et al., 

2000; Lovejoy et al., 2002). Cette fraction est parfois responsable de plus de 80% de l’activité 

photosynthétique (Bruno et al., 1983).  

Le microphytoplancton (10-200 µm ou 20-200 µm) est souvent représenté par deux 

classes (Bougis, 1974; Totti et al., 2005): les diatomées et les dinophycées (ou dinoflagellés). 

Mais on peut trouver aussi des grandes cellules comme les dictyochophycées, les 

euglénophycées, les prasinophycées, les nephrophyceae, les pédinophyceae et les 

chlorophycées. Le microphytoplancton constitue le principal producteur primaire au niveau des 

écosystèmes marins pélagiques caractérisés par des eaux riches en nutriments, où il peut 
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présenter des taux élevés de production (Bec et al., 2005; Meddeb et al., 2019). Le 

microphytoplancton est très abondant dans les eaux néritiques caractérisées par un excès 

d’éléments nutritifs (Cole et al., 1988; Harrison & Cota, 1991). En terme de biomasse et de 

productivité, les eaux côtières sont caractérisées par une production élevée, qui est due 

essentiellement au microphytoplancton (Grami, 2009; Sakka Hlaili et al., 2007; Meddeb et al., 

2018). 

La taille des producteurs primaires joue un rôle majeur dans la sélection pour les 

consommateurs planctoniques. Ainsi, il existe une cohérence entre la dominance d’un type 

d’autotrophes et le type de brouteurs. Lorsque la fraction picoplanctonique domine, ce sont les 

consommateurs microbivores qui se développent, alors qu’en présence des grosses cellules, 

c’est souvent les organismes herbivores qui prolifèrent. 

2. Consommateurs planctoniques 

2.1. Protozooplancton  

Le protozooplancton, à travers son broutage, joue un rôle essentiel dans la structuration 

des communautés planctoniques(Paranjape, 1990; Verity & Paffenhofer, 1996; James et al., 

1998) et dans le contrôle de la production phytoplanctonique et bactérienne (Gifford, 1988; 

Burkill et al., 1995; Cotano et al., 1998; Pecqueur et al., 2022; Kosiba & Krztoń, 2022). Il 

représente un lien important entre les petits producteurs et les niveau trophiques supérieurs 

(Montagnes et al., 2010; Sommer et al., 2012; Agasild et al., 2013; Kosiba et al., 2017). 

Le protozooplancton est représenté par des organismes unicellulaires planctoniques 

hétérotrophes et mixotrophes dont la taille ne dépasse pas 200 µm; on y distingue le 

nanozooplancton et le microzooplancton (Sieburth et al., 1978; Yang et al., 2008). Le 

nanozooplancton est constitué de petits organismes nanoflagellés hétérotrophes (NFHs) et les 

petits ciliés, surtout les aloriqué, alors que le microzooplancton regroupe les dinoflagellés et les 

ciliés loriqués. Les NFHs et les ciliés aloriqués sont des consommateurs microbivores (ou 

bactérivores) qui se nourrissent par phagotrophie sur les proies pico- et nanoplanctoniques. Le 

protozooplancton microbivore joue donc un rôle primordial dans les écosystèmes oligotrophes 

où les petits producteurs dominent en consommant une importante fraction de leurs biomasses 

(Šimek et al., 1995; Sime-Ngando et al., 1995; Calbet et al., 2000; Bouvy et al., 2006; Drira et 

al., 2009). Les gros ciliés loriqués et les dinoflagellés sont les principaux consommateurs 

herbivores dans les eaux, où la production primaire est supportée par le phytoplancton de grande 
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taille (Sakka Hlaili et al., 2007; Sherr et al., 2009). Ces gros protozoaires peuvent parfois 

exercer une pression de broutage sur les diatomées plus importante que celle des copépodes et 

des autres grands consommateurs (Sherr & Sherr, 2007; Meddeb et al., 2018). Les ciliés 

loriqués, représentés principalement par les tintinnides peuvent ingérer une large portion de la 

production primaire journalière dans les milieux côtiers et lors des blooms printaniers du gros 

phytoplancton (Johansson et al., 2004; Sakka Hlaili et al., 2007; Meddeb et al., 2018; Sime-

Ngando et al., 1995; Drira et al., 2009). Sherr & Sherr, (1987) ont montré que les ciliés sont des 

brouteurs majeurs des bactéries, alors que Sime-Ngando et al. (1995) ont les signalé comme 

consommateurs potentiels des dinoflagellés. Drira et al. (2009) ont  émis en évidence le rôle 

potentiel joué par les ciliés non seulement en tant que prédateurs du phytoplancton, mais aussi 

en tant que proies pour les copépodes filtreurs dans le Golfe de Gabès. Les dinoflagellés 

englobent des organismes hétérotrophes stricts dépourvus de pigment photosynthétique, 

comme les espèces de Protoperidinium, et sont les principaux brouteurs herbivores lors des 

efflorescences des diatomées (Jacobson & Anderson, 1986; Lessard, 1991; Sherr & Sherr, 

2007). D’autres dinoflagellés sont mixotrophes, comme les espèces des genres Gymnodinium, 

et Gonyaulax, et sont capables soit de réaliser la photosynthèse soit de phagocyter des proies 

dont la taille dépasse parfois leur propre taille (Jeong et al., 1999; Seong et al., 2006; Calbet et 

al., 2008).  

Le protozooplancton peut également avoir une activité carnivore importante puisqu’il 

peut se nourrir de dinoflagellés, flagellés et ciliés hétérotrophes, fournissant ainsi une 

alimentation essentiel au métazooplancton (Calbet & Landry, 1999; Calbet & Saiz, 2005). 

2.2. Métazooplancton  

Le métazooplancton, qui est composé par les organismes métazoaires planctoniques, 

constitue un compartiment essentiel des réseaux trophiques marins et des cycles 

biogéochimiques par son alimentation, sa migration verticale et par la production de pelotes 

fécales (Banse, 1995; Robinson et al., 2010; Steinberg & Landry, 2017). Ce compartiment 

trophique est très diverse regroupant les copépodes, les cladocères, les appendiculaires, les 

nauplii de Cirrhipèdes, les larves de décapodes, les chaetognathes, les annélides, etc. L’activité 

de broutage du métazooplancton sur les producteurs primaires permet de limiter leur 

accumulation tout en transférant la matière organique produite vers les niveaux trophiques 

supérieurs (McQueen et al., 1986). L’activité herbivore du métazooplancton est souvent 
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associée aux copépodes. Le spectre de taille de ce groupe (copépodes de petite et large tailles) 

joue un role essentiel dans la filtration et/ou la prédation du microphytoplancton. 

Les copépodes de petite taille (200µm) était capable de se nourrir d'une large sélection de 

proies phytoplanctoniques (Drira et al., 2010). Ce sont des filtreurs (Graeve et al., 1994) qui 

capturent souvent des nano et micro-phytoplancton dont la taille varie de 5 à 50 µm, comme les 

diatomées (Mauchline, 1998), les chrysophycées et les cryptophycées (Antajan & Gasparini, 

2004). La sélectivité vis-à-vis de la taille des proies est essentiellement liée à la taille et la 

structure des appendices qui servent à la capture ou à la filtration des proies (Karlson & 

Bamstedt, 1994). D’autre part, il y’a des copépodes carnivores (Calbet et al., 2007) qui ne 

filtrent pas l’eau, mais ils capturent les protozoaires, les rotifères, les larves d’autres crustacés 

ou d’autres copépodes dont la taille est un peu plus grande par rapport aux proies des filtreurs. 

Parmi les espèces qui possèdent les deux comportements alimentaires, il y a les omnivores qui 

peuvent consommer du phytoplancton ou du petit zooplancton et même des détritus (Dalsgaard 

et al., 2003; Arts et al., 2009). Ils peuvent être prédateurs ou filtreurs en fonction des conditions 

environnementales, la disponibilité, la taille et la valeur nutritive des proies (Adrian & 

Schneider-Olt, 1999). Le cannibalisme n’est pas rare chez les copépodes (Camus & Zeng, 2009) 

surtout dans les cas de cultures, ce sont souvent les stades juvéniles des copépodes qui sont les 

victimes de ce phénomène (Ohman & Hirche, 2001).  

II. Transfert trophique et réseaux trophiques planctoniques 

La productivité marine dépend tout d’abord de la production primaire et ensuite de 

l’efficacité de son transfert trophique, qui est en relation étroite avec la structure du réseau 

trophique planctonique. En fait, la structure du réseau trophique se base principalement sur le 

type des producteurs primaires qui eux-mêmes définissent le type des consommateurs. Dans les 

écosystèmes marins, plusieurs structures trophiques peuvent être distinguées (Steele, 1974; 

Azam et al., 1983; Cushing, 1989; Legendre & Rassoulzadegan, 1995; Sakka Hlaili et al., 2014)  

La typologie des réseaux trophique a été décrite la première fois par Steele, (1974). Ce 

dernier a schématisé le transfert de matière et d’énergie au sein des différentes composantes 

planctoniques (producteurs et consommateurs) sous forme d’une chaîne alimentaire classique 

appelée réseau herbivore «herbivorous food web». La production primaire dans ce type de 

réseau trophique est dominée par le microphytoplancton (notamment les diatomées de 10-

200 µm) qui assurent l’essentiel de la productivité et qui est ensuite brouté par le 
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métazooplancton herbivore (copépodes en particulier) (Figure I. 2a). Ce réseau trophique 

classique, par sa productivité importante, alimente les niveaux trophiques supérieurs pélagiques 

et assure un transfert trophique efficace du carbone biogène. Il est responsable d’une forte 

exportation de la matière organique en dehors de la couche euphotique. Généralement, le réseau 

herbivore domine lors des efflorescences algales surtout des diatomées ou pendant la remontée 

de nutriments allochtones suivie par une stabilisation de la couche de mélange (Legendre, 

1990). 

Des études ont ensuite signalé l’importance des autotrophes et hétérotrophes de petite 

taille dans la structure des réseaux trophiques planctoniques marins (Azam et al., 1983; Sherr 

& Sherr, 1988; Legendre & Rassoulzadegan, 1995). Azam et al. (1983) ont introduit la notion 

de boucle microbienne « microbial loop », où les bactéries sont ingérées par les nanoflagellés 

hétérotrophes (NFHs) qui sont eux-mêmes broutés par les ciliés (Figure I. 2b). Sherr & Sherr, 

(1988) ont suggéré l’existence d’un réseau trophique microbien « microbial food web » incluant 

en plus les autotrophes et les hétérotrophes de petite taille, assurant le flux d’énergie nécessaire 

pour le réseau trophique pélagique (Figure I. 2c). La prédominance de la boucle microbienne 

ou du réseau microbien est déterminée par l'importance de la quantité d'azote organique dissous 

(NOD) par rapport à celui du carbone organique dissous (COD). Selon Caron et al. (1988), 

lorsque le NOD est abondant, les bactéries reminéralisent plus d'ammonium quelles n'en 

utilisent, cet ammonium étant utilisé par le picophytoplancton ce qui conduit à un réseau 

microbien (Legendre & Rassoulzadegan, 1995). Par contre, lorsque le NOD est peu abondant, 

les bactéries hétérotrophes entrent en compétition avec les petits phototrophes pour 

l'ammonium ce qui conduit à un système presque fermé dominé par la boule microbienne 

(Legendre & Rassoulzadegan, 1996). Le réseau microbien est moins efficace dans le transfert 

du carbone vers le domaine pélagique que le réseau herbivore, puisqu’une partie assez 

importante de la production primaire est oxydée dans la zone euphotique (Legendre & Le Fèvre, 

1989; Legendre & Gosselin, 1989; Meddeb et al., 2019). Sakka Hlaili et al. (2014) ont 

carcatérisé deux sous type du réseau microbien. Le réseau « phyto-microbien » dans lequel le 

protozooplancton se nourrit principalement sur le phytoplancton et le « réseau poly-microbien 

» où le protozooplancton consomme toutes les ressources alimentaires disponibles à savoir 

phytoplancton, bactérioplancton et détritus. Legendre & Rassoulzadegan (1995) ont défini une 

voie trophique intermédiaire entre les réseaux herbivore et microbien à savoir le réseau 

multivore « Multivorous food web » (Figure I. 2d). Dans ce type de réseau, l’herbivorie et la 

microbivorie jouent simultanément un rôle crucial dans le transfert du carbone biogène. Le 
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broutage du gros phytoplancton par les copépodes ainsi que le protozooplancton herbivore 

favorise l’activité d’excrétion de ces brouteurs, ce qui enrichit le milieu par le COD et NOD et 

d'ammonium. Du fait de l'abondance du NOD, il y a reminéralisation de l'ammonium par les 

bactéries et par leurs brouteurs protozoaires. Ce nutriment régénéré favorise la production du 

petit phytoplancton qui est activement exploité par le protozooplancton microbivore. 

Récemment, Meddeb et al. (2019) ont identifié un nouveau type de réseau trophique appelé 

«Bacterial multivorous food web» (Figure I. 2e), qui s’ajoute au continuum trophique 

conventionnel. Cette nouvelle voie trophique a été caractérisée par la co-contribution de 

phytoplancton et de bactérioplancton ensemble à la production de carbone et par le plus fort 

recyclage du carbone, ce qui a conduit à une plus grande rétention du carbone dans l'écosystème 

et une faible efficacité de transfert vers les niveaux supérieurs. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure I. 2. Différent types de réseaux trophiques planctoniques marins. 
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Perturbation des écosystèmes marins et réseaux 

trophiques planctoniques 

Un écosystème est dit "stressé" lorsque sa structure et ses processus naturels sont altérés 

face à une perturbation. Généralement, les tendances attendues dans un écosystème soumis à 

un stress comprennent des changements dans la biomasse, la structure et la fonction de la 

communauté, l'énergétique (respiration, exportation ou désaffectation de la production 

primaire) et le cycle des nutriments (augmentation du transport horizontal et diminution du 

cycle vertical des nutriments) (Odum, 1985). La réponse de l'écosystème à un stress dépend du 

type de stress. Par exemple, un stress chronique qui se prolonge sur une longue période peut 

avoir un effet différent d'un stress aigu qui est rapidement suivi d'une récupération et d'un retour 

à un état non stressé (Odum, 1985). Les réseaux trophiques marins sont soumis à différentes 

types de perturbations anthropiques qui sont susceptibles de modifier leurs structures et 

fonctionnements. Quel que soit le type de perturbation (naturelle ou anthropique), elle est 

capable de modifier l’écosystème et donc les communautés qui y constituent (Frontier et al., 

2008). Ainsi, la compréhension de la réaction des écosystèmes face aux perturbations est un 

ancien enjeu de la recherche écologique (MacArthur, 1955; Yodzis, 1988). Des efforts 

considérables ont été réalisés pour déterminer les caractéristiques structurelles des 

communautés, à savoir les types d'interaction entre les espèces (Allesina & Tang, 2012)  ou la 

structure du réseau (Rooney et al., 2006; Grilli et al., 2016), qui influencent la capacité de 

l’écosystème à résister à une perturbation (résistance) et à s'en remettre (résilience).  

Les travaux sur la contamination marine traitent les différents types de polluants 

présents dans les milieux marins, leur devenir dans les systèmes marins ainsi que leurs effets 

sur les différents niveaux trophiques. La vulnérabilité de cette contamination est d'autant 

plus visible que les organismes appartiennent à des niveaux trophiques plus élevés. Son effet 

sur le phytoplancton est discret et n’est remarqué qu'après que les changements qui en 

résultent se sont transmis en cascade à d'autres niveaux trophiques et sont devenus évidents 

(D’Costa et al., 2017) . Le phytoplancton, par son cycle de vie court (David et al., 2007), et 

le zooplancton, par la capacité de certaines espèces à produire des formes de résistance 

(Guerrero & Rodriguez, 1998), sont d'excellents indicateurs des conditions 

environnementales et de la santé aquatique, car ils sont sensibles aux changements de la 

qualité de l'eau. Ils réagissent à de faibles niveaux d'oxygène dissous, à des niveaux élevés 
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de nutriments, à des contaminants toxiques, à une mauvaise qualité ou abondance de la 

nourriture et à la prédation. 

Les changements produits par les perturbations sur la structure des communautés 

planctoniques peuvent avoir des conséquences sur la totalité réseau trophique planctonique. 

Ce dernier, donne une vision claire du fonctionnement des écosystèmes et de sa stabilité à 

travers l’étude des relations trophiques entre les communautés planctoniques (Ulanowicz, 

1986, 1997). Cette stabilité est reconnue comme une propriété efficace de caractérisation de 

l’écosystème (McCann, 2000). Elle peut être mesurée soit par la résistance (c.à.d. la capacité 

d’un écosystème à résister à une perturbation) soit par la résilience (McCann, 2000), 

permettant ainsi d’avoir une information sur l’organisation et la composition modifiée de 

l’écosystème. Dans le milieu marin, en décrivant la stabilité d’un écosystème, Legendre & 

Rassoulzadegan (1995) ont déclaré que le réseau alimentaire herbivore qui domine les eaux 

stressées par les forts apports en nutriments, agit comme un système peu stable, puisqu'il est 

de nature transitoire. En revanche, les réseaux alimentaires multivores et microbiens, qui 

dominent les eaux plus au moins oligotrophes, ont une plus grande stabilité et sont donc plus 

durables et dominent l'environnement pélagique dans la plupart des océans. D’autres 

propriétés émergentes ont été associées à chaque type de réseau. Le réseau herbivore est 

défini comme un réseau à forte efficacité trophique (transfert d’énergie vers les hauts 

niveaux trophiques) et à forte exportation de matière, alors que la boucle microbienne et le 

réseau microbien engendre par opposition un fort recyclage de la matière et une faible 

efficacité trophique (Legendre & Rassoulzadegan, 1995).  

Les réseaux alimentaires planctoniques présentent un intérêt croissant depuis plus de 

40 ans (GOFS, 1986), en raison de leur relation intense avec les cycles biogéochimiques 

marins et, principalement, avec la régulation de l'augmentation des concentrations de CO2 

dans l'atmosphère. Ces réseaux peuvent être des indicateurs de temps de séjour des éléments 

et des contaminants dans les eaux de surface en changeant leurs structures (Frost, 1984; 

Goldman & Caron, 1985; Vézina & Platt, 1987). De plus, il est clair que la productivité 

secondaire est liée à la production primaire, donc le fonctionnement planctonique affecte 

directement l'exploitation des ressources naturelles. En outre, les pressions anthropiques 

croissantes sur la plupart des océans, lacs et lagons du monde confirment l'importance 

d'examiner les réponses du réseau trophique pour prédire l'avenir de la production 

secondaire. 
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Modélisation des réseaux trophiques planctoniques 

Par modélisation, nous entendons une projection de la réalité et du fonctionnement 

d'un système, par un modèle, c'est-à-dire par " une construction de l'esprit, dans laquelle la 

réalité est simplifiée, permettant de mieux l'appréhender, avec une intention précise " (De 

Brabandere & Iny, 2012). Depuis son implantation (Riley, 1946), la modélisation a permet 

de développer de nouvelles techniques qui facilitent la compréhension du fonctionnement 

des écosystèmes marins. La modélisation est une approche mathématique utilisant des 

équations pour caractériser les processus au sein de l’écosystème. 

Plusieurs approches de modélisation ont été développées pour caractériser les réseaux 

alimentaires marins. Ces modèles peuvent fournir des bases écologiques pour les services 

écosystémiques et la gestion des systèmes marins naturels (Carpenter et al., 2009; Bagstad 

et al., 2013; Beske-Janssen et al., 2015). La modélisation du réseau trophique par Ecopath 

associé à Ecosim (EwE) est une approche principalement utilisée pour étudier les niveaux 

trophiques supérieurs soumis à la pêche (Pauly et al., 2000; Christensen, 2005; Sreekanth et 

al., 2021) et pour évaluer l'impact de l'exploitation humaine et des changements 

environnementaux sur les réseaux trophiques aquatiques (Steenbeek et al., 2018). Le modèle 

linéaire inverse (LIM), tel que défini par (Vézina & Piatt, 1988), est issu des sciences 

physiques et est considéré comme l'une des méthodes les plus utiles dans l'étude de l'état des 

écosystèmes marins (Niquil et al., 2011; Pacella et al., 2013; Taffi et al., 2015; Hines et al., 

2018). Cette méthode a été combinée à la technique de la chaîne de Markov Monte Carlo 

(MCMC) pour devenir la méthode innovante LIM Markov Chain Monte Carlo (LIM-

MCMC;  Van den Meersche et al., 2009). L’analyse LIM-MCMC estime l'incertitude des 

flux et des indices des propriétés structurelles et fonctionnelles du réseau trophique (De 

Laender et al., 2010; Grami et al., 2011; Niquil et al., 2011; Saint-Béat et al., 2013; Chaalali 

et al., 2015; Hines et al., 2018). 

Vu la complexité des réseaux trophiques marins et la diversité des interactions au sein 

d’eux, la mesure de tous les flux de carbone entre les différents compartiments trophiques 

est impossible à réaliser. Vézina & Platt (1988) sont les premiers qui ont utilisé l'analyse 

inverse pour reconstruire les flux de matière inconnus à partir des flux connus (i.e. 

mesurables sur le terrain) et donc ils ont résolu le problème de l’estimation des flux de 

carbone manquant dans les réseaux planctoniques. L'avantage de l'analyse inverse est 

d'obtenir une estimation des divers échanges trophiques entre les compartiments en intégrant 
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l'ensemble des données existantes sur les processus biologiques et écologique, et de 

caractériser l’incertitude de ces estimations. 

Cette méthode comporte 4 étapes qui sont résumé dans la Figure I. 3. (i) Elle démarre par 

la mise en place d'un type de modèle conceptuel, le model a priori, qui présente les différentes 

interactions entre les compartiments vivants et non vivants. (ii) Ensuite, on établit des bilans de 

masse qui correspondent à un équilibre des flux entrants et sortants de chaque compartiment 

trophique. Les flux entrants correspondent à la production primaire, ou la consommation et à 

l'importation vers un compartiment donné. Les flux sortants comprennent la respiration, 

l'excrétion, la prédation et l'exportation du compartiment considéré. (iii) Puis, on ajoute des 

informations sur les flux mesurés sur le terrain, avec leur intervalle de variation, et sur les flux 

inconnus à partir de la littérature. Ces informations constituent des inéquations ou contraintes 

biologiques et permettent d'attribuer des valeurs réalistes à chaque flux. (iv) La dernière étape 

consiste en calcul des solutions possibles par un échantillonnage de l’espace des solutions aussi 

appelé polytope (Niquil et al., 2011). 
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Figure I. 3. Schéma illustrant les différentes étapes de l’analyse inverse (Vézina & Platt, 

1988) 

Phyt= Phytoplancton ; Bac= Bactéries ; Zoo= Zooplancton; COD = Carbone organique 

dissous ; DET= Détritus ; GPP phyt= Production primaire brute du phytoplancton ;  

R= respiration du phytoplancton
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Sites d’étude, échantillonnages et méthodes 

analytiques 

I. Description des sites d’étude 

1. Golfe de Gabès 

Le Golfe de Gabès est situé sur la côte sud-est de la Tunisie. Il représente plus de la moitié 

du littoral tunisien avec environ 700 km et possède le plus grand plateau continental de la mer 

Méditerranée. Son contour, mesuré uniquement sur l'isobathe 20 mètres, est de 110 milles 

nautiques. La profondeur de 50 mètres s'étend à plus de 70 milles nautiques au large des îles 

Kerkennah (Hattour et al., 2010). Le Golfe est caractérisé par une circulation complexe des 

eaux résultant de la combinaison de courants généraux, de courants de marée, de courants 

éoliens et/ou de courants de houle ou littoraux, et les marées atteignent l'amplitude la plus élevée 

en mer Méditerranée ( 2 m) (Hattour et al., 2010; Othmani et al., 2017). Le Golfe abrite des 

eaux riches en nutriments en raison des apports des activités anthropiques (M. B. Bel Hassen et 

al., 2009; Drira et al., 2009b; Khammeri et al., 2018), ce qui contraste avec l'oligotrophie bien 

connue du bassin méditerranéen oriental (D’Ortenzio & Ribera d’Alcalà, 2009; Ben Brahim et 

al., 2010). Le Golfe est un écosystème très productif qui abrite une grande biodiversité marine 

et contribue à hauteur de 50% à la production nationale de poissons (DGPA, 2015; Béjaoui et 

al., 2019). Il constitue également un écosystème de nurserie crucial pour la mer Méditerranée 

(Enajjar et al., 2015; Koched et al., 2015). Cet écosystème a récemment été considéré comme 

l'une des onze écorégions consensuelles de la mer Méditerranée et est classé comme une région 

d'eau peu profonde caractérisée par des efflorescences de phytoplancton (Ayata et al., 2018). 

Néanmoins, le Golfe est identifié comme un hotspot de pressions anthropiques (Reygondeau et 

al., 2017) car il est fortement impacté par l'industrialisation, notamment les rejets des usines de 

production de phosphate, principalement le Groupe Chimique Tunisien (Boudaya et al., 2019; 

Kmiha-Megdiche et al., 2021). La surpêche est également un problème croissant dans le Golfe, 

entraînant un déséquilibre de l'écosystème et le déclin des ressources halieutiques (Béjaoui et 

al., 2019). 
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2. Canal de Bizerte 

Le Canal de Bizerte situé au nord de la Tunisie forme un milieu de transition entre la Baie 

et la Lagune de Bizerte, avec une longueur de 7 km, une largeur de 300 m et une profondeur de 

12 m. La rareté des données bibliographiques sur ce milieu, nous permet d'avoir très peu de 

données sur l'hydrodynamisme dans ce site. Le canal est fortement influencé par la 

courantologie de la Méditerranée et de la Lagune de Bizerte. L’hydrodynamisme est sous 

contrôle des houles et des marées. L’action des houles est relativement faible vue la mise en 

place des brises lames à l’entrée du canal (Furse, 1899; Shaiek et al., 2017). La marée au niveau 

du Canal dépend de celle de la Lagune et des côtes mais reste généralement faible (Ben Haj, 

1992). Le Canal est soumis à une eutrophisation progressive depuis des années, due à 

d’importants apports d’éléments nutritifs (3,5–32,40 N µM; 1,30–11,5 P µM; 2–11 Si µM), 

induisant des teneurs élevées en Chl a (6,20 mg m-3) (Bouchouicha Smida et al., 2012; Sahraoui 

et al., 2012). Ainsi, les décharges d’égouts municipaux, le ruissellement d’une grande décharge 

municipale anarchique sur ses berges (près de la cimenterie), et les rejets de la station 

d’épuration de Sidi Ahmed, riches en nitrates et en phosphates rend ce milieu un écosystème 

de plus en plus pollué. Cette contamination est de nature plutôt chimique supportée surtout par 

les élements traces métalliques (85–228 mg g-1 de sédiments secs), les hydrocarbures 

aromatiques polycycliques (21–772 µg g-1 de sédiments secs) et les Polychlorobiphényles (4,39 

et 6,62 ng g-1 de sédiments secs) (Derouiche et al., 2004; Pringault et al., 2016).  

II. Echantillonnages 

1. Golfe de Gabès 

Une campagne d’échantillonnage a été réalisée du 31 octobre au 3 novembre 2017 au 

niveau du Golfe de Gabès dans le cadre du projet MERMEX-MERITE. Notre étude a été menée 

au niveau de quatre stations pertinentes (S1, S2, S3 et S4, Figure. II.1) caractérisées par une 

distribution hétérogène des nutriments. La station S2 est située en face de l'usine d'acide 

phosphorique du complexe industriel de Ghannouch-Gabès et a été choisie pour représenter les 

eaux côtières affectées par la charge de phosphogypse; les stations S1 et S4 sont localisées de 

part et d'autre de la station S2 (au nord et au sud, respectivement), tandis que la station S3 est 

une station offshore située en face de la station S1. Les caractéristiques des stations sont 

présentées dans l’article, ci-après.  
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Pour chaque station, l’eau a été collectée (en trois repliques) à l’aide d’un échantillonneur 

en plastique (Hydro-Bios) et ses propriétés physico-chimiques (température, salinité, pH et 

oxygène dissous) ont été mesurées in situ avec un capteur multisondes (Multi 1970i, WTW), 

au niveau de trois profondeurs (de 0.5 à 14 m), qui ont été choisies selon la bathymétrie de la 

station et le coefficient d’atténuation verticale de la lumière. 

 

 

Figure II. 1. Golfe de Gabès :localisation des stations d'échantillonnage et circulation 

hydrodynamique (courant tunisien atlantique : ATC et Atlantique Lybien : 

ALC). Modifié d'après Zayen et al., (2020) 
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Des sous-échantillons (5 mL) ont été immédiatement filtrés sur des filtres en 

polycarbonates stérilisés (0,2 µm) et congelés à -20oC dans des flacons lavés à l’acide jusqu’à 

l’analyse du carbone organique dissous(COD). L’eau restante a été filtrée sur un filet Nitex de 

200 µm, pour enlever le métazooplancton, et des sous-échantillons ont été pris pour les analyses 

des nutriments (1000 ml), du carbone organique particulaire (COP)(200ml), du phytoplancton 

fractionné en taille (picophytoplancton: < 2 µm; nanophytoplancton: 2-10 µm; 

microphytoplancton: 10-200 µm)(100ml), de la chlorophylle a (Chl a totale et de différentes 

fractions de taille)(1000 ml), du bactérioplancton (2 ml) et du protozooplancton (200 ml). En 

outre, le métazooplancton a été collecté avec un filet à plancton WP2 (200 µm de maille et 28 

cm de diamètre) par des traits verticaux depuis le bas vers la surface. Des échantillons d’eau 

(1000- 1400 ml) collectés par le filet ont servi pour l’analyse du métazooplancton.  

2. Canal de Bizerte 

Une marée noire était survenue le 4 octobre 2018 dans la Baie de Bizerte à la suite d’une 

fissure dans le réservoir de la société tunisienne STIR causant une fuite de 7 tonnes de pétrole 

brute. Les caractéristiques climatiques et hydrodynamiques de la région de Bizerte ont étendu 

l’impact du déversement pétrolier à 5 Km de la source de la fuite et la nappe de pétrole a été 

dirigée vers le Canal de Bizerte (Figure.II. 2).  

L’échantillonnage a été conduit à une station (profondeur maximale de 7 m) dans le Canal 

de Bizerte (Figure. II. 2) les 5, 8, 12 et 22 octobre 2018, qui correspondaient, respectivement, 

aux 1ier, 4ème, 8ème et 18ème jours après la fuite du pétrole. La prospection sur le terrain a montré 

la présence d’une couche de pétrole à la surface de la station du 1ier au 8ème jour. En fin de 

l’échantillonnage (18ème jour), l’eau de la station avait retrouvé sa couleur et son odeur d’avant 

accident.  

A chaque jour, trois échantillons d’eau ont été prélevés soit au niveau de trois profondeurs 

par un échantillonneur (0,5, 2,5 et 5 m), soit sur toute la colonne avec une pompe submersible. 

Ces échantillons ont été ensuite filtrés sur 200 µm et ont servi pour analyser les nutriments 

(1000 ml), la Chl a (1000 ml), le phytoplancton et le protozooplankton (200ml). La température 

de l’eau et la salinité ont été enregistrées in situ avec un conductimètre à microprocessuer (LF 

196, WTW), le pH a été mesuré à l’aide d’un pH-mètre (AB15, Fischer Scientific) tandis que 

la turbidité de l’eau a été déterminée avec un turbidimètre (TURB 350 IR, WTW) 

Au 8ème jour, des échantillons d’eau ont été prélevés manuellement à environ 0,5 m sous 

la surface d’eau dans des bouteilles en verre pré-nettoyées et stériles et des échantillons de 
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sédiments ont été collectés avec une benne Van Veen (Hydro-Bios). Ces échantillons (1000 ml) 

ont servi pour analyser les hydrocarbures aromatiques polycycliques (HAPs), les composés les 

plus toxiques du pétrole (Jiang et al., 2010).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure II. 2. Localisation du site de déversement de pétrole (dans la Baie de Bizerte) et 

du site d’échantillonnage. Photos des côtes polluées de la plage de Sidi 

Semlem (1- https://www.webdo.tn/2018/10/05/bizerte-7-tonnes-de-petrole-ont-fuite-

dans-la-mer-de-zarzouna/) et du Canal de Bizerte (2- 
https://directinfo.webmanagercenter.com/2018/10/10/tunisie-les-plages-polluees-par-une-

vaste-couche-de-petrole-video/) 

 

Pour les deux sites, le Golfe de Gabès et le Canal de Bizerte, les différentes étapes des 

échantillonnages ont été illustrées dans la Figure.II. 3. 
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https://directinfo.webmanagercenter.com/2018/10/10/tunisie-les-plages-polluees-par-une-vaste-couche-de-petrole-video/
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Figure II. 3. Schéma illustrant les différentes étapes réalisées pour l’échantillonnage in 

situ et le prélèvement des sous-échantillons pour les analyses au laboratoire 

III. Méthodes analytiques 

Les méthodes analytiques utilisées lors de cette étude sont détaillées dans les différents 

articles. Ici, une brève description est donnée.  

Les nutriments inorganiques (NO3
-, NO2

-, NH4
+, PO4

3-, Si(OH)4) et totaux (azote et 

phosphore) étaient analysés avec un auto-analyseur (Bran et LUEBBE type 3) pour les 

échantillons du Golfe de Gabès ou avec un spectrophotomètre (JENWAY 6400) (Parsons et al., 

1984) pour les échantillons du Canal de Bizerte. 



Chapitre II : Matériels et Méthodes 

 

28 
   

Les HAPs dans l’eau de mer et les sédiments ont été analysés par chromatographie 

gazeuse FID (Agilent Technologies) selon la technique proposée par 

UNEP/FAO/IAEA/IOC.1996. 

Le COD a été analysé à l’aide d’un autonalyseur Shimadzu TOC-5000A (Sharp et al., 

1993), alors que l’analyse du COP s’est basée sur la méthode de combustion élevée et la 

spectrométrie de masse (Raimbault et al., 2008) (Figure II. 4).  

 

 

 

 

Figure II. 4. Schéma illustrant les différentes étapes d’analyses du COP (1-4) et COD (1-3) 

 

La Chl a totale et des trois fractions de taille du phytoplancton était analysée selon la 

méthode spectrophotométrique (Parsons et al., 1984) (Figure II. 5).  

Les abondances cellulaires du bactérioplancton (BAC) et du picophytoplancton (PIC) 

était déterminées en utilisant un cytomètre en flux (CyFlow® Space , Partec). Le comptage et 

l’identification du nanophytoplancton (NAN) et microphytoplancton (MIC) ont été réalisés 

selon la méthode de la microscopie inversée d’Utermöhl, (1931). Le protozooplancton (PRO) 

était énuméré et identifié aussi sous un microscope inversé (Motic AE31E). Pour le 

métazooplancton (MET), l’analyse était réalisée à l’aide d’un stéréo-microscope (Leica M 

205C) (Figure II. 5).  

Les abondances cellulaires (cellules L-1) du bactérioplancton, des trois fractions de taille 

du phytoplancton et du protozooplancton ont été converties en biomasses carbonées (mg C m-3) 

en utilisant des facteurs ou des équations de conversion spécifiques au groupe planctonique 

(Meddeb et al., 2018). La longueur et la largeur des organismes métazoaires ont été mesurées 

et converties en teneur en carbone en employant des facteurs de conversion ou des formules 
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correspondant à chaque groupe métazoaire (Meddeb et al., 2018). Les concentrations du COD 

(mg C m-3) ont été obtenues en considérant que 1 µM de COD correspondait à 12 mg C m-3 

(Grami et al., 2008). La biomasse (mg C m-3) du carbone organique détritique (DET) a été 

estimée comme étant le COP moins les biomasses carbonées de tous les organismes 

planctoniques.  

Pour chaque compartiment planctonique, les concentrations en carbone exprimées en 

mg C m-3 ont été intégrées verticalement pour déterminer la biomasse en mg C m-2. Les 

différents calculs et formules utilisées ont été détaillés dans les articles ci-après. 

. 
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Figure II. 5. Schéma illustrant les différentes étapes des analyses de la Chl a fractionnée, 

du phytoplancton, du protozooplancton et du métazooplancton 
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Mesure in situ des flux de carbone 

I. Estimation de la production bactérienne et primaire et leur  

    consommation par le protozooplancton 

La production du bactérioplancton et du phytoplancton (i.e. PIC, NAN et MIC) ainsi que 

leur taux de consommation par le protozooplancton ont été estimées par la méthode de dilution. 

Cette méthode a été amplement utilisée au cours des dernières décennies dans différents milieux 

marins et côtiers, y compris les eaux méditerranéennes (Calbet & Landry, 2004; Sakka Hlaili 

et al., 2007; Grami et al., 2008; Grinienė et al., 2016; Meddeb et al., 2019; Leruste et al., 2019; 

Pecqueur et al., 2022; Wickham et al., 2022). Cette technique, mise au point par Landry & 

Hassett (1982), est relativement simple et permet de mesurer simultanément les taux de 

croissance des proies et leur taux de broutage par les proto-consommateurs. De plus, elle ne 

nécessite pas beaucoup de manipulations et ainsi les communautés planctoniques sont peu 

perturbées. En outre, cette technique a montré des taux de production phytoplanctonique 

similaires à ceux mesurés par la méthode de 14C (Moigis & Gocke, 2003; Meddeb et al., 2018; 

Dokulil & Qian, 2021). 

Au cours de notre étude, des expériences de dilution ont été menées dans le Golfe de 

Gabès (au niveau des quatre stations) et le Canal de Bizerte (pendant les quatre jours de 

monitorage) parallèlement aux échantillonnages. La procédure expérimentale, qui est illustrée 

dans la Figure II. 6, ainsi que les analyses et les calculs sont détaillés dans le chapitre III.  

II. Estimation de la consommation du phytoplancton par le  

       métazooplancton 

Pendant l’échantillonnage menée dans le Golfe de Gabès, la consommation du 

phytoplancton par le métazooplancton a été estimée en analysant les pigments des contenus 

stomacaux des métazoaires (Slaughter et al., 2006). Dans l’analyses, seul le 

phytoplancton > 2µm a été considéré puisque le métazooplancton (en particulier les copépodes) 

a une faible efficacité de filtration pour les particules < 5 μm (Bergales et al., 1988). Cette 

technique est largement utilisée car elle est simple et très utile pour étudier le rôle fonctionnel 

du métazooplancton dans divers milieux marins (Tseng et al., 2008; Meddeb et al., 2018; He et 

al., 2021).  

Le métazooplancton a été collecté au niveau des quatre stations dans le Golfe par le filet 

à plancton WP2 (200 µm), comme expliqué, et les échantillons collectés (200 ml) ont été 
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immédiatement anesthésiés, avec 10% d’eau gazéifiée, pour minimiser le stress et l’évacuation 

du contenu stomacal (Kleppel & Pieper, 1984), puis congelés dans l’obscurité pour minimiser 

la production des pelotes fécales (Saiz et al., 1992) (Figure II. 7). Les différentes étapes de 

l’analyse, le calcul des teneurs en pigment stomacaux ainsi que des taux de consommation sont 

détaillés dans le Chapitre III.  

III. Estimation des Flux verticaux des particules 

Les flux verticaux des particules organiques (i.e. phytopplancton, pelotes fécales du 

métazooplancton et détritus) ont été estimés en employant des pièges à sédiment au niveau des 

quatre stations dans le Golfe de Gabès. Cette technique a été utilisée dans différentes études 

pour quantifier et qualifier le flux de matière organique particulaire qui quitte la couche 

euphotique vers les eaux profondes (Laurenceau-Cornec et al., 2015; Meddeb et al., 2019; 

Xiang et al., 2022; Kojima et al., 2022). 

A chaque station, deux pièges à sédiments (63 cm de hauteur et 9 cm de diamètre) ont été 

incubés verticalement pendant 24 h laissant à peu près 2 m du fond, telsque illustré dans la 

Figure II.8 Avant leur déploiement, les pièges ont été remplis d’eau de mer dense (eau filtrée 

sur 0,2 µm + 5g NaCl L-1) pour créer un gradient de densité et éviter de collecter des particules 

de surface. A la fin de l’incubation, les pièges ont été fermés in situ et gardés au frais dans le 

laboratoire pendant la nuit pour laisser les particules se déposer. Après avoir enlevé le 

surnageant, des sous-échantillons (1590 - 3150 ml) ont été pris du matériel piège pour analyser 

le COP, le phytoplancton (i.e NAN et MIC) et les pelotes fécales des métazoaires. Ces analyses 

ainsi que le calcul des flux verticaux des particules sont détaillés dans le Chapitre III.  
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Figure II. 6. Schéma illustrant la procédure expérimentale de l’expérience de dilution 

 

Figure II. 7. Schéma illustrant l’échantillonnage du métazooplancton et la collecte des 

échantillons pour l’analyse de la communauté et des contenus stomacaux 
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Figure II. 8.  Schéma illustrant la procédure de l’incubation in situ des pièges à particules 
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Modélisation des flux de carbone et calcul des 

indicateurs écologiques (indices de typologie et 

indices fonctionnels) 
 

I. Modélisation des flux de carbone 

Des modèles des réseaux trophiques planctoniques ont été développés dans le Golfe de 

Gabès au niveau des quatre stations et le Canal de Bizerte pendant les quatre jours prospectées 

suite à la marée noire. Les flux estimés in situ n’ont concerné que quelques processus (comme 

mentionner ci-dessus). Pour avoir un modèle complet du réseau trophique planctonique la 

méthode de modélisation linéaire inverse combinée à la technique de Monte Carlo en chaînes 

de Markov (LIM-MCMC) a été appliquée dans notre étude (Vézina & Piatt, 1988; Van den 

Meersche et al., 2009). Cette méthode permet d’estimer l'incertitude des flux et des indices des 

propriétés structurelles et fonctionnelles du réseau trophique planctonqiue (Grami et al., 2011; 

Niquil et al., 2011; Saint-Béat et al., 2013; Chaalali et al., 2015; Hines et al., 2018). Les modèles 

ont été construits en  appliquant le LIM-MCMC à l'aide de la fonction xsample du paquetage 

R LimSolve sous le logiciel R studio. 

La modélisation inverse est basée sur quatre étapes: 

1. La construction d'un modèle a priori qui inclut les huit compartiments 

planctoniques (i.e. BAC, PIC, NAN, MIC, PRO, MET, DET et COD) et tous les flux 

de carbone connus et inconnus possibles entre eux, tels que illustré dans la Figure II.9. 
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Figure II. 9. Modèle a priori utilisé pour construire les réseaux trophiques planctoniques 

au cours des différents jours suivant la marée noire. Bactéries hétérotrophes 

= BAC, picophytoplancton < 2 µm = PIC, nanophytoplancton, 2-10 µm = 

NAN, microphytoplancton 20-200 µm = MIC, protozooplancton < 200 µm 

= PRO, métazooplancton >200 = MET, carbone organique dissous = COD 

et détritus = DET 

 

2. La mise en place des égalités : pour chaque compartiment planctonique, on établit un 

équilibre de masse (i.e. la somme des flux entrant est égale à la somme des flux sortant).  

3. La mise en place des inégalités : ces inégalités, obtenue de la littérature, décrivent 

de façon logique et réelle la relation qui peut exister entre deux phénomènes naturels ou 

plus. 

4. Le calcul des solutions possibles pour chaque flux : la dernière étape de la LIM-

MCMC est le calcul de tous les flux définis dans le modèle a priori.  Les détails de ces 

différentes étapes sont portés dans les chapitres IV et V.  
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II. Indice de typologie des réseaux trophiques 

En se basant sur nombreux modèles de réseau trophique, Sakka Hlaili et al. (2014) ont 

défini sept indices opérationnels pour identifier la voie de transfert de carbone dans les systèmes 

naturels planctoniques. Ces indices de typologie du réseau sont basés sur des ratios de flux de 

carbone qui peuvent être facilement estimés sur le terrain.  

Dans notre étude, quatre ratios de typololgie de réseau trophique ont été calculés à partir 

des flux fournis par la modélisation pour caractériser et décrire les interactions au sein des 

réseaux dans le Golfe de Gabès (i.e. au niveau des quatre stations) et le Canal de Bizerte (i.e. 

pendant les quatre jours suivant le déversement du pétrole). La description de ces ratios, leur 

interprétation ainsi que les valeurs discriminantes sontportées dans le Tableau II.1. 

III. Indices fonctionnels des réseaux trophiques 

Une analyse des réseaux écologiques a été appliquée pour décrire le fonctionnement des 

réseaux trophiques dans le Golfe de Gabès et le Canal de Bizerte à partir des flux obtenus par 

l'approche LIM-MCMC. Ces indices fonctionnels (indices ENA) décrivent les propriétés 

structurales et fonctionnelles (Ulanowicz, 1986; Fath & Patten, 1999; Tecchio et al., 2015; 

Meddeb et al., 2019). Le calcul de ces indices est détaillé dans le chapitre IV.  

Dans notre étude un certain nombre d’indice ENA a été considéré (Tableau II. 2) 

 

 

 

 

 



 

 
   

 

Tableau II. 1. Ratios de flux de carbone pour la détermination des types de réseaux trophiques planctoniques (ou ratios de typologie trophqiue, 

Sakka Hlaili et al., 2014) dans le Golfe de Gabès et de Canal de Bizerte

Ratio Valeur de discrimination et 

signification 

Formule Description Interprétation trophique 

Ratio 4 (R4)  Pnetpht*/D2** Production nette totale de phytoplancton divisée par la 
production nette de nourriture potentielle de PRO 

Contribution du phytoplancton à la production des proies du 
protozooplancton 

Ratio 6 (R6)  
(PnetDET + PnetDOC)/D2 

Production nette de COD et de DET divisée par la 
production nette de nourriture PRO potentielle 

Contribution de la matière organique non vivante à la production des 
proies du protozooplancton 

Ratio 7 (R7) R7 ≤ 0.1 : Herbivore 

0,1<R7<0,6 : Multivore 

R7 ≥ 0,1 : Microbien  

PnetPIC/Pnetpht Production nette de PIC divisée par la production nette 
totale de phytoplancton 

Contribution du picophytoplancton à la production primaire 

nette totale 

 

Ratio 8 (R8) 

 

R8 > 0,5 : Protozooplancton 

R8 < 0,5 : Metazooplancton  

pht-PRO/(pht-PRO + pht-MET) Taux de consommation du phytoplancton total par PRO 

divisé par le taux de consommation du phytoplancton 

total par PRO et MET 

Importance du protozooplancton dans la consommation du 
phytoplancton total 



 

 
   

Tableau II. 2. Indices fonctionnels ENAs utilisés pour les modèles du Golfe de Gabès et du Canal de Bizerte.  
Nomenclature des symboles utilisés dans les formules de calcul des indices: i : flux sortant du système en provenant de i , i=1,... n ; j : flux entrant dans le système en 

direction de j, j=1.... n; Ti : flux total sortant du compartiment i ; Tj : flux total entrant dans le compartiment j ; et Tij : flux en provenance du compartiment i vers le 

compartiment j. TSTc est le flux total recyclé : Flux du compartiment i vers le compartiment j. TSTc est le flux total recyclé. DET_MET : consommation de détritus par  

le métazooplancton et  DOC_BAC : consommation de carbone organique dissous par les bactéries.

Indices ENA Interprétation Formule de calcul Unité Références 

Débit total de système (TST) Quantifie l'activité totale du système 
𝑇𝑆𝑇 =  ∑ 𝑇𝑖𝑗

𝑛

𝑖=1,𝑗=1

 
mg C m-2 d-1  

Kay et al. (1989) 

Information mutuelle moyenne (AMI) 
Mesure l'organisation des échanges 

entre les compartiments. 

𝐴𝑀𝐼 =  ∑ 𝑇𝑖𝑗𝑄𝑖

𝑛

𝑖=1,𝑗=1
log (

𝑇𝑖𝑗

∑ 𝑇𝑘𝑗𝑄𝑘𝑘=1

)   
mg C m-2 d-1 Latham & Scully 

(2002) 

Ascendance relative (A/C) 
Définit le degré d’organisation et de 

développement de l'écosystème. 

𝐴/𝐶 =
𝐴𝑀𝐼 ∗ 𝑇. .

− ∑ 𝑡𝑖𝑗 log (
𝑡𝑖𝑗

𝑇
)𝑖𝑗

 

% 

Baird & Ulanowicz, 

(1989); Baird et al. 

(1991) 
 

Indice de recyclage de Finn (FCI) 
Quantifie la fraction de tous les flux 

impliqués dans le recyclage. 

𝐹𝐶𝐼 =  ∑
𝑇𝑆𝑇𝑐𝑖

𝑇𝑆𝑇𝑓𝑙𝑢𝑥
⁄  

% Finn (1976) 

Longueur moyenne du chemin (APL) 
Représente une mesure de la capacité 

de rétention de l'écosystème. 

𝐴𝑃𝐿 =
𝑇𝑆𝑇𝑓𝑙𝑢𝑥

∑ 𝑧𝑖
𝑛
𝑖=1

 
Sans unité Kay et al. (1989) 

Détrivorie/Herbivorie (D/H) 

Mesure l'importance de consommation  

du phytoplancton par rapport à la 

consommation de carbone détritique. 

𝐷/𝐻 =
𝐷𝐸𝑇_𝑀𝐸𝑇 +  𝐷𝑂𝐶_𝐵𝐴𝐶 

𝐹𝑙𝑢𝑥 𝑑𝑒 𝑐𝑜𝑛𝑠𝑜𝑚𝑚𝑎𝑡𝑖𝑜𝑛 𝑑𝑒 𝑝ℎ𝑦𝑡 𝑝𝑎𝑟 𝑃𝑅𝑂 𝑒𝑡 𝑀𝐸𝑇
 

Sans unité Kay et al. (1989) 
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Analyses statistiques des données 

Les analyses statistiques ont été réalisées avec le logiciel SPSS version 18.0 pour 

Windows, le logiciel MVSP v3.22, XLSTAT v.Trial et le logiciel R-studio v4.1.0. Les 

traitements statistiques de base (valeurs moyennes et écarts types) ont été appliqués à chaque 

variable abiotique ou biotique mesurée. 

Une analyse de variance (ANOVA) a été utilisée pour tester l’importance des variations 

spatiales et temporelles de la biomasse planctonique. L’ANOVA a été utilisée pour comparer 

les taux estimés (g’ et k) entre les fractions de taille du phytoplancton et pour comparer lestaux 

de broutage estimés. La normalité des distributions des données (test de KolmogorovSmirnov) 

ainsi que l‟homogénéité des variances (test de Bartlett-Box) ont été vérifiées. 

La corrélation de Spearman a été utilisée pour mesurer la relation linéaire entre les 

paramètres phytoplanctoniques (concentrations en Chl a et abondance du phytoplancton) et les 

facteurs physicochimiques au cours de la période d‟étude. Le coefficient de corrélation de 

Spearman « r » a été calculé à partir des données des variables numériques. Une valeur positive 

(maximum = +1) indique une variation simultanée dans le même sens, une valeur négative 

(minimum = - 1) indique une variation simultanée en sens inverse. 

Une analyse canonique des correspondances (ACC; Braak, 1986) a été réalisée pour relier 

la distribution spatiale des communautés du plancton aux paramètres environnementaux  

(nutriments inorganiques et organiques) dans le Golfe de Gabès (Chapitre III). L'ACC a 

également permis d'élucider la relation entre la biomasse fractionnée du phytoplancton et les 

différents groupes zooplanctoniques.  

Une analyse factorielle multiple (AFM) a été réalisée pour identifier les interrelations 

entre différents indicateurs écologiques (ratios de typologie et indices ENA) ainsi que des 

variables environnementales (nutriments inorganiques et organiques) et certains des flux 

calculés (GPP de PIC, NAN et MIC, production bactérienne et flux verticaux de NAN, MIC et 

MET) aussi bien dans le Golfe de Gabès (Chapitre IV) que dans le Canal de Bizerte 

(Discussion générale). 

Une analyse en composantes principales (ACP) a été appliquée afin d'évaluer la 

variabilité dans le temps des données environnementales et des facteurs individuels recueillis 

dans le Canal de Bizerte (Chapitre V). 
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Les indices de diversité du phytoplancton (richesse en espèces, S ; indice de diversité de 

Shannon-Wiener, H' ; régularité, J) ont été calculés pour la communauté phytoplanctonique 

échantillonnée pendant les différents jours après la marée noire. Une ordination par échelle 

multidimensionnelle (MDS) a été réalisée sur les abondances des espèces de phytoplancton afin 

de détecter les changements dans la composition de la communauté phytoplanctonique au fil 

du temps. Une analyse de dissimilarité de la distance euclidienne a été utilisée pour déterminer 

la dispersion entre les communautés à différents moments de l'échantillonnage. L'indice de 

diversité et les analyses MDS ont été réalisés à l'aide du programme PRIMER (PRIMER 6) 

(Chapitre V). 
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Chapitre III 

 

Dynamiques spatiales des nutriments, des 

producteurs primaires, des 

consommateurs et des voies de transfert 

de carbone dans le Golfe de Gabès 

 

 

 

 
 

 

 

 

 

 



Chapitre III : Dynamiques spatiales des nutriments, des producteurs primaires, des 

consommateurs et des voies de transfert de carbone dans le Golfe de Gabès 
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I. Problématique et Objectif 

Le spectre de taille de phytoplancton est un trait écologique important qui influence la 

quantité de production primaire, contrôle la taille des consommateurs et ultimement régule le 

transfert de carbone à travers le réseau trophique marin (Decembrini et al., 2009; Ward et al., 

2012; Sakka Hlaili et al., 2014; Negrete-García et al., 2022). Il est donc évident que la 

dynamique du réseau trophique planctonique et la capacité du système marin à exporter la 

production primaire soient affectées de manière significative par les changements de taille du 

phytoplancton (Legendre & Le Fèvre, 1989; Sakka Hlaili et al., 2008; Grami et al., 2011). En 

fait, Legendre & Rassoulzadegan, (1995) ont rapporté une forte relation entre la dynamique du 

réseau trophique planctonique et celle des nutriments et par conséquent, ont défini un 

continuum de voies trophiques entre les systèmes eutrophes et oligotrophes, allant du réseau 

herbivore à un réseau alimentaire multivore, puis à un réseau microbien.  

Les conditions nutritives sont eux-mêmes contrôlées par les processus physiques du 

système qui influencent finalement le spectre de taille du phytoplancton et sa production 

primaire (Estrada et al., 1999; Cermeo et al., 2006; Ferland et al., 2011). Par exemple, en mer 

Méditerranée, l’état nutritif des eaux est fortement lié au forçage hydrodynamique qui peut 

impacter la structure du réseau trophique et la capacité de l'écosystème à exporter du carbone 

biogénique. Les eaux ouvertes de la Méditerranée sont dominées par le pico- et le nanoplancton 

et supportent une faible production primaire lors de la stratification de la colonne d’eau 

(Decembrini et al., 2009). Le carbone biogène se trouve donc transféré aux consommateurs 

supérieurs via le réseau trophique microbien, avec une forte activité de recyclage 

(Giannakourou et al., 2014; Livanou et al., 2019). Lorsque les nutriments sont apportés à la 

zone euphotique par le mélange vertical profond ou une remontée d'eau, la structure du 

phytoplancton change vers une dominance de cellules de grande taille (c'est-à-dire les 

diatomées), avec une augmentation de la production primaire (Allen et al., 2002). Dans ce cas, 

un réseau trophique herbivore s’installe, avec un transfert efficace du carbone vers des niveaux 

trophiques supérieurs (Stibor et al., 2019). Dans les eaux côtières méditerranéennes, les 

caractéristiques hydrodynamiques peuvent aussi influencer la structure des communautés 

phytoplanctoniques (Caroppo et al., 2006, 2018;  Bel Hassen et al., 2009; Geyer et al, 2018; 

Trombetta et al., 2021), impactant celle du réseau trophique. Par exemple, Decembrini et al. 

(2020) ont montré que l'advection latérale d'eau riche en nutriments dans le Golfe d'Augusta 

(côte de la Sicile, Mer Ionienne) a provoqué des changements dans le spectre de taille du 
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phytoplancton et de la production primaire, avec un effet écologique important sur le réseau 

trophique planctonique. Outre le forçage hydrodynamique, les concentrations nutritives dans 

les eaux côtières, qui sont généralement eutrophes, sont influencées par les différents apports 

anthropiques. Ces derniers peuvent perturber le lien entre le phytoplancton et les 

consommateurs, modifiant ainsi les voies trophiques (Smith et al., 2006; Decembrini et al., 

2021). Il serait donc intéressant de prendre en compte les interactions entre l'hydrodynamique 

et les apports de nutriments pour décrire la structure du réseau trophique marin dans les 

écosystèmes côtiers (Liu et al., 2018; Decembrini et al., 2021).  

C’est dans ce contexte que ce travail a été réalisé dans le Golfe de Gabès, caractérisé par 

une hydrodynamique importante et des eaux relativement peu profondes, un mélange printanier 

alterné par des periodes de stratification thermique estivale et riches en nutriments, provenant 

principalement des industries d'acide phosphorique (Bel Hassen et al., 2009; Khedhri et al., 

2014; El Kateb et al., 2018; Zayen et al. 2020). La circulation d'eau complexe dans le Golfe 

provoque des transports de la côte (dans la partie Nord) vers le large et du Nord vers le Sud, 

entraînant des gradients de particules et d'éléments dissous (tels que les nutriments) qui 

s'accumulent dans la partie Sud du Golfe (Cigleneki et al., 2020; Mansouri et al., 2020). Les 

recherches antérieures dans le Golfe ont rapporté que la dynamique spatiale du phytoplancton 

était fortement influencée par les conditions nutritionnelles et aux caractéristiques physiques de 

l'eau (Bel Hassen et al., 2008, 2009; Drira et al., 2009, 2014). Les distributions spatiales des 

communautés du protozooplancton et des copépodes ont également été reliées à l'interaction 

entre les charges anthropiques et les conditions hydrodynamiques (Hannachi et al., 2008; Drira 

et al., 2009, 2017; Makhlouf Belkahia et al., 2021). Bien que les apports en nutriments et la 

circulation hydrodynamique soient reconnus comme des moteurs majeurs influençant la 

dynamique du plancton dans le Golfe (Béjaoui et al., 2019), leur effets sur les liens entre le 

phytoplancton et le zooplancton ainsi que les rôles fonctionnels de ces communautés restent 

peu connus. 

L'objectif de cette étude était donc de décrire les principales caractéristiques de la voie de 

transfert du carbone dans le Golfe de Gabès (i.e. au niveau des quatre stations) en analysant le 

spectre de taille du phytoplancton et de sa production ainsi que les interactions trophiques entre 

le phytoplancton et le zooplancton. En particulier, notre recherche vise à démontrer comment 

la voie de transfert de carbone change le long d'un gradient spatial de nutriments dans le Golfe. 

Le travail permettra également de vérifier si le "continuum de voies trophiques" décrit par 
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Legendre & Rassoulzadegan (1995) pouvait se trouver dans des eaux très productives 

caractérisées un gradient de conditions eutrophiques. 

II. Résumé  

Les teneurs en nutriments, les concentrations en Chl a (2-6 µg L-1) et les taux de la 

production primaire (1816-3674 mg C m-2 d-1) mesurés lors de notre étude ont indiqué un statut 

eutrophe du Golfe, le contrastant avec l’oligotrophie du bassin oriental de la Méditerranée. 

Nos résultats s’alignaient avec ceux des études précédentes, montrant que les apports 

anthropiques combinés avec la circulation hydrodynamique complexe au sein du Golfe ont 

induit un gradient spatial nutritif ascendant (du Nord vers le Sud et de la partie Côte(Nord) vers 

le large). En effet, les concentrations en nutriments les plus faibles ont été enregistrés dans la 

station la plus au Nord (4,27 µM N, 0,91 µM P et 4,90 µM Si). Ces teneurs augmentaient jusqu'à 

atteindre des maxima (8,93 µM N, 2,2 µM P et 8,98 µM Si) à la station la plus au Sud. Les 

concentrations dans la station située au large étaient plus élevées que dans la station côtière la 

plus au Nord, mais inférieures à celles de la station la plus au Sud. Ces gradients nutritifs ont 

influencé la distribution spatiale de la communauté phytoplanctonique. La biomasse et la 

production du phytoplancton étaient les plus faibles (1,65 mg Chl a m-3; 780 mg C m-2; 1816 

mg C m-2 j-1) dans la station la plus au Nord, et étaient principalement soutenues par le 

picophytoplancton (33- 78 %; respectivement). Parallèlement, les petits ciliés aloricates 

(Strombidium spp.) étaient dominants (56%), conduisant à une forte microbivorie. Inversement, 

une biomasse et une production plus élevées ont été mesurées vers le Sud (6,06 mg Chl a m-3; 

1624 mg C m-2; 3889 mg C m-2 j-1) et au large (5,90 mg Chl a m-3; 1300 mg C m-2; 2773 mg C 

m-2 j-1), avec une prédominance de phytoplancton de plus grande taille (nanophytoplancton 

et/ou microphytoplancton) qui était dominé par des diatomées. Le protozooplancton herbivore 

(les dinoflagellés et les ciliés loriqués) et le métazooplancton herbivores (copépodes dominés 

par Oithona) étaient plus abondants dans ces zones, ce qui a entraîné une augmentation de 

l'herbivorie. Le flux vertical de particules de carbone (562 - 1891 mg C m-2 j-1) a également 

suivi un gradient ascendant Nord-Sud et côte-large, avec une contribution accrue du 

phytoplancton et des pelotes fécales du zooplancton à ce flux dans la zone la plus au Sud (611 

et 38 mg C m-2 j-1 , respectivement).  

Ces changements, provoqués par les gradients nutritifs, dans la structure en taille et la 

production du phytoplancton ainsi que dans les interactions trophiques pourraient conduire à 
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diverses voies trophiques (microbienne, herbivore et multivore) dans les différentes stations, ce 

qui implique une efficacité variable dans l'exportation du carbone. Nos résultats ont mis en 

évidence la présence d’un « continuum de voies trophiques » même dans les eaux eutrophes.
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Influence of nutrient gradient on phytoplankton size structure, 

primary production and carbon transfer pathway in a highly productive 

area (SE Mediterranean) 

 

 

 

 

 

 

 

 

 

 

 

1 Introduction 

The phytoplankton, through its biomass, diversity and productivity, has a key role in the 

functioning of marine ecosystems. The size structure of phytoplankton is an important 

planktonic trait that affects the magnitude of primary production, controls the size of grazers 

and hence regulates the carbon transfer through the marine food web (Decembrini et al., 2009; 
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Negrete-García et al., 2022; Sakka Hlaili et al., 2014; Ward et al., 2012). Any shift in the size 

of phytoplankton may largely influence the planktonic food web dynamics and the overall 

efficiency of the marine system to export primary production (Legendre and Le Fèvre, 1989; 

Legendre and Rassoulzadegan, 1996).  

In general, large phytoplankton (mainly micro-sized cells) is consumed by herbivorous 

zooplankton (mainly copepods), and primary production is efficiently transferred to higher 

consumers through the herbivorous food web. At the opposite, small phytoplankton (mainly 

pico-sized cells) and microbivorous protozooplankton (heterotrophic nanoflagellates and 

aloricate ciliates) are involved in the microbial food web that channels less carbon to higher 

consumers, as most of primary production is remineralized in the euphotic zone (Legendre and 

Le Fèvre, 1989; Meddeb et al., 2018). More complex carbon pathways may be present in marine 

ecosystems. The multivorous food web, in which large and small phytoplankton, as well as 

herbivorous and microbivorous zooplankton play all together significant roles, can be efficient 

in carbon transfer (Legendre and Rassoulzadegan, 1995). The bacterial-multivorous food web, 

in which phytoplankton and bacterioplankton contribute together to carbon production, was 

recently identified and reported to be less efficient in carbon transfer because of the recycling 

of the latter (Meddeb et al., 2019). Legendre and Rassoulzadegan (1995) reported that the 

dynamics of planktonic food web was related to that of nutrients and thus described a continuum 

of trophic pathways between eutrophic and oligotrophic systems, going from herbivorous to 

multivorous and microbial food webs.  

The nutrient conditions are controlled by physical processes that ultimately influence the 

size structure of phytoplankton and the primary production (Estrada et al. 1999; Cermeño et al. 

2006; Ferland et al. 2011). Previous studies in the Mediterranean Sea have shown that trophic 

status driven by hydrodynamic forcing can impact the structure of food webs and promote the 

ecosystem’s ability to export biogenic carbon. In highly stratified oligotrophic open waters, 



Chapitre III : Article 1 
 

50 
 

where primary production is low, pico- and nano-sized cells dominate the phytoplankton 

community (Decembrini et al., 2009). Most carbon is then channeled to higher consumers 

through microbial food web, with a high recycling activity (Giannakourou et al., 2014; Livanou 

et al., 2019). Changes in the food web structure can occur when vertical deep mixing or 

upwelling supply nutrients to the euphotic zone that promote large-sized phytoplankton (i.e., 

diatoms) and substantially increase primary production (Allen et al., 2002). In that case, the 

food web shifts to an herbivorous pathway that efficiently transfers carbon to upper trophic 

levels (Stibor et al., 2019). 

In the Mediterranean coastal systems, hydrodynamic features (mesoscale structures, 

tides…) may influence the hydrological and biogeochemical parameters (salinity, temperature, 

nutrients…) that finally impact the size structure and composition of phytoplankton (Caroppo 

et al. 2006, 2018; Geyer et al. 2018; Trombetta et al. 2021). Decembrini et al. (2020) have 

recently shown that the lateral advection of nutrient-rich water in the Gulf of Augusta (Eastern 

Sicilian coast, Ionian Sea) triggered a change in the size structure of phytoplankton and primary 

production with a significant ecological effect on the planktonic food web. Besides physical 

forcing, continental nutrient inputs from anthropogenic activities can influence the 

phytoplankton structure and alter the relationship between the latter and grazers, with possible 

changes in trophic pathways (Decembrini et al., 2021; Smith et al., 2006). The coastal 

Mediterranean environments are typically mesotrophic or eutrophic systems, with relatively 

high nutrient concentrations and dominance of large-sized phytoplankton (MedECC 2020). 

Yet, the herbivorous food web is not usually observed and other trophic pathways (such as 

microbial or multivorous food webs) can occur at spatial and seasonal scales (Decembrini et 

al., 2021; Grami et al., 2008; Meddeb et al., 2018; Trombetta et al., 2022), probably due to the 

influence of the hydrological properties of the system. Therefore, the interactions between 

hydrodynamics and nutrient inputs must be taken into account to describe the structure of 

marine food web in eutrophic coastal ecosystems (Decembrini et al., 2021; Liu et al., 2018).  
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Although much interest has been given to primary production and its trophic transfer in 

the Mediterranean Sea (Moran and Estrada 2001; Casotti et al. 2003; Psarra et al. 2005; 

Decembrini et al. 2009; Kovač et al. 2018; Mayot et al. 2020), data acquired in its Southern 

basin are scarce (Grami et al., 2008; Meddeb et al., 2018; Sakka Hlaili et al., 2008). 

Furthermore, little effort has been dedicated to describe how nutrient inputs and physical 

features affect the phytoplankton community structure and food web dynamics. In the 

Southeastern Mediterranean Sea, the Gulf of Gabès (hereafter refers to as GG) is a highly 

dynamical coastal ecosystem, characterized by a large continental shelf with relatively shallow 

well-mixed and rich-nutrient waters (Bel Hassen et al., 2009; Zayen et al., 2020), which is in 

contrast to the oligotrophic status of the Eastern Mediterranean basin. The nutrient enrichment 

results mainly from the anthropogenic inputs (mostly by phosphoric acid industries) (El Kateb 

et al., 2018; Khedhri et al., 2014) and  the atmospheric deposition through Saharan dust 

(Khammeri et al. 2018) . The GG is also characterized by a complex water circulation, which 

results from the combination of the general thermohaline circulation (Bel Hassen et al. 2009), 

the anticyclonic winds and the strong tides (Sammari et al., 2006, Hattour et al. 2010; Othmani 

et al. 2017) (see details below). This circulation induces North-South and coast-offshore 

transports, which induce a gradient of particles and dissolved elements (such as nutrients) with 

accumulation in the Southern part of the GG (Ciglenečki et al., 2020; Mansouri et al., 2020). 

Previous studies have actually shown that phytoplankton dynamics within the GG was related 

to the nutrient conditions and water physical properties (Bel Hassen et al., 2008; Bel Hassen et 

al., 2009; Drira et al., 2014, 2009). Spatial distributions were also documented for 

protozooplankton and copepod communities and were shown to be linked to the combination 

of hydrodynamic conditions and anthropogenic loads (Drira et al., 2017, 2009; Hannachi et al., 

2008; Makhlouf Belkahia et al., 2021). Although nutrient inputs and water circulation are 

recognized as major drivers in influencing the dynamics of phytoplankton and zooplankton in 
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the GG (Béjaoui et al. 2019), the link between these communities and their functional roles are 

not well known. 

The aim of this study is to analyze the size structure of phytoplankton and the size-

fractionated primary production, as well as trophic interactions between planktonic components 

in order to define the main characteristics of carbon transfer pathway. In particular, our work 

aims to demonstrate how food web structure changes along a nutrients spatial gradient in a 

highly dynamical environment like the GG. The study will also allow verifying whether the 

“continuum of trophic pathways” reported by Legendre and Rassoulzadegan (1995) could be 

found in highly productive waters characterized by a gradient of eutrophic conditions.  

2 Materials and Methods 

2.1 Hydrodynamic features of the study area 

The GG is a relatively shallow ecosystem which is strongly influenced by hydrodynamic 

forcing, mainly driven by the general Mediterranean circulation, the anticyclonic winds and the 

high tide effects (Hattour et al., 2010; Othmani et al., 2017). The Atlantic Tunisian Current 

(ATC) is a surface current originating from the Atlantic Ocean. It crosses the Sicilian-Tunisian 

Channel, flows along the Tunisian continental shelf southward, and splits into two branches 

(Fig. 1). One coastal branch of the ATC enters the GG and creates an anticyclonic circulation 

in its Southern part (Ben Ismail et al., 2012; Boukthir et al., 2019). The other branch flows on 

southeastward along the Libyan shelf, giving rise to the Atlantic Libyan Current (ALC) (Ben 

Ismail et al., 2015). Furthermore, the hydrodynamics of the GG is deeply influenced by 

barometric tides (Sammari et al. 2006), which have the highest range of the Mediterranean Sea 

with a maximal amplitude ( 2 m) in the Southern region (Abdennadher and Boukthir, 2006; 

Othmani et al., 2017). Concomitantly with our work, Zayen et al. (2020) investigated the 

hydrodynamic circulation in the GG, and reported an average littoral current flowing North to 



Chapitre III : Article 1 
 

53 
 

South and two eddies in the middle of the GG that induce a counter current on the littoral in its 

Southern part (Fig. 1). 

 

Figure III. 1 Gulf of Gabès: localization of the sampling stations and hydrodynamic circulation 

(Atlantic Tunisian Current: ATC and Atlantic Lybian Current: ALC). Modified from Zayen et al. 

(2020) 

2.2 Choice of study stations and sampling 

The study was carried out within the framework of the MERMEX-MERITE project 

(Marine Ecosystems Responses In The Mediterranean Experiment) campaign from 31 Oct. to 

3 Nov. 2017. We investigated the overall function of plankton communities based on sampling 
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and field experiments carried out simultaneously, which was not easy to achieve in several 

stations. Therefore, to meet our objective, we chose to explore several key processes in plankton 

communities in four relevant stations within the GG (S1, S2, S3 and S4; Figure III. 1). The 

choice of the stations was based on a preliminary work emphasizing a heterogeneous 

distribution of nutrients in the study region, with increased concentrations from North to South 

and from the coast to offshore (Figure III . S1 in Supplementary Material).  

Station S2 was located in front of the phosphoric acid plant of the Ghannouch-Gabès 

industrial complex and was chosen as to represent coastal waters impacted by phosphogypsum 

loading; Stations S1 and S4 were located on either side of station S2 (North and South, 

respectively), while S3 was an offshore station in front of S1 (Fig. 1). The characteristics of the 

stations and sampling are reported in Table 1.  

In each station, seawater was collected using 2.5 L plastic water sampler (Hydro-Bios), 

and water temperature, salinity, pH and dissolved oxygen (O2) were measured in situ with a 

multi-probe sensor (Multi 1970i, WTW) at three depths (between 0.5 and 14 m) depending on 

the maximal water depth of the stations (Table 1). The collected water was filtered through a 

200 µm mesh screen to remove large zooplankton, and three subsamples from each depth were 

taken for nutrients, chlorophyll a (Chl a), phytoplankton and protozooplankton analyses. At 

each station, metazooplankton (> 200 µm organisms) was collected with a 28 cm diameter 

WP2 200 µm net by vertical hauls from the bottom to the surface. A flow meter was used to 

determine the water volume filtered during the net tow. 
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Table 1. Main characteristics, environmental parameters and phytoplankton biomasses 

of the sampling stations within the Gulf of Gabès during the fall 2017 

Physico-chemical variables and Chl a concentrations are depth-averaged values; 

carbon biomasses are depth-integrated values 

 

  S1 S2 S3 S4 

Coordinates 
Latitude (N) 34° 01.767' 33° 56.545' 34° 01.491' 33° 52.346' 
Longitude (E) 10° 06.295' 10° 08.939' 10° 19.940' 10° 11.803' 

Sampling date   30/10 01/11 01/11 03/11 

Tide condition / height 

(m) 
 High / 1.6 High / 1.9 Low / 0.7 Low / 0.8  

Maximum water depth 

(m) 
 13.5 12.1 18.8 13.6 

Sampled depths (m)  0.5; 2.5; 5 2.5; 4; 7 2; 8; 14 2; 6; 10 
Water temperature 

(oC) 
 22.55 ± 0.64 22.90 ± 0.37 22.89 ± 0.21 24.18 ± 0.52 

Salinity  39.43± 0.85 39.56± 0.37 39.48± 0.25 39.42± 0.54 

pH  8.31 ± 0.005 8.24 ± 0.028 8.27 ± 0.01 8.25 ± 0.017 

Dissolved O2 (mg L-1)  8.20 ± 0.05 8.25 ± 0.02 8.23 ± 0.04 8.15 ± 0.11 

Ninorg (µM)  4.27 ± 0.36 7.63 ± 0.43 5.12 ± 0.31 8.93 ± 2.11 

Norg (µM)  12.29 ±2.42 9.20 ± 0.27 6.50 ± 0.11 5.03 ± 0.49 

Pinorg (µM)  0.91 ± 0.27 1.77 ± 0.44 1.52 ± 0.08 2.20 ± 0.05 

Porg (µM)  8.23 ± 1.93 16.95 ± 2.42 11.45 ± 0.18 18.32 ± 0.02 

Si(OH)4 (µM)  4.90 ± 0.22 5.34 ± 0.40 6.40 ± 0.30 8.98 ± 0.76 

Chl a (µg L-1) 

% of total Chl a 
 

1.65 ± 0.06 

 

3.68 ± 1.63 

 

5.90 ± 1.12 

 

6.06 ± 0.24 

 

Microphyt. 

Nanophyt. 

Picophyt. 

 

35 ± 3 

28 ± 5 

37 ± 6 

30 ± 2 

43 ± 6 

27 ± 5 

49 ± 5 

30 ± 4 

21 ± 4 

74 ± 5 

15 ± 5 

11 ± 1 
Carbon biomass  

     (mg C m-2) 
 780.22 ± 65.60 854.50 ± 90.19 1300.3 ± 44.28 1624.57 ± 134.80 

% of carbon      

Microphyt. 

Nanophyt. 

Picophyt. 

 

 

54 ± 2 

9 ± 1 

38 ± 3 

 

71 ± 3 

8 ± 1 

21 ± 2 

 

74 ± 1 

7 ± 1 

20 ± 1 

 

75 ± 1 

16 ± 3 

9 ± 1 

 

 

2.3 Nutrient, Chl a and plankton analyses 

Inorganic nitrogen (Ninorg: NO2
- + NO3

- + NH4
+), inorganic phosphorus (Pinorg: PO4

3- ) and 

silicates (Si(OH)4), as well as total nitrogen (Ntotal) and phosphorus (Ptotal) were analyzed with 
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a BRAN and LUEBBE type 3 autoanalyzer (Bran + Luebbe Co, Germany). The precision for 

all nutrient analyses was ≤ 1%. Organic nutrients (Norg and Porg) were estimated as the difference 

between total and inorganic elements.  

For Chl a analysis, water samples (1 L) were successively filtered through 10, 2 and 

0.2 µm polycarbonate membranes to determine size-fractionated Chl a (> 10, 2-10 and  2 µm). 

Filtrations were performed under low vacuum pressure (< 100 mm Hg) and low light intensity. 

Chl a concentrations were estimated using the spectrophotometric method after 24 h extraction 

in 90% acetone at 4 °C in the dark (Parsons et al., 1984). Total Chl a concentration was 

estimated as the sum of the three size-fractioned Chl a concentrations.  

To enumerate picophytoplankton ( 2 µm cells), 2 mL samples were immediately fixed 

after sampling with 20% paraformaldehyde solution, then placed at 4 oC in the dark for 15 min, 

and finally frozen at -80 oC in liquid nitrogen until analysis with a CyFlow® Space flow 

cytometer (Partec). Prior to analysis, the samples were filtered on 30 µm pore size filters and 

enriched with fluorescent beads of 1 and 2 µm in diameter (Polysciences, Inc) as internal cell 

size standards. TrucountTM beads were also added to accurately estimate the volume of each 

sample (BD-Biosciences). Picoprokaryotes and picoeukaryotes were identified and counted on 

the basis of their relative forward scatter (FSC) and phycoerythrin orange fluorescence (at 488 

nm) and Chl a red fluorescence (at 638 nm), respectively. Cell volumes were determined using 

equivalent diameters estimated from flow cytometry. The biovolumes (picoprokaryotes: 

1.77 µm3; picoeukaryotes: 4.19 µm3) were converted into carbon content using the following 

conversions: 0.357 pg C µm-3 for picoprokaryotes, and 0.433 x (µm3)0.863 for picoeukaryotes 

(Verity et al., 1992). The cell carbon contents were multiplied by the abundances to estimate 

the carbon biomass of picophytoplankton (mg C m-3). Depth-integrated biomass (mg C m-2) 

was obtained from the carbon biomasses estimated for the three depths.  

Phytoplankton samples (nano-: 2-10 µm; micro-phytoplankton: > 10 µm) were preserved 

in 3% acidic Lugol’s solution and stored at room temperature in the dark (Parsons et al., 1984). 
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The identification and counting of cells (at least 500 per sample) were determined using the 

Motic AE31E inverted microscope on 100 mL settled volume (Lund et al., 1958; Utermöhl, 

1931). Cell dimensions of phytoplankton taxa were measured using a calibrated ocular 

micrometer and biovolumes were determined by applying standard geometric formulae to each 

taxon (Hillebrand et al. 1999). Then, the biovolumes were converted into carbon content using 

specific conversion factors or formulae (Menden-Deuer and Lessard, 2000; Putt and Stoecker, 

1989) for diatoms, autotrophic flagellates and ciliates, as detailed in Meddeb et al. (2018). The 

carbon biomass of phytoplankton (mg C m-3) was then determined by multiplying the carbon 

content of different taxa by their specific abundances. Carbon biomasses from the three sampled 

depths were used to calculate the depth-integrated biomass (mg C m-2). 

Protozooplankton samples (100 mL) were fixed with 4% basic Lugol’s solution (Sherr 

and Sherr, 1993), and organisms were identified and counted (at least 200 cells per sample) 

according to the inverted microscopy technique of Utermöhl (1931). Protozooplankton was 

composed of heterotrophic nanoflagellates and ciliates including loricate and aloricate species, 

but also of dinoflagellates (most of which are phagotrophic). Within dinoflagellates, 

mixotrophic and heterotrophic organisms were distinguished according to several works 

(Boutrup et al., 2016; Jeong et al., 2010a; Sakka Hlaili et al., 2007). The ebridian flagellate 

Hermesinium sp. was also considered as a micrograzer since its mixotrophy had been confirmed 

(Hargraves, 2002; Jafari et al., 2015).  

Samples of metazooplankton (250 mL) were fixed with a 5% borate-buffered formalin 

solution. Metazoan organisms were counted and identified in the whole sample using a Leica 

M 205C stereo microscope.  

2.4 In situ dilution experiment 

The dilution method (Landry and Hassett, 1982) was used to estimate the growth rate of 

phytoplankton and its grazing rate by protozooplankton at each station and at the same sampling 

date. Water samples were collected over the water column (5 m for S1, 7 m for S2, 14 m for S3 
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and 10 m for S4) with a submersible pump and then filtered through 200 µm mesh screen (to 

remove meso- and macroplankton). This screened seawater was diluted with free-particle 

seawater to achieve four dilutions (25, 50, 75 and 100% of 200 µm screened seawater). The 

diluting seawater was obtained by gravity filtration using a 0.22 µm sterile filter capsule 

(polycap 75 AS). Triplicate 2 L polycarbonate bottles (Nalgene®) were used for each dilution, 

and all bottles were incubated in situ for one day (t = 1 d). The GG is a nutrient-rich environment 

where nutrients are considered as available throughout the year (Béjaoui et al., 2019; Bel 

Hassen et al., 2008). Therefore, nutrients were not added to our dilution bottles to avoid the 

overestimation of growth rates. Furthermore, several authors have found that growth rates in 

nutrient-enriched bottles were not significantly different from those estimated without nutrients 

during dilution experiments conducted in nutrient-rich systems (Olson and Strom 2002; Sakka 

Hlaili et al. 2007; Pecqueur et al. 2022). Subsamples were taken from each dilution bottle at the 

beginning and the end of incubation to determine initial and final phytoplankton carbon 

biomasses (C0 and Ct ; respectively). As protozoans have a prey size-selective feeding activity 

(Sakka Hlaili et al., 2007; Zhang et al., 2017), size-fractioned biomass of phytoplankton was 

determined (i.e., pico-:  2 µm, nano-: 2-10 µm, and microphytoplankton: > 10 µm). The 

apparent growth rate of each size fraction prey (R) was calculated from the changes in carbon 

biomass during the incubation period as:  

𝑅(𝑑−1) = ln (
𝐶𝑡

𝐶0
⁄ ) × 𝑡−1 

The coefficients R were plotted against the dilution factor, and a model I linear regression 

was used to estimate growth rates k (d-1) (i.e., the y-intercept that represented growth in 100% 

dilution in the absence of grazers) and the grazing coefficient g (d-1) (i.e., the slope of the 

regression line) (Landry and Hassett, 1982). For each size fraction in all stations, the regression 

lines were tested as significant by Student’s t-test (p < 0.05) and were represented in the 

Supplementary Material (Figure III . S2). 
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For each phytoplankton size fraction, production rates (P1) and consumption rates by 

protozooplankton (Gp1) were calculated according to several authors (Grattepanche et al., 2011; 

Meddeb et al., 2018) as:  

 𝑃1 (𝑚𝑔 𝐶 𝑚−3 𝑑−1) = 𝑘 × 𝐶0[𝑒(𝑘−𝑔)𝑡 − 1]/(𝑘 − 𝑔 × 𝑡) 

and  

 𝐺𝑝1 (𝑚𝑔 𝐶 𝑚−3 𝑑−1) = 𝑔 × 𝐶0[𝑒(𝑘−𝑔)𝑡 − 1]/(𝑘 − 𝑔 × 𝑡) 

The P1 and Gp1 data were multiplied by the sampling depth to get depth-integrated rates of 

production (P, mg C m2 d-1) and consumption (Gp, mg C m2 d-1), respectively. Depth-integrated 

production rates for the three size fractions were added to obtain production rate for total 

phytoplankton. The percentage of production consumed per day was estimated as:  

%𝑃𝑔𝑟𝑎𝑧𝑒𝑑 𝑑−1 = (
𝐺𝑝

𝑃
⁄ ) × 100 

2.5 Metazooplankton gut fluorescence analysis  

The grazing of metazooplankton on phytoplankton was estimated using the gut 

fluorescence method (Slaughter et al., 2006). Zooplankton was collected as indicated above. To 

account for vertical migration of zooplankton likely to affect its feeding activity, sampling was 

carried out around sunset, when zooplankton perform a vertical ascension. Three 500 mL 

subsamples of the cod content were immediately narcotized with 10% carbonated water (final 

concentration, v/v) to minimize stress and gut evacuation by zooplankton (Kleppel and Pieper, 

1984) and were kept frozen in the dark to minimize fecal pellet production by the organisms 

(Saiz et al., 1992). The zooplankton subsamples were thawed and washed with filtered seawater 

to remove adhering algae and debris, and filtered onto 47 mm diameter GF/F membranes that 

were extracted in 10 mL of 90% acetone solution maintained at 4 °C in the dark. After overnight 

extraction, each solution was centrifuged, and the supernatant absorbance was measured using 

a Jenway spectrophotometer before and after acidification with 10% hydrochloric acid solution 

(Parsons et al., 1984). 
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The gut pigment content (GP) was calculated according to Slaughter et al. (2006) as: 

𝐺𝑃(𝑚𝑔 𝑝𝑖𝑔𝑚𝑒𝑛𝑡 𝑚−3 ) = (𝐺𝑃𝑠𝑢𝑏 × 𝑣)/(𝐹 × 𝑉𝑛𝑒𝑡), 

where GPsub (mg pigment m-3) is the phaeopigment concentration in the subsample, v (m3) is 

the volume of the subsample, F is the fraction of subsample processed for gut pigment content, 

and Vnet (m
3) is the total volume of seawater filtered during the net tow. 

Consumption of > 2-µm phytoplankton by metazooplankton was calculated as:  

𝐺𝑚(𝑚𝑔 𝐶 𝑚−2 𝑑−1) = [𝐺𝑃 × 𝐶𝑅 × 𝐶: 𝐶ℎ𝑙𝑎] × 𝐷, 

where D is the depth of the net tow (m), C:Chl a is the depth-averaged C:Chl a ratio determined 

for > 2 µm phytoplankton at each station, and CR is the gut clearance rate of metazooplankton 

(d-1). The CR was obtained from the gut clearance rate constant (GCRC) vs. temperature (T) 

relationship (GCRC = 0.0117 + 0.001794T) (Dam and Peterson, 1988; Irigoien, 1998; 

Mauchline, 1998). 

The impact of metazooplankton grazing on the standing stock and production of 

phytoplankton were calculated as: 

%𝐶ℎ𝑙𝑎 𝑔𝑟𝑎𝑧𝑒𝑑 𝑑−1 = (𝐺𝑃 × 𝐶𝑅 × 100)/𝑆𝐶 

%𝑃 𝑔𝑟𝑎𝑧𝑒𝑑 𝑑−1 = (
𝐺𝑚

𝑃⁄ ) × 100, 

 

where SC is the depth-averaged concentration of Chl a and P is the production rate of nano- 

and micro-phytoplankton, estimated by the dilution method.  

2.6 Vertical carbon fluxes 

Sediment traps were used to estimate the vertical flux of particles, including 

phytoplankton, metazooplankton fecal pellets, and detritus. This technique was performed by 

several authors (Kojima et al., 2022; Laurenceau-Cornec et al., 2015; Xiang et al., 2022) 

because it is very useful for estimating the particle sinking and gives details in the composition 

of the sinking fluxes. At each station, two sediment traps (63 cm high, 9 cm internal diameter) 
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were incubated vertically two meters from the bottom. Prior to deployment, the traps were filled 

with dense seawater (0.2 µm filtered seawater + NaCl 5 g L-1) to create a density gradient and 

avoid collecting surface particles. After 24 h incubation, the traps were closed in situ, returned 

to the laboratory and stored at 5 °C overnight to let particles settle. The supernatant was 

removed from each trap and the bottom contents of the two traps were mixed. Subsamples were 

taken from the trapped material for further analyses of particulate organic carbon (POC), 

phytoplankton and fecal pellets. 

For POC, ~ 500 mL seawater samples were filtered onto precombusted glass fiber filters 

(450 °C, 24 h) (Whatman GF/F, 25 mm). The filters were oven dried at 50 °C for 24 h and 

stored in clean glass vials in a desiccator. POC was determined by the high combustion method 

and mass spectrometry according to Raimbault et al. (2008).  

Phytoplankton (> 2 µm cells) was enumerated on 500 mL subsamples fixed with acidic 

Lugol’s solution (final concentration 4%), and cell abundances were converted into carbon 

biomasses as described above.  

Subsamples (200 mL) were preserved in buffered formaldehyde (final concentration 7%) 

for counting fecal pellets using an inverted microscope (× 100 magnification). Differently 

shaped pellets were distinguished (cylindrical, conical; ovoid and round), and their dimensions 

were measured using a calibrated ocular micrometer.  

The vertical fluxes of phytoplankton (Fphyt) and detritus (Fdet) were estimated following 

Grami et al. (2008):  

𝐹𝑝ℎ𝑦𝑡(𝑚𝑔 𝐶 𝑚−2𝑑−1) = 1
2⁄ (𝐶𝑝ℎ𝑦𝑡 × 𝑉𝑡𝑟)/𝑆𝑡𝑟 × 𝑡 

𝐹𝑑𝑒𝑡(𝑚𝑔 𝐶 𝑚−2𝑑−1) = 1
2⁄ (𝐶𝑑𝑒𝑡 × 𝑉𝑡𝑟)/𝑆𝑡𝑟 × 𝑡, 

where Cphyt is the carbon biomass of nano- and microphytoplankton (mg C m-3) and Cdet is the 

detrital carbon estimate, calculated as the POC concentration minus the carbon biomass of all 

particles. Vtr is the volume of trapped material (m3), Str is the trap area (m2) and t is the duration 

of incubation (d). The vertical flux of phytoplankton was considered to be the phytoplankton 
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export from the planktonic system towards the benthos, while the vertical flux of detritus was 

assigned to the sinking flux.  

The volume of each pellet shape category (Vpel, mm3 m-3) was estimated from its 

dimension and abundance. Then, its vertical volume flow (Spel) and vertical carbon flux (Fpel) 

were estimated following Grami et al. (2008): 

𝑆𝑝𝑒𝑙(𝑚𝑚3𝑚−2𝑑−1) = 1
2⁄ (𝑉𝑝𝑒𝑙 × 𝑉𝑡𝑟)/𝑆𝑡𝑟 × 𝑡 

𝐹𝑝𝑒𝑙(𝑚𝑔 𝐶 𝑚−2𝑑−1) = 𝑆𝑝𝑒𝑙 × 𝑓, 

where f is a conversion factor (0.057 mg C mm-3 for cylindrical/conical pellets and 0.042 mg C 

mm-3 for ovoid/rounded pellets).  

2.7 Statistical analyses  

An analysis of variance (ANOVA) was used to test the significance of the spatial variation 

of physico-chemical factors, Chl a, plankton concentrations and vertical fluxes. ANOVA was 

also used to compare (i) environmental factors and plankton concentrations among depths, and 

(ii) the estimates of rates (k, g, P, Gp, Gm) between phytoplankton size fractions (> 10, 2-10 and 

< 2 µm) or stations. The assumptions of normality of data distribution (Kolmogorov-Smirnov 

test) and homogeneity of variance (Bartlett-Box test) were met. Spearman correlations (rs) were 

used to test the relationships between different variables: phytoplankton (Chl a, carbon biomass, 

growth rate, production rate) and nutrients; growth (k) and grazing (g) rates; coefficients g and 

Gp and protozooplankotn abundances; production (P) and consumption rate by 

protozooplankton (Gp); consumption rate by metazooplankton (Gm) and phytoplankton biomass 

and metazoans abundances. ANOVA and correlation analyses were performed in SPSS 

software 18.0 for Windows. 

Canonical correspondence analysis (CCA; Ter Braak 1986) was performed to relate the 

spatial distribution of plankton communities to environmental parameters (Porg, Pinorg, Ninorg, 

Norg, Si(OH)4, pH, temperature and salinity). The CCA also elucidated the relationship between 

the biomass of size-fractioned phytoplankton and different zooplanktonic groups. 
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Phytoplankton and zooplankton data were ln (x + 1) transformed. The comparison of the 

canonical inertia associated with the CCA (constrained ordination) and the inertia of the 

classical correspondence analysis (CA, unconstrained ordination) indicated the extent to which 

the environmental variables explained the spatial structure of communities. Permutation tests 

(n = 999) were performed to identify the significant axis and to test the significance of the 

correlations between environmental factors and plankton distribution. 

3 Results  

3.1 Environmental conditions 

Sampling stations were located in the continental shelf of the GG, which is characterized 

by a shallow (< 20 m) well-mixed water column. Environmental factors showed no significant 

variations between sampling depths (ANOVA p > 0.05), and hence data were presented as 

depth-averaged values (Table 1). Water temperature (22.6-24.2 °C), salinity (39.42-39.56), pH 

(8.25-8.31) and dissolved O2 (8.15-8.25 mg L-1) varied little among stations, while nutrient 

concentrations exhibited significant spatial variations (ANOVA, p < 0.05). In S1, inorganic 

nutrients presented the lowest values (4.27 µM N, 0.91 µM P and 4.90 µM Si) and increased 

up to 8.93 µM N, 2.2 µM P and 8.98 µM Si in S4. Inorganic nutrient concentrations recorded 

in S3 were higher than in S1, but lower than the southernmost station (S4). The highest and 

lowest levels of organic nitrogen (Norg: 5.03-12.29 µM) were recorded in S1 and S4, 

respectively. An opposite trend was observed for organic phosphorus (Porg: 8.23-18.32 µM).  

3.2 Spatial distribution of planktonic communities  

Phytoplankton. The depth-averaged Chl a concentrations and the depth-integrated 

carbon biomasses were different among stations (ANOVA, p < 0.05; Table 1), increasing 

gradually from S1 (1.7 µg Chl a L-1, 780 mg C m-2) to S4 (6.07 µg Chl a L-1, 1,624 mg C m-2). 

Positive correlations were found between inorganic N, P and Si and Chl a concentrations 
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(rs = 0.64-0.84, p < 0.01) and carbon biomass (rs = 0.67-0.78, p < 0.01). Microphytoplankton 

was the main source of Chl a in S4 (74%) and contributed to 50% of it in S3. The contribution 

of picophytoplankton to Chl a was higher in S1 (37%) than in the other stations (11-27%), while 

nanophytoplankton contributed to a large fraction of Chl a in S2 (43%) (Table 1). In terms of 

carbon biomass, micro-sized fraction (418-1207 mg C m-2) formed the most of phytoplankton 

(54-75%), while nano-sized fraction (70-265 mg C m-2) contributed only by 9-16%. The pico-

sized fraction (152-292 mg C m-2), which formed only 9% of phytoplankton carbon in S4, 

showed increased contributions in S2 and S3 (20-21%) and mostly in S1 (38%).  

The composition of > 2 µm phytoplankton community changed also among stations. 

Diatoms showed different contributions to the community according to the station, and their 

biomass was positively correlated with inorganic N, P and Si (rs = 0.79-0.67, p < 0.01). Diatoms 

were dominant in S2, S3 and S4, showing depth-averaged contribution of 73-88% (Figure III . 

2a). They were mainly represented by Leptocylindrus minimus (30-60% of diatoms) in the three 

stations. Large chains of Skeletonema costatum and Rhizosolenia setigera showed increased 

contribution to diatoms (18-28%) only in S3 and S4 (Figure III . 2b). The small phytoplagellates 

were particularly abundant in S1 (45%; Figure III . 2a), and were represented by nano-sized 

Cryptophyceae (Hillea fusiformis and Rhodomonas marina). Within the phytoflagellates, the 

micro-sized Dictyochophyceae (i.e., Dictyocha fibula) were more important in S3 and S4 than 

in the other stations (Fig. 2c). In all stations, photosynthetic ciliates (Mesodinium rubrum) and 

dinoflagellates (Prorocentrum gracile) only accounted for 2-13% of the > 2 µm phytoplankton 

community (Figure III  2a).  
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Figure III. 2 Composition of > 2 µm phytoplankton (a), diatoms (b) and phytoflagellates (c) 

in the sampling stations during fall 2017. (Values are the means of the three depths at each 

station) 
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Protozooplankton. The depth-averaged abundance of total protozooplankton was 

significantly different between stations (ANOVA, p < 0.05), varying from 43 × 103 cells L-1 (in 

S3) to 123 × 103 cells L-1 (in S1) (Figure III. 3a). Aloricate ciliates, mainly composed of 

Strombidium spp. (Figure III. 3b), were dominant in S1 (60%; 70 × 103 cells L-1). Loricate 

ciliates displayed a relatively low abundance (1.5-6 × 103 cells L-1) and were most abundant in 

S4, where Tintinnopsis, Helicostomella and Amphorellopsis occurred (Figure III. 3b). 

Dinoflagellates were abundant in S2, S3 and S4 (20-55 × 103 cells L-1), contributing to 48-64% 

of protozooplankton. Mixotrophic dinoflagellates including Gymnodinium, Heterocapsa, 

Karenia and Neoceratium (Figure III. 3c) were dominant in S2 (59% of dinoflagellates), 

whereas large heterotrophic dinoflagellates (mainly Protoperidinium) mostly occurred in S4 

(60%). The heterotrophic nanoflagellate Commation cryoporinum (0.75-5.78 × 103 cells L-1) 

and the ebridian flagellate Hermesinium sp. (8.7-26.7 × 103 cells L-1) contributed 2-12% and 

15-37% to protozooplankton, respectively (Figure III. 3a). 

Metazooplankton. Metazooplankton abundance significantly varied among stations 

(ANOVA, p < 0.05) from 11 × 102 ind. m-3 in S1 to 20 × 102 ind. m-3 in S4 (Figure III. 4a). 

Copepods (7.5-12.5 × 102 ind. m-3) were dominant in all stations, forming 53-86% of total 

metazooplankton (Figure III. 4a). Calanoida (Centropages, Clausocalanus, Paracalanus and 

Phaenna) and Cyclopoida (Oithona) contributed to the majority of copepods, but with different 

percentages according to the station (Figure III. 4b). The harpacticoid Euterpina was relatively 

abundant in S3 (12%). Cladocerans (Penilia sp.) mainly occurred in S4 (forming 16% of 

metazoans), while decapod, polychaete and crab larvae as well as, crustacean nauplii were 

observed at moderate concentrations in S2, S3 and S4. Other metazoan groups, e.g., 

chaetognaths, appendicularians, nematodes and siphonophores were observed in all stations, 

but at much lower densities.  
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Figure III. 3 Abundance and composition of protozooplankton (a), and specific structure of 

the main protozoan groups (b-d) in the sampling stations during the fall 2017. (Values are the 

means of the three depths at each station) 
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Figure III. 4 Abundance and composition of total metazooplankton (a), and taxonomic 

structure of copepods (b) in the sampling stations during the fall 2017 

 

Relationship between environmental conditions and plankton communities. The 

influence of physico-chemical factors on phytoplankton (the three size fractions) and 

zooplankton distribution, as well as relationships between phytoplankton and zooplankton were 

summarized by the CCA. The first two canonical components extracted 69% of the canonical 

variance (Figure III. 5). A Monte Carlo permutation test showed that all canonical axes were 

highly significant (p < 0.0001). The positive pole of axis 1 was correlated with salinity (0.53, p 

< 0.05) and organic nitrogen (0.73, p < 0.01), while the negative pole was correlated with 

temperature (-0.51, p < 0.05), inorganic phosphorus (-0.61, p < 0.05), inorganic nitrogen (-0.50, 
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p < 0.05), silicates (-0.61, p < 0.05) and organic phosphorous (-0.65, p < 0.05). Axis 2 was 

positively correlated with the pH (0.53, p < 0.05).  

The CCA discriminated two groups. The first axis positively selected picophytoplankton 

with abiotic variables such as salinity and organic nitrogen, while nano- and 

microphytoplankton were related to organic and inorganic phosphorus, silicates, inorganic 

nitrogen, and temperature. The CCA also showed that pico-sized cells were associated with 

aloricate ciliates, as well as heterotrophic and ebridian nanoflagellates. In contrast, nano- and 

microphytoplankton prevailed when dinoflagellates (mixo- and hetero-trophic organisms), 

loricate ciliates, copepods and cladocerans largely occurred. Dinoflagellates, loricate ciliates 

and copepods showed a positive correlation with temperature but were negatively correlated to 

salinity. Loricate ciliates and flagellates protozoans followed, however, the opposite trend.  

 

Figure III. 5 Canonical correspondence analysis (CCA) ordination diagram showing the 

relationship between phytoplankton (the three size classes), zooplankton, and physico-

chemical factors 
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3.3. Phytoplankton growth and production  

The growth rates varied significantly (ANOVA, p < 0.01) among stations and size 

fractions (micro-: 0.41-1.52 d-1; nano-: 1.09-1.89 d-1; pico-phytoplankton: 1.01-1.89 d-1) 

(Figure III. 6a). The highest rate for the pico-sized fraction was recorded in S1, whereas for 

nano- and micro-phytoplankton, the highest rates were observed in S4. The growth rate of 

microphytoplankton was positively correlated with inorganic N and P (rs = 0.73-0.76, p < 0.01), 

while that of picophytoplankton showed negative correlations with these nutrients (rs = -0.62 -

0.73, p < 0.01). 

Production rates for size fractioned and total phytoplankton varied significantly among 

stations (ANOVA, p < 0.05; Figure III. 6b). Picophytoplankton displayed a very high 

production rate in S1 (1412 mg C m-2 d-1) in comparison to other stations (300-496 mg C m-2 

d-1). Microphytoplankton showed an opposite trend, with higher production rates in S2, S3 and 

S4 (1160-2075 mg C m-2 d-1) than in S1 (188 mg C m-2 d-1). The production rate for the micro-

sized fraction was positively correlated to diatom biomass (rs = 0.83, p < 0.01). Production rate 

for nanophytoplankton was low in S1 and S3 (188-215 mg C m-2 d-1). Higher value was 

observed in S2 (452 mg C m-2 d-1) and the highest in S4 (1301 mg C m-2 d-1). Production rate 

for total phytoplankton showed an increasing trend from S1 (1816 mg C m-2 d-1) to S4 (3873 

mg C m-2 d-1), and was positively correlated to all inorganic nutrients (rs = 0.68-0.81, p < 0.01). 

In S2, S3 and S4, microphytoplankton was the main carbon producer (55-78%), whereas in S1 

picophytoplankton provided 78% of total carbon production. Nanophytoplankton contributed 

only 7-12% of produced carbon in S1 and S3, and 21-34% in S2 and S4.  
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Figure III. 6 Growth (a) and production (b) rates of the three phytoplankton size fractions 

(picophytoplankton: < 2 μm, nanophytoplankton: 2-10 μm, microphytoplankton: > 10 

μm) in the sampling stations during the fall 2017 

 

3.4 Phytoplankton grazing 

Grazing by protozooplankton. The grazing and consumption rates by protozooplankton 

varied significantly among size fractions and across stations (ANOVA, p < 0.01; Table 2). 

Picophytoplankton was grazed at higher rates (0.82-1.30 d-1) than the other size fractions 

(micro-: 0.18-0.54 d-1; nano-phytoplankton: 0.51-1.01 d-1) in stations S1, S2 and S3. However, 

microphytoplankton was the most grazed in S4 (0.84 d-1). The highest consumption rate for 
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picophytoplankton was recorded in S1 (762.96 mg C m-2 d-1) and the lowest in S4 (137 mg C 

m-2 d-1). In the opposite, nano- and micro-phytoplankton were consumed at low rates in S1 

(92 and 71 mg C m-2 d-1, respectively). Their consumption increased in other stations, 

particularly in S4 (318 and 1049 mg C m-2 d-1, respectively). For each size fraction, the 

consumption rates showed positive correlations to the production rates (rs = 0.73-0.95, p < 

0.05). The consumption rate for micro-sized fraction was positively correlated with the 

abundances of heterotrophic dinoflagellates (rs = 0.85, p < 0.01) and loricate ciliates (rs = 0.60, 

p < 0.05). Protozooplankton removed a substantial fraction of daily production for 

picophytoplankton in most stations (60% P grazed d-1), except in S4 (40% P grazed d-1). The 

protozooplankton grazing corresponded to daily remove of 23-62% of nanophytoplankton 

production. Protozooplankton grazing impact on microphytoplankton was higher in S4 (47% 

P grazed d-1) than in the other stations (22-41% P grazed d-1). Furthermore, microbivory (carbon 

from picophytoplankton) contributed to carbon ingestion of protozooplankton by only 9% in 

S4, but by 24-34% in S2 and S3, and up to 82% in S1. Conversely, herbivory played a 

significant role in the feeding of protozooplankton in the other stations, as microphytoplankton 

alone represented 54-70% of their diet (Table 2).  

Grazing by metazooplankton. The grazing rate and the impact of metazooplankton were 

significantly different among stations (ANOVA, p < 0.01; Table 3). The consumption rate of 

phytoplankton by metazooplankton showed the lowest value in S1 (76 mg C m-2 d-1) and the 

highest in S4 (794 mg C m-2 d-1). This rate was positively correlated with nano- and 

microphytoplankton biomass (rs = 0.70-0.78, p < 0.01), and with copepod and cladoceran 

abundances (rs = 0.62-0.76, p < 0.05). Metazooplankton removed 10-24% of phytoplankton 

production and 22-38% of phytoplankton standing stock (Table 3). 
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Table 2 Grazing rates by protozooplankton (g), consumption rates of phytoplankton (Gp), 

grazing impact on phytoplankton and protozooplankton diet in the sampling stations within 

the Gulf of Gabès during the fall 2017 

 S1 S2 S3 S4 

G (D-1) 

MICROPHYT. 

NANOPHYT. 

PICOPHYT. 

 

GP (MG C M-2 D-1) 

 

0.18 ± 0.07 

0.88 ± 0.21 

1.30 ± 0.04 

 

0.54 ± 0  

0.51 ± 0.15 

0.88 ± 0.48 

 

0.38± 0.09 

0.71 ± 0.10 

0.82 ± 0.80 

 

0.84 ± 0.03 

0.65 ± 0.21 

0.68 ± 0.11 

MICROPHYT. 71.07 ± 17.46  463.79 ± 6.96 461.91 ± 103.73 1048.77 ± 48.25 

NANOPHYT. 91.74 ± 12.49 102.12 ± 29.80 119.45 ± 46.56 317.73 ± 16.81 

PICOPHYT. 762.96 ± 6.35 293.91 ± 39.01 204.79 ± 30.00 137.50 ± 16.73 

     

 

%P GRAZED D-1 

MICROPHYT. 35 ± 15 40 ± 5 22 ± 4 47 ± 7 

NANOPHYT. 42 ± 5 23 ± 7 62 ± 20 40 ± 15 

PICOPHYT. 

 

60 ± 1 57 ± 6 56 ± 13 40 ± 4 

DIET (%) 

MICROPHYT. 

NANOPHYT. 

PICOPHYT. 

8 ± 3 

10 ± 3 

82 ± 7 

54 ± 8 

12 ± 1 

34 ± 7 

63 ± 27 

14 ± 8 

24 ± 19 

70 ± 7 

21 ± 6 

9 ± 1 
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Table 3 Phytoplankton (nano- and micro-sized fractions) consumption rates by 

metazooplankton and grazing impact in the sampling stations within the Gulf of Gabès during 

the fall 2017 

 S1 S2 S3 S4 

 

Gm (mg C m-2 d-1) 

 

76.26 ± 0.65 

 

313.36 ± 6.58 

 

225.84 ± 2.40 

 

794.28 ± 72.20 

     

% P grazed d-1 19 ± 1 20 ± 1 10 ± 5 24 ± 6 

     

% Chl a grazed d-1 22 ± 1 38 ± 3 32 ± 1 37 ± 4 

 

3.5 Vertical fluxes of particulate organic matter 

The vertical fluxes of particles varied significantly among stations, from 561 mg C m-2 d-

1 in S1 to 1891 mg C m-2 d-1 in S3 (ANOVA, p < 0.05; Figure III. 7). These fluxes only 

accounted for 30% of primary production in S1, but reached 43-45% in S2 and S4, and 70% in 

S3. Detritus was the dominant sinking flux from S1 (78%) to S3 (79%), but contributed less to 

the vertical carbon flux of S4 (62%). The phytoplankton carbon exported towards the benthos 

followed an increasing trend from S1 (111 mg C m-2 d-1) to S4 (611 mg C m-2 d-1). Zooplankton 

fecal pellets were non-significant in S1, S2 and S3, and made only 2% of the vertical carbon 

flux in S4 (38 mg C m-2 d-1).  
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Figure III. 7 Vertical fluxes of particulate organic carbon in the sampling stations during 

the fall 2017 

3.6 Planktonic interactions 

Based on data of size-fractionated production, prey-grazers relationships and carbon 

vertical flux, conceptual diagrams of planktonic interactions were established for all sampling 

stations (Figure III. 8). The importance of the zooplankton microbivory and herbivory in the 

carbon transfer (i.e., total consumption by proto- and meta-zooplankton) were considered in 

each station.  

In station S1, the primary production (1816 mg C m-2 d-1) was lower than in the other 

stations, and mainly sustained by picophytoplankton (78%). These small producers were under 

strong grazing pressure by protozooplankton, which was dominated by aloricate ciliates. 

Consequently, a large amount of carbon (763 mg C m-2 d-1) entered the food web via the 

microbivory of protozooplankton, which represented 76% of carbon transfer. However, > 2 µm 

phytoplankton (i.e., nano- and microphytoplankton), which was mainly composed by nano-

sized phytoflagellates and to a lesser extent by diatoms, participated weakly to primary 

production (22%). Moreover, protozooplankton grazing on > 2 µm phytoplankton supplied 

small amounts of carbon to higher consumers (163 mg C m-2 d-1). Metazooplankton had also 
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low feeding on nano- and microphytoplankton (76 mg C m-2 d-1). Consequently, herbivory of 

proto- and metazooplankton together represented only 24% of channeled carbon. Similar to 

primary production, the amount of carbon particles that settled down and could reach benthos 

was low (562 mg C m-2 d-1).  

In comparison to station S1, stations S2 and S3 had an increased production of > 2 µm 

phytoplankton, particularly of microphytoplankton forming more than 70% of the total primary 

production, simultaneously to an increase of the diatom abundance. This was accompanied by 

an increase in the herbivory of protozooplankton (48-60% of carbon transfer), which was 

dominated by mixotrophic and heterotrophic dinoflagellates and ebridian flagellates. Thus, a 

high amount of > 2 µm phytoplankton production (566-660 mg C m-2 d-1) fueled the food web. 

Conversely, grazing impact of protozooplankton has decreased for picophytoplankton, which 

contributed moderately to primary production (15-24%), and hence protozooplankton 

microbivory (205-294 mg C m-2 d-1) supplied 20-25% of carbon to food web. Herbivory of 

metazooplankton was relatively important (226-313 mg C m-2 d-1), corresponding to 20-27% of 

carbon transfer. Similarly, vertical flux of particles increased in both stations to reach higher 

value (924-1891 mg C m-2 d-1) than in S1.  

In station S4, the production of picophytoplankton had further decreased, compared to 

other stations, to reach the lowest rate (8% of total PP) in detriment of an increase of the 

production of > 2 µm phytoplankton, which was characterized by the abundance of large 

diatoms (such as Rhizosolenia setigera and Skeletonema costatum). Therefore, herbivorous 

protozoans, such as the diatom-consumer Protoperidinium, were abundant, leading to increased 

herbivory for proto- (59%) and meta-zooplankton (35%), which supplied substantial quantities 

of carbon (1367 and 794 mg C m-2 d-1, respectively) to food web. A significant carbon flux 

towards benthos was also observed in this station (1700 mg C m-2 d-1).  



 

 
 

 

 

Figure III. 8 Primary production (PP, mg C m-2 d-1), trophic relationships and carbon transfer pathways within the planktonic systems of the sampling 

stations in link with the nutrient spatial gradient and hydrodynamic circulation in the Gulf of Gabès during the fall 2017. Percentage contributions 

of phytoplankton size fractions to PP are indicated. Values with arrows show the amount of channeled biogenic carbon (mg C m-2 d-1) and 

percentages represent the contribution of zooplankton microbivory or herbivory to carbon transfer. Width of arrow is proportional to the carbon 

flow 
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4 Discussion 

4.1 Productivity and nutrient richness 

Although the primary production levels are well documented for several Mediterranean regions 

(Psarra et al. 2005; Kovač et al. 2018), information remains scarce for the Southern 

Mediterranean (Meddeb et al., 2018; Sakka Hlaili et al., 2008) and even deficient for the GG. 

Here we provide primary production estimates in the GG based on dilution experiments. This 

technique has been already used in various marine systems, and has shown production rates 

that are similar to those measured by 14C method (Moigis and Gocke 2003; Meddeb et al. 2018; 

Dokulil and Qian 2021). Nutrients were not added to dilution bottles, assuming high nutrient 

concentrations in the GG during our study period. The estimated growth rates were relatively 

high for most size fractions (k ≥ 1 d-1; Figure III. 6a), indicating that nutrients were non-limiting 

for phytoplankton growth. Furthermore, our estimates of growth rates for different size 

fractions (0.4-1.9 d-1) are in the range of values reported for fractioned phytoplankton from 

dilution experiments (with or without nutrient addition) in other coastal ecosystems (Grami et 

al. 2008; Wickham et al. 2022). Furthermore, Boudriga et al. (2022) recently reported similar 

growth rate (0.38-1.7 d-1) for phtytoplankton to our study. Therefore, the growth coefficients 

and subsequently the calculated production rates measured in the present work are considered 

as realistic.  

Previous observations have suggested that the high fish production of the GG was related 

to a high primary production (Béjaoui et al., 2019; Halouani et al., 2016). Our study reveals 

indeed high total phytoplankton production rates (130-370 mg C m-3 d-1 or 1816-3674 mg C m-

2 d-1), which were comparable with estimates from dilution technique in other coastal waters, 

including Mediterranean ecosystems (Grami et al., 2008a; Marquis et al., 2007; Moigis and 

Gocke, 2003). However, the primary production levels determined in the GG, located in the 
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oligotrophic Eastern Mediterranean, far exceed rates currently reported for ecosystems within 

the same basin, as Ionian Sea, Aegean Sea and Gulf of Trieste (Christaki et al. 2011; Šolić et 

al. 2010; Cibic et al. 2018). This suggests the influence of anthropogenic nutrient inputs, in 

addition to natural sources, in the GG leading to its high productivity. Our estimates of Chl a 

concentrations (1.65-6.06 µg L-1) also surpassed values reported in Mediterranean open sea 

areas (Raveh et al., 2015; Salgado-Hernanz et al., 2019), but were in the range found in other 

coastal waters (Meddeb et al. 2018; Morsy et al. 2022). Our Chl a levels were higher than those 

recorded by previous studies in the offshore part of GG (< 1 µg L-1; Bel Hassen et al. 2009; 

Hamdi et al. 2015), which can be due to several environmental features, such as hydrological 

conditions, nutrient content, season, and phytoplankton community composition. Most of 

previous works have been conducted during the summer-stratification period (July-September) 

or during the transition period from the mixed to the stratified water (May-June), when nutrients 

were in shortage (< 3 N µM, < 1 P µM) resulting in low Chl a concentrations. Furthermore, 

> 2 µm cells dominated the total Chl a in all stations (63-89%) and microphytoplankton alone 

formed ≥ 50% in S3 and S4 (Table 1). Moreover, large diatoms (Leptocylindrus, Skeletonema 

and Rhizosolenia) were dominant during our sampling period (Figure III. 2a, b). All these 

observations may explain the higher Chl a concentrations measured during our study compared 

to previous works, which reported the dominance of pico- and nano-sized phototrophs and the 

scarcity of diatoms (Bel Hassen et al. 2009; Hamdi et al. 2015; Khammeri et al. 2020). 

The high primary production and Chl a concentrations in the GG were associated to high 

nutrient concentrations (Table 1), mainly due to the large supply from anthropogenic discharges 

and also to tide-induced sediment resuspension and atmospheric deposition (Drira et al. 2016; 

Khammeri et al. 2018). The GG is exceptionally enriched in inorganic and organic P (Table 1) 

since it continuously receives large amounts of phosphogypsum (1,000 to 13,000 t per day since 

the 1970’s) from the phosphoric acid plant (Béjaoui et al., 2004; Khedhri et al., 2014). The Pinorg 
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concentrations measured in all stations exceed those usually observed in Mediterranean coastal 

waters, like the lagoons of Bizerte (0.15 µM; Meddeb et al. 2018) and Thau (0.18 µM; 

Courboulès et al. 2021), and the Gulf of Lion (0.06-0.12 µM; Ross et al. 2016). The continuous 

nutrient enrichment caused by anthropogenic inputs could lead to enhanced eutrophication of 

the GG, causing ecosystem imbalance in the future. Signs of eutrophication, such as occurrence 

of harmful algal blooms, have indeed been often reported (Feki- Sahnoun et al. 2017; Ayata et 

al. 2018). 

In the GG, a North-South and coast-offshore gradient of nutrients (Figure III. S1) and 

organic matter with accumulation in the Southern part has been already observed (Ciglenečki 

et al., 2020; Mansouri et al., 2020). This spatial pattern can be related to the hydrodynamics of 

the GG, which is characterized by the presence of a stationary southward current, two great 

eddies in the middle, and a counter current in the Southern part (Figure III. 1; Zayen et al. 2020). 

During our study, nutrients also showed increasing concentrations from the North (S1) to the 

South (S4) and from the coast (S1) to offshore (S3). Phytoplankton variables (i.e., production, 

carbon biomass and Chl a) followed the same spatial distribution patterns than nutrients, 

confirming that spatial distribution of Chl a is closely related to nutrient concentrations in the 

GG (Bel Hassen et al. 2009). 

4.2 Spatial dynamics of phytoplankton 

There was a clear spatial variability in the size structure of phytoplankton. The dominance 

of fast-growing picophytoplankton in S1 (Table 1, Figure III. 6a, b) confirmed its main 

functional role in this station. In general, the picophytoplankton is dominant in oligotrophic 

Mediterranean open sea, such as the Northern Adriatic Sea, the Levantine Basin, the Southern 

Tyrrhenian Sea and the Southern Adriatic Sea (Cerino et al., 2012; Decembrini et al., 2009; 

Tanaka et al., 2007; Totti et al., 2005). Our results reveal that picophytoplankton can be an 
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important component within the phytoplankton community in coastal Mediterranean waters, 

with relatively important nutrient concentrations (i.e., in S1). Unlike S1, large phytoplankton 

characterized the other stations, even the offshore station (i.e., S3). The micro-sized fraction 

contributed most of the primary production (55-78%) and carbon biomass (71-75%) in S2, S3 

and S4, and dominated the Chl a (49-74%) in S3 and S4 (Table 1, Figure III. 6b). The nutrient 

spatial gradient induced by hydrodynamic features has likely influenced the spatial distribution 

of phytoplankton size fractions. This was evidenced by a positive correlation between the 

growth rate of micro-sized fraction and inorganic nutrients, and a negative correlation for the 

pico-fraction growth rate. The CCA showed also that large phytoplankton was associated with 

all inorganic nutrients while an opposite trend was found for the picophytoplankton (Figure 

III. 5). Jyothibabu et al. (2015) have reported a clear impact of the hydrodynamics (summer 

monsoon current and associated eddies) on the evolution of nutrients and phytoplankton size 

structure in the Bay of Bengal (Northeastern Indian Ocean). Recently, Decembrini et al. (2020) 

have showed that the circulation within the Gulf of Augusta (Western Ionian Sea) allowed the 

advection of nutrient-rich waters that modified the size structure of phytoplankton and triggered 

an increase of the micro-sized fraction.  

The > 2 µm phytoplankton community also displayed a spatial variation in species 

composition. Generally, nano-sized phytoflagellates, mainly represented by cryptophyceae, 

dominated in biomass in S1, typified by the least rich waters of the majority of nutrients (lowest 

concentrations of Pinorg, Porg, and Si(OH)4). Conversely, the contribution of diatoms increased 

from S1 (37%) to S4 (88%) concomitantly with the nutrient increase. Diatom biomass showed 

a positive correlation with all inorganic nutrients (rs = 0.79-0.67, p < 0.01). It is well known 

that small phototrophs with high surface-to-volume ratio require lower nutrient concentrations 

for their growth than large cells, which grow well under more nutrient enriched waters (Duarte 

et al., 2000; Varkitzi et al., 2020). This may explain the high contribution of nano-sized cells to 
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the > 2 µm phytoplankton community and the dominance of picophytoplankton in S1. The high 

contribution of nano-sized cells, such as chlorophyceae, cryptophyceae and prymnesiophyceae, 

to phytoplankton community was previously reported in the GG during a period characterized 

by reduced nutrient supply (Bel Hassen et al. 2009; Ben Ltaief et al. 2015; Rekik et al. 2015). 

Nano-sized phytoflagellates are typical of waters with low nutrient concentrations, such as 

Mediterranean open sea areas (Vidussi et al., 2000; Decembrini et al., 2009). In contrast, blooms 

of diatoms are commonly observed in coastal Mediterranean environments, particularly during 

late winter-spring (d’Alcalà et al., 2004; Mayot et al., 2017; Leblanc et al., 2018), when the 

stratification of the water column follows the vertical mixing, thus favoring the growth of small 

species (such as Chaetoceros) (Peters et al., 2006; Trombetta et al., 2021). Other authors have 

rather reported the presence of diatoms in Mediterranean waters during the period of turbulence 

(i.e., autumn), with high proliferation of large species (Decembrini et al., 2009; Margalef, 1978; 

Vascotto et al., 2021). This agrees with our finding showing that micro-sized diatoms 

(Leptocylindrus, Skeletonema and Rhizosolenia) were dominant during our study period.  

The decrease of picophytoplankton contribution to total primary production and Chl a 

content from S1 to S4, and the increase of micro-sized contribution and diatom proliferation 

would greatly influence the size and the type of grazers, as well as their feeding activity, 

suggesting a significant change in carbon transfer pathways between stations. These effects are 

detailed in the following sections.  

4.3 Spatial variation of top-down control by metazooplankton 

Copepods were dominant in the GG (Figure III. 4a), as previously observed in this area 

(Drira et al., 2017; Makhlouf Belkahia et al., 2021) and in other Mediterranean ecosystems (Ben 

Lamine et al., 2015; Gueroun et al., 2020; Sakka Hlaili et al., 2008). The abundance of copepods 

found here (0.939-1240 × 103 ind m-3) compared also well with previous reports in the GG (Ben 
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Ltaief et al., 2017; Drira et al., 2017) and in other Mediterranean systems, i.e., Lagoons of 

Bizerte, Venice and Berre (Riccardi 2010; Siokou-Frangou et al. 2010; Marques et al. 2015; 

Gueroun et al. 2020). Our study assessed the feeding impact of metazooplankton on 

phytoplankton using the gut fluorescence method. This simple technique has been widely used 

for more than several decades because it is useful for revealing the functional role of 

metazooplankton in various marine environments (Tseng et al. 2008; Meddeb et al. 2018; He 

et al. 2021). The results show that metazooplankton had an important control on phytoplankton, 

by consuming 10-24% of the primary production. This feeding effect exceeded that reported in 

other world oceanic regions (12%, Calbet et al. 2000), but compared with estimates from the 

gut fluorescence method in other Mediterranean ecosystems (8-30% P grazed d-1 in the Lagoon 

of Bizerte and 9-20% P grazed d-1 in the Alboran Sea) (Gaudy et al., 2003; Meddeb et al., 2018). 

The impact of metazooplankton on phytoplankton biomass (22-38% Chl a d-1) was also in the 

range of percentages found by other authors (using the gut content technique) in coastal 

ecosystems, such as Gironde estuary, and Gulf of Mexico (Sautour et al. 2000; Landry and 

Swalethorp 2021). The significant percentages of phytoplankton biomass and production daily 

consumed by metazooplankton suggested the importance of the metazoan grazers in channeling 

carbon to higher trophic level in the GG. 

The consumption by metazooplankton varied significantly among stations (Table 3), in 

relation with spatial variations of metazoan abundance (rs = 0.62-0.76, p < 0.05) and prey 

biomass (rs = 0.70-0.78, p < 0.01). Besides, change in size structure of phytoplankton seemed 

to influence the feeding of metazooplankton. Consumption rates of phytoplankton measured 

from S2 to S4 were 3-10 folds higher than that in S1, where the phytoplankton production was 

dominated by the pico-sized fraction, which is inefficiently consumed by copepods (Berggreen 

et al. 1988; Morales et al. 1993; Callieri and Stockner 2002). Conversely, the highest feeding 

activity of metazooplankton was observed in the southernmost station (S4), where large 
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phytoplankton dominated the Chl a and primary production (Table 1, Figure III. 6b). This 

coincided with a high proliferation of herbivorous copepods (e.g., Centropages, Clausocalanus 

and Paracalanus) and herbivorous cladocerans (e.g., Penilia, Katechakis et al. 2004) (Figure 

III. 4a). The CCA also showed a clear association between the two metazoan groups and nano- 

and microphytoplankton (Figure III. 5), which might be due to trophic relationships. As 

explained, the complex circulation in the GG favoured the accumulation of particles towards 

the South – among which zooplankton and phytoplankton – leading to increased trophic 

interactions between the two planktonic components. Similarly, a recent work highlighted the 

role of hydrodynamics in the retention of metazooplankton in the Southern area of the GG and 

in the enhancement of its potential control of phytoplankton (Makhlouf Belkahia et al., 2021). 

4.4 Spatial variation of top-down control by protozooplankton 

Our study examined the impact of protozooplankton grazing on phytoplankton using the 

standard dilution method. This simple technique, which gives simultaneous estimations of 

growth and grazing rates, has been used over the past decades in open and coastal environments, 

including Mediterranean systems (Calbet and Landry 2004; Calbet et al. 2008; Grinienė et al. 

2016; Leruste et al. 2019; Pecqueur et al. 2022; Wickham et al. 2022). However, the dilution 

method has been employed to a lesser extend for the estimation of protozooplankton grazing in 

the Southern Mediterranean (Grami et al., 2008; Meddeb et al., 2018; Sakka Hlaili et al., 2008). 

Furthermore, the functional role of protozooplankton is poorly documented in the GG, although 

previous studies have reported high abundances of ciliates, heterotrophic and mixotrophic 

flagellates (Ben Ltaief et al., 2017; Drira et al., 2008; Hamdi et al., 2015; Hannachi et al., 2008; 

Kchaou et al., 2009; Rekik et al., 2021).  

Different size fractions of phytoplankton were measured in our dilution bottles rather than 

total phytoplankton in order to give an insight into the size-selective protozooplankton feeding. 
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The dilution experiments provided statistically significant grazing estimates for different 

phytoplankton size fractions in all stations (Figure III. S2 in Supplementary Material). Grazing 

rates may be over-estimated, if nutrient limitation occurs during experiment (Landry and 

Hassett, 1982). In our work, although nutrients were not added, the phytoplankton growth was 

kept under unlimited conditions. Moreover, our estimates of grazing rates for pico-sized 

fraction were in the range of values reported from dilution experiments (with or without 

nutrients) in other coastal waters (Dong et al. 2021; Pecqueur et al. 2022). Using the same 

method, several authors have also found grazing rates for nano- and microphytoplankton (Sakka 

Hlaili et al., 2007; Dong et al., 2021) comparable to our estimates (Table 2).  

In general, there is a close and a positive trophic interaction between the growth of prey 

and their grazing by protozooplankton (Chen et al., 2020; Dopheide et al., 2011; Martin-

Cereceda et al., 2003; Shinada et al., 2000). Indeed, for each size-fraction, significant and 

positive correlations were found between prey production and protozooplankton consumption 

rates. Several studies have shown that protozoan organisms were able to modify their growth 

according to the availability of their potential prey and that the change in phytoplankton size 

structure may influence the community composition of protozooplankton and its grazing 

pressure (Sherr and Sherr 2007; Mansano et al. 2014; Horn et al. 2020; Corradino and Schnetzer 

2022; Li et al. 2022). The high proliferation of picophytoplankton in S1 was associated with a 

clear dominance of small aloricate ciliates (20-50 µm Strombidium spp.; Figure III. 3a), which 

are known to have large predation on pico-sized cells (Rassoulzadegan et al. 1988; Sakka 2000; 

Meddeb et al. 2018). Heterotrophic nanoflagellates (Commotion cryoporinum) and ebridian 

flagellates (Hermesinium sp.), which can actively consume pico-sized prey (Berglund et al., 

2007; Calbet and Landry, 2004; Hargraves, 2002), were well represented in S1 (Figure III. 3a). 

The CCA analysis showed likewise a strong association, likely through feeding links, between 

picophytoplankton biomass and the abundances of all these microbivorous consumers (Figure 
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III. 5). Accordingly, the protozooplankton displayed high consumption rate and grazing impact 

on the pico-sized fraction in S1 (60% P grazed d-1), testified by the large contribution of the 

picophytoplankton to the protozoan diet (82%) (Table 2). Our result is consistent with the 

finding of high grazing pressure of protozooplankton on picophytoplankton in other 

Mediterranean coastal systems, such as the Bizerte Channel (84% P grazed d-1) and Thau 

Lagoon (71% P grazed d-1) (Bec et al. 2005; Meddeb et al. 2018). Grazing and consumption 

rates for the pico-sized fraction showed a decreased trend from S1 to S4, where the 

protozooplankton community has clearly changed towards a dominance of heterotrophic and 

mixotrophic dinoflagellates (Figure III. 3a), concomitantly to the increase of large 

phytoplankton proliferation (Table 1, Figure III. 6). In S4, heterotrophic dinoflagellates were 

dominated by species of Protoperidinum and Oxytoxym (Figure III. 3d), which are known as 

potential grazers of chain-forming diatoms and small diatoms, respectively (Girault et al., 2013; 

Kase et al., 2021; Seong et al., 2006). Mixotrophic dinoflagellates were dominated by 

Heterocapsa and Gymnodinium (Figure III. 3c) that can feed on small diatoms and nano-sized 

cells (Du Yoo et al., 2009; Jeong et al., 2010a). The loricate ciliates, mainly Tintinnopsis, 

Helicostomella and Amphorellopsis, which commonly feed on large algae (Dolan et al., 2012; 

Yang et al., 2019), were more abundant in S4 than in other stations (Figure III. 3a). All these 

herbivorous protozoans seemed to be tightly associated, probably via feeding links, to nano- 

and micro-phytoplankton (CCA analysis, Figure III. 5). Thus, the highest consumption rates for 

nano- and micro-sized fractions were recorded in S4. In this station, the protozoan’s diet mainly 

relied on microphytoplankton (70%), which accordingly was under the greatest 

protozooplankton grazing effect (50% P grazed d-1) (Table 2). In S4, although metazoans 

displayed increased abundance and very high consumption rates (Table 3; Figure III. 4), their 

grazing impact (24% P grazed d-1) remained lower than that of protozooplankton, which daily 

consumed 48% of the > 2-µm phytoplankton production. Our finding is in good agreement with 
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several authors stating that protozooplankton is the major grazer of phytoplankton in productive 

waters dominated by large phytoplankton (Aberle et al. 2007; Vargas et al. 2007; Meddeb et al. 

2018; Yang et al. 2022). In S2 and S3, nano- and micro-sized fractions formed large proportions 

of phytoplankton production and biomass (Chl a and carbon). The contribution of 

picophytoplankton was not as low, reaching 20% of biomass and production of phytoplankton 

(Table 1; Figure III. 6a). Accordingly, microbivorous protozoans (i.e., aloricate ciliates, 

heterotrophic nanoflagellates and ebridian flagellates) and herbivorous organisms (i.e., 

dinoflagellates) were both important components of the protozooplankton in both stations 

(Figure III. 3). This resulted in significant protozooplankton top-down control on large and 

small phytoplankton in S2 and S3 (Table 2).  

4.5 Implication for carbon transfer pathway 

Anthropogenic nutrient inputs coupled with a complex hydrodynamic circulation in the 

GG led to a clear spatial gradient in nutrients, associated with spatial changes in composition 

and size structure of phytoplankton and selective zooplankton grazing. Microbivory and 

herbivory would therefore have different roles in carbon transfer (Figure III. 8), inducing 

different trophic structures among stations.  

In the northernmost station (S1), characterized by less nutrient-rich waters, the high 

contribution of picophytoplankton (78%) to the primary production was associated with a high 

microbivory of protozooplankton, representing 76% of carbon transfer. Therefore, the feeding 

of the microbivorous protozoans played the main role in carbon transfer to upper consumers 

(76%), as the herbivory of proto- and meta-zooplankton contributed together only 24% of the 

channeled carbon. These trophic interactions suggest the prevalence of the microbial food web 

in S1 (Legendre and Rassoulzadegan, 1995; Sakka Hlaili et al., 2014), which is different from 

the traditional view regarding the presence of the microbial pathway in oligotrophic waters. 
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Nevertheless, there is increasing evidence that microbial food web can be significant for 

eutrophic coastal areas (Grami et al., 2008; Paklar et al., 2020; Viñas et al., 2013). The situation 

has changed in S2 and S3, evidenced by the increased contribution of microphytoplankton to 

primary production (55-78%), albeit the pico-sized cells remained as substantial contributor to 

carbon production (15-24%). Parallel to the increase of large phytoplankton production, the 

herbivory of proto- and metazooplankton increased, forming 75-80% of biogenic carbon 

channeling. The consumption of picophytoplankton allowed 20-25% transfer of biogenic 

carbon. Therefore, pico-, nano- and micro-phytoplankton potentially contributed to the 

production of biogenic carbon, which reached higher consumers through the microbivory and 

the herbivory of zooplankton. This suggests that a multivorous food web (Legendre and 

Rassoulzadegan, 1995) was present in both stations. The multivorous pathway was already 

observed in other productive waters (Masclaux et al., 2015; Meddeb et al., 2018; Siokou-

Frangou et al., 2010; Vargas and González, 2004). In the southernmost nutrient-rich station 

(S4), the herbivorous food web seemed to be dominant, since the high primary production was 

mainly sustained by microphytoplankton (60%) and the biogenic carbon was mainly 

channeled to higher trophic levels through the proto- and meta-zooplankton herbivory, which 

represented 94% of total carbon transfer. The herbivorous pathway was reported in several 

coastal waters with high trophic level and abundant diatoms (Sakka Hlaili et al. 2008; Masclaux 

et al. 2015; Meddeb et al. 2018; D’Alelio et al. 2022). The co-existence of different and 

contrasted planktonic food webs during the same period in a highly productive system (i.e., the 

GG) diverges from the traditional view that large phytoplankton and herbivorous pathway 

usually dominate in nutrient-rich waters.  

The spatial variability in planktonic food webs has an ecological implication, as biogenic 

carbon can be exported with different efficiency to pelagos and benthos (Legendre and 

Rassoulzadegan, 1995; Sakka Hlaili et al., 2014). The microbial food web is known to be 
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inefficient in exporting organic matter, as most of the carbon is recycled and a small amount of 

carbon can be exported to higher consumers or outside euphotic system (Decembrini et al., 

2009; Legendre and Rassoulzadegan, 1995). This was consistent with the low vertical carbon 

flux found in S1, which only accounted for 30% of total primary production. In the other 

stations, the increase of primary production and of the dominance of large phytoplankton was 

associated with the increase of vertical flux of organic particles (43-70% of primary 

production). Furthermore, phytoplankton and zooplankton fecal material showed increased 

contribution to the carbon flux toward the benthos (Figure III. 7). This confirms that more 

biogenic carbon is exported towards multivorous and herbivorous food webs (Legendre and 

Rassoulzadegan, 1995; Meddeb et al., 2019). The highest phytoplankton export to benthos was 

observed in S4, coinciding with the largest contribution of microphytoplankton to primary 

production. Conversely, the highest detritus sinking flux was not measured in S4 but in S3. This 

indicates that some of the sinking detrital material in S3 could be transported from elsewhere.  

The hydrodynamic and hydrological features of this area change across seasons, which 

can impact the plankton dynamics (Bel Hassen et al., 2008; 2009; Makhlouf Belkahia et al., 

2021) as well as planktonic interactions within the ecosystem. Thus, it is important to consider 

the seasonal variations in further investigations to better understand the overall functioning of 

this high dynamical and productive Mediterranean area.  

5 Conclusion 

Our study provides a detailed analysis of the plankton communities and the trophic links 

between size fractionated phytoplankton and proto/metazooplankton in a nutrient-rich and 

highly productive Mediterranean system, the GG. The complex hydrodynamic circulation 

within the GG seemed to induce a spatial gradient in nutrient concentrations driving a spatial 

changes in size structure and production of phytoplankton and trophic interactions, ultimately 
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leading to various food webs structure with different efficiency in carbon export. Our results 

allows changing our traditional view concerning the dominance of the herbivorous pathway in 

highly productive areas and evidencing the presence of a trophic pathway continuum, with other 

types of planktonic food webs. Our study gives relevant insight on the functional roles of 

phytoplankton size fractions, proto- and meta-zooplankton and proposes a first description of 

carbon transfer pathways in the Southeastern Mediterranean area, where such information is 

deficient. These results can improve the understanding of the dynamics of marine food webs, 

particularly in ecosystems strongly impacted by anthropogenic nutrient inputs and strong 

hydrodynamics.  
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Figure III. S1. Spatial distribution of nitrate, phosphate and silicate concentrations in the study region within the Gulf of Gabès (unpublished 

data) 

 

 



 

 
 

Figure III. S2. Relationship between dilution factor and apparent growth rate (R, d-1) of biomass for pico-, nano- and microphytoplankton in 

each study station 
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I. Problématique et objectif 

L'identification du type de réseau trophique marin est d'une importance écologique et 

pratique majeure, étant donné qu'il forme une étape clé pour décrire le fonctionnement des 

écosystèmes et comprendre les flux de matière et d'énergie au sein des communautés 

planctoniques marines. A titre d'exemple, la détermination du type de réseau trophique peut 

donner une idée précise sur le potentiel du système à soutenir l'activité de pêche (Hill et al., 

2006; Gaichas, 2008; Knights et al., 2013; Subramaniam et al., 2022). Ces informations sont 

utiles pour une exploitation et une gestion efficaces. Comprendre le réseau trophique marin est 

une première étape cruciale pour savoir comment les écosystèmes réagissent aux perturbations 

anthropiques et naturelles (Gotwals et Songer, 2010; Lewis et al., 2022). À l'heure actuelle, les 

efforts de gestion des écosystèmes marins se concentrent fortement sur les réseaux alimentaires. 

La « DCSMM » a retenu le "réseau trophique marin" en tant que description de l'état écologique 

du système (Cardoso et al., 2010; Commission européenne, 2010). Cela signifie que l'un des 

principaux critères du "bon état écologique" est basé sur les réseaux alimentaires et donc sur 

leur typologie. En outre, l'analyse des réseaux écologiques fournit des indicateurs écologiques 

(appelés indices ENA) qui caractérisent le fonctionnement de l'écosystème, comme par 

exemple son activité, sa capacité de rétention, son organisation et sa maturité (Ulanowicz, 1986; 

Christensen, 1995; Christian et al., 2009; Bodini et al., 2012a; Pezy et al., 2017; De Jonge & 

Schückel, 2021). Les effets des stress anthropiques et naturels sur les écosystèmes marins 

côtiers sont généralement évalués à l'aide d'indicateurs ENA (Belgrano et al., 2005; Niquil et 

al., 2014; Piroddi et al., 2015; Chaalali et al., 2016). Ces indicateurs fonctionnels fournissent 

également des données utiles sur la stabilité des réseaux trophiques et le niveau de stress auquel 

ils sont soumis (Grami et al., 2008; Heymans et al., 2014; Saint-Béat et al., 2015).  

Bien que l'état écologique des écosystèmes méditerranéens ait été largement étudié 

(Méndez et al., 2008; Liquete et al., 2016; Meddeb et al., 2019; Danovaro et al., 2020; 

Decembrini et al., 2021), les recherches sur la structure et la fonction du réseau trophique et sur 

la santé des écosystèmes font encore défaut. Par exemple, le groupe MerMex a montré que 

l'appauvrissement de la biomasse aux niveaux trophiques élevés, la simplification des réseaux 

alimentaires et les changements de biomasse et de productivité aux niveaux trophiques 

inférieurs sont des indications fréquentes de la détérioration écologique des écosystèmes marins 

méditerranéens (Durrieu de Madron et al., 2011). En outre, des recherches récentes ont fourni 

un ensemble d'indicateurs ENA que les gestionnaires d'écosystèmes pourraient utiliser pour 
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analyser l'état de santé des milieux marins (Fath et al., 2019; Safi et al., 2019). Dans le sud de 

la Méditerranée, Meddeb et al., (2018) ont montré l'utilité des modèles inverse de réseaux 

trophiques et des indicateurs ENA pour identifier les changements de l'état environnemental et 

les influences anthropiques au niveau de la Lagune, le Canal et la Baie de Bizerte. Selon 

plusieurs études, un certain nombre d'écosystèmes méditerranéens, notamment les eaux 

côtières, sont soumis à une pression anthropique importante qui perturbe leurs populations et 

leur biodiversité et met en péril leurs fonctions éco-systémiques (Templado, 2014; Danovaro, 

2003; Bevilacqua et al., 2021). Il est donc essentiel d'utiliser une approche holistique pour 

prédire comment les perturbations anthropogéniques peuvent affecter le fonctionnement des 

écosystèmes méditerranéens.  

L'objectif de cette étude est donc d'étudier la structure du réseau trophique et ses 

propriétés émergentes dans le Golfe de Gabès, un site méditerranéen soumis à une perturbation 

chronique causé principalement par le Groupe Chimique Tunisien (TCG), qui y déverse de 

grandes quantités de phosphogypse, apportant beaucoup de nutriments et de métaux (Ayadi et 

al., 2015; El Zrelli et al., 2015; Drira et al., 2018). Notre étude vise également à fournir des 

indicateurs écologiques utiles pour évaluer l'état de santé de l'écosystème, à prendre en compte 

par les gestionnaires de l'environnement. 

Dans la présente étude, nous avons utilisé les données sur les stocks et les flux de carbone 

du plancton déterminées au cours de l’étude précédente au niveau des quatre stations (chapitre 

IV), et nous avons mesuré les stocks de carbone organique dissous (COD) et de carbone 

organique particulaire (COP). Ensuite, l'approche LIM-MCMC a été appliquée pour 

caractériser les réseaux trophiques planctoniques et les propriétés structurelles et fonctionnelles 

dans les différentes stations. Nous avons spécifiquement abordé les questions suivantes : i) 

comment le type de réseau trophique planctonique change-t-il en fonction des variations 

spatiales de la pression des nutriments et de spectre de taille du phytoplancton ; ii) comment les 

ratios de typologie et les indices ENA peuvent-ils être appliqués pour décrire au mieux l'état 

écologique d'un écosystème soumis à des perturbations permanentes; et iii) quelles sont les 

applications pour les gestionnaires en termes de surveillance de l'état de santé ? 

II. Résumé  

Notre étude souligne l'importance de combiner la typologie du réseau trophique 

planctonique et les caractéristiques émergentes afin de décrire l'état écologique d'un écosystème 
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soumis à des perturbations permanentes, notamment dues à l'industrie du phosphate. Des 

modèles linéaires inverses ont été construits pour décrire le fonctionnement trophique des 

quatre stations dans le Golfe de Gabès, qui étaient soumises à différentes pressions de 

contamination (i.e. pression nutritive). Les flux de carbone estimés par la méthode LIM-MCMC 

ont ensuite été utilisés pour calculer les ratios de typologie des réseaux trophiques et réaliser 

une analyse des réseaux écologiques, permettant de calculer des indices ENA. En se basant sur 

les ratios de typologie, trois réseaux trophiques planctoniques avec différents indices 

fonctionnels ont été distingués en fonction du stress nutritif. Le réseau trophique microbien a 

dominé dans l'environnement le moins riche en nutriments (R7 = 0.73>0.6). Ce réseau était 

alimenté principalement par la production du picophytoplancton (<2 µm) (R4>R6) qui était 

principalement transférée par la microbivorie élevée du protozooplancton (R8 = 0.92). En 

revanche, le réseau trophique herbivore s'était développé dans l'environnement le plus riche en 

nutriments (R7 = 0.06 < 0.1), où le carbone biogène était principalement produit par le 

microphytoplancton (> 10 µm) (R4>R6) et transféré vers les niveaux trophiques supérieurs 

principalement par le protozooplancton herbivore et secondairment par le métazooplancton (R8 

= 0.66). Dans les deux autres stations - des systèmes modérément riches en nutriments - le 

système fonctionnait comme un réseau multivore (0.1<R7= 0.11-0.21 <0.6). Le phytoplancton 

(fractions de petite et grande taille) et les composants non vivants (détritus et COD) ont joué un 

rôle important dans la production du carbone (R4R6) qui se trouvait acheminé sourtout par le 

le protozooplancton puis le métazooplancton (R8=0.74). Les indices ENA ont révélé que le 

réseau herbivore, avec un débit total du système (TST) le plus élevé (10,966 mg C m-2 d-1) et 

une ascendance relative (A/C) et un recyclage les plus faibles (0.32- 0.05 %, respectivement), 

était le système le plus actif, mais aussi le moins organisé et le moins stable. En revanche, le 

réseau microbien, avec le flux total le plus faible (5,386 mg C m-2 d-1) et l'ascendance relative 

la plus élevée (41%), était le moins actif mais plus organisé que le réseau herbivore. Le réseau 

multivore, avec des valeurs élevées du rapport détritivorie/herbivorie (1.22-1.36), du recyclage 

et de l'ascendance relative (13-16 % ; 36- 46 %, respectivement), était le système le plus 

organisé avec un fort recyclage. Cette étude montre que la typologie des réseaux alimentaires 

combinée à des indices écologiques peut constituer un outil efficace pour l'évaluation de la 

santé des écosystèmes, ainsi que pour l'étude de l'occurrence de la pression anthropogénique.
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Abstract  

This study highlights the importance of coupling the typology of planktonic food webs and their 

emerging properties to better describe the ecological status of an ecosystem under permanent 

disturbance mainly caused by phosphate industry. Linear inverse models were built to describe 

four stations under various levels of nutrient pressure, using the Markov Chain Monte Carlo 

method to estimate known and unknown carbon flows, later used to calculate food web 

typology ratios. Ecological network analysis (ENA) was used to describe the structural and 

functional properties of each food web. Based on the food web typology ratios, three planktonic 

trophic pathways (PTP) with different functional indices were distinguished according to 

nutrient stress. The microbial food web dominated in the least nutrient-rich environment. It 

mainly relied on phytoplankton production (picophytoplankton < 2 µm) that was mainly 

transferred by the high microbivory of protozooplankton. In contrast, the herbivorous food web 

developed in the most nutrient-rich environment, where biogenic carbon was mainly produced 

by large phytoplankton (microphytoplankton > 10 µm) and mainly channeled to higher trophic 

levels by herbivorous protozooplankton and metazooplankton. In the other two stations – 

moderately nutrient-rich systems – the PTP acted as a multivorous food web. Phytoplankton 

(small and large size fractions) and non-living components (detritus and dissolved organic 

carbon) played a significant role in carbon production, and protozooplankton and 

metazooplankton competed with each other in its channel. ENA indices revealed that the 

herbivorous food web, with the highest total system throughput and lowest relative ascendancy 

and cycling, was the most active but the least organized and stable system. In contrast, the 

microbial food web, with the lowest total system flux and high relative ascendancy, was least 

active but more organized than the herbivorous food web. The multivorous food web, with high 

values of the detritivory-to-herbivory ratio, cycling and relative ascendancy, was the most 

recycling and organized system. This study shows that typology of food webs combined with 

ecological indices can provide an effective tool for managing and assessing ecosystem health, 

and for investigating the occurrence of anthropogenic pressure. 

Keywords: Food-web modeling, ecological network analysis, typology ratios, Mediterranean 

coastal ecosystem, anthropogenic pressure. 
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1. Introduction 

In marine waters, primary production can reach higher consumers through different types 

of food webs. The size structure of phytoplankton is the most relevant functional trait driving 

carbon transfer pathways. Small phytoplankton is mainly involved in microbial food webs, 

dominated by protozooplankton (PRO) grazing, while large phytoplankton is mainly consumed 

by metazooplankton (MET) (e.g., copepods) leading to herbivorous food webs. In-between 

these two contrasting food webs, the trophic continuum includes multivorous pathways in 

which microbial and herbivorous trophic patterns both play significant roles (Legendre and 

Rassoulzadegan, 1995a, 1996a). These food webs channel biogenic carbon to higher consumers 

with different efficiencies. Consequently, changes in the size structure of phytoplankton in 

response to any environmental variation leads to a shift in the food web structure that ultimately 

influences the ability of the ecosystem to export or recycle biogenic carbon (Decembrini et al., 

2009; Legendre and Le Fèvre, 1989; Meddeb et al., 2019). 

Determining marine food web types is of great ecological and practical interest, since it 

is the main step toward characterizing ecosystem functioning and understanding the flows of 

material and energy within marine planktonic communities. For example, in the fisheries sector, 

identifying the type of food web can provide a clear idea of the capacity of the system to support 

the fishing activity, and this helps for proper exploitation and management (Hill et al., 2006; 

Gaichas, 2008; Knights et al., 2013; Subramaniam et al., 2022). In ecosystems subject to natural 

and anthropogenic disturbances, knowledge of the marine food web is an essential step in 

assessing ecosystem responses to these disturbances (Gotwals and Songer, 2010; Lewis et al., 

2022). Food webs are currently in the foreground in marine ecosystem management programs. 

Furthermore, the European Marine Strategy Framework Directive has retained the “marine food 

web” as a descriptor of the ecological status of the system (Cardoso et al., 2010; European 

Commission, 2010). This means that one of the major criteria for "good environmental status" 

is based on the typology of food webs, highlighting the usefulness of identifying the structure 

and functioning of food webs in marine ecosystems.  

Several modeling approaches have been developed to characterize marine food webs. 

These models can provide ecological underpinnings for ecosystem services and the 

management of natural marine systems (Carpenter et al., 2009; Bagstad et al., 2013; Beske-

Janssen et al., 2015). Ecopath with Ecosim (EwE) food web modeling is an approach mainly 

used to study upper trophic levels subject to fishing (Pauly et al., 2000; Christensen et al., 2005; 
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Sreekanth et al., 2021) and to assess the impact of human exploitation and environmental 

changes on aquatic food webs (Steenbeek et al., 2018). The linear inverse model (LIM), as 

defined by Vézina and Platt (1988), is derived from the physical sciences and is considered 

among the most useful methods in the study of the state of marine ecosystems (Niquil et al., 

2011; Pacella et al., 2013; Taffi et al., 2015; Hines et al., 2018). This method has been combined 

with the Markov Chain Monte Carlo (MCMC) technique to become the innovative LIM 

Markov Chain Monte Carlo (LIM-MCMC; Meersche et al., 2009). LIM-MCMC estimates 

uncertainty in flows and indices of structural and functional properties of the food web (De 

Laender et al., 2010; Grami et al., 2011; Niquil et al., 2011; Saint-Béat et al., 2013; Chaalali et 

al., 2015; Hines et al., 2018).  

Food web determination and modeling requires knowledge of carbon flows, which cannot 

always be measured in the field. Therefore, several researchers have provided operational 

criteria to identify and describe food web types, based on ratios calculated from carbon stocks 

or fluxes easy to estimate in the field (Legendre and Rassoulzadegan, 1995; Mousseau et al., 

2001; Sakka Hlaili et al., 2014). Based on a list of numerous LIM models of plankton food 

webs, Sakka Hlaili et al. (2014) proposed seven food web typology ratios, which can be used 

as indicators of the type of trophic pathways in natural planktonic systems.  

Food web modeling is often associated with ecological network analysis (ENA). ENA 

provides ecological indicators that characterize ecosystem functioning in terms of activity, 

retention capacity, organization and food web maturity (Ulanowicz, 1986; Christensen, 1995; 

Christian et al., 2009; Bodini et al., 2012a; Pezy et al., 2017; de Jonge and Schückel, 2021). 

ENA indicators are frequently used to assess the impact of natural and anthropogenic pressures 

on coastal marine ecosystems (Belgrano et al., 2005; Niquil et al., 2014a; Piroddi et al., 2015; 

Chaalali et al., 2016). They also provide useful information on the degree of stress and stability 

of food webs (Grami et al., 2008; Heymans et al., 2014; Saint-Béat et al., 2015). In addition, 

recent studies have presented a set of ENA indices that are most appropriate for studying the 

health status of ecosystems and could be applied by ecosystem managers (Fath et al., 2019;  

Safi et al., 2019).  

Although much effort has been undertaken to assess the ecological state of Mediterranean 

ecosystems (Méndez et al., 2008; Liquete et al., 2016; Meddeb et al., 2019; Danovaro et al., 

2020; Decembrini et al., 2021), studies on the food web structure and function and on ecosystem 

health remain scarce. For example, MerMex group reported that common indicators of 

ecological degradation of Mediterranean marine ecosystems are biomass depletion at high 

trophic levels, simplification of food webs, and shifts in biomass and productivity to lower 
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trophic levels (Durrieu de Madron et al., 2011). Meddeb et al. (2018) showed that LIM-MCMC 

food web models combined with ENA indicators are a powerful approach to detect changes in 

the environmental status and anthropogenic impacts in southwestern Mediterranean 

ecosystems. Several Mediterranean ecosystems, particularly coastal waters, are under strong 

anthropogenic pressure that causes an imbalance in their communities and biodiversity, with a 

serious threat on their ecosystem services (Templado, 2014; Danovaro, 2003; Bevilacqua et al., 

2021). Therefore, predicting the consequences of anthropogenic disturbances on ecosystem 

functioning by a holistic approach is very relevant. The present study aims to investigate the 

structure of the trophic food web and its emerging properties in a Mediterranean site under 

permanent anthropogenic pressure (the Gulf of Gabès). It also aims to provide useful ecological 

indicators for assessing the health status of the ecosystem, to be considered by environmental 

managers. The Gulf is highly impacted by the Tunisian Chemical Group (TCG), which 

discharges high quantities of phosphogypsum into the sea that bring a lot of nutrients and metals 

and lead to chronic disruption of the ecosystem (Ayadi et al., 2015; El Zrelli et al., 2015). Our 

previous study in the Gulf (Chkili et al., 2023) was conducted in four stations located at different 

distances from the TCG complex (Figure IV A.1). It showed a spatial nutrient gradient causing 

significant spatial variations in the size structure and production of phytoplankton. This was 

followed by a spatial change in the community composition of PRO and MET, zooplankton 

grazing and particle sinking. In the present study, we used data of plankton carbon stocks and 

flows determined during our previous study, and we measured dissolved organic carbon (DOC) 

and particulate organic carbon stocks (POC). Then, the LIM-MCMC approach was applied to 

characterize the planktonic food webs and the structural and functional properties in different 

stations. We specifically addressed the following questions: i) how does the type of planktonic 

food web change according to the spatial variations in nutrient pressure and in the size structure 

of phytoplankton?; ii) how can food web typology ratios and ENA indices be applied to best 

describe the ecological status of an ecosystem under permanent disturbance?; and iii) what are 

the applications for managers in terms of health monitoring? 

2. Materials and Methods 

2.1. Study Site  

The Gulf of Gabès is located on the south-eastern coast of Tunisia (Figure IV A.1). It 

represents more than half of the Tunisian coastline with about 700 km and has the largest continental 

shelf in the Mediterranean Sea. Its outline measured only on the 20-metre isobath is 110 nautical 
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miles. The 50-metre depth extends to more than 70 nautical miles off Kerkennah Islands (Hattour 

et al., 2010). The Gulf is characterized by a complex water circulation resulting from the 

combination of general currents, tidal currents, wind-driven currents and/or swell or littoral currents, 

and tides reach the highest range in the Mediterranean sea ( 2 m) (Hattour et al., 2010; Othmani et 

al., 2017). The Gulf hosts nutrient-rich waters as a result of inputs from anthropogenic activities (M. 

B. Bel Hassen et al., 2009; Drira et al., 2009a; Y. Khammeri et al., 2018), in contrast with the well-

known oligotrophy of the Eastern Mediterranean Basin (D’Ortenzio and Ribera d’Alcalà, 2009; Ben 

Brahim et al., 2010). The Gulf is a highly productive ecosystem supporting a high marine 

biodiversity and contributing up to 50% of the national fish production (DGPA 2015; Béjaoui et 

al., 2019). It also constitutes a crucial nursery ecosystem for the Mediterranean sea (Enajjar et al., 

2015; Koched et al., 2015). This ecosystem was recently considered as one out of eleven consensus 

eco-regions in the Mediterranean Sea and is classified as a shallow-water region characterized by 

phytoplankton blooms (Ayata et al., 2018). Nevertheless, the Gulf is identified as a hotspot of 

anthropogenic pressures (Reygondeau et al., 2017) because it is strongly impacted by 

industrialization, notably discharges from phosphate production plants, mainly the TCG (Boudaya 

et al., 2019; Kmiha-Megdiche et al., 2021). Overfishing is also an increasing problem in the Gulf, 

leading to an imbalance of the ecosystem and the decline of fisheries resources (Béjaoui et al., 2019).  

2.2. Sampling and water analyses  

Sampling was conducted in the fall of 2017 at four stations selected on either side of the main 

source of contamination (TCG) (Figure IV A.1). Station S2 was located in front of the phosphoric 

acid facility and was suspected to be most affected by phosphogypsum loading; stations S1 and S4 

were also located in the marine coastal zone, north and south of S2, respectively, and S3 was an 

offshore station in front of S1. Chkili et al. (2023) showed that anthropogenic nutrient loading 

coupled with the complex hydrodynamic circulation within the Gulf create north-south (from S1 to 

S4) and coast-offshore (from S1 to S3) ascending gradients of nutrients.  

Water was collected at three depths at each station (between 0.5 and 14 m depending on the 

maximum water depth of the station) using an acid-washed water sampler (HydroBios). Subsamples 

(5 mL) were immediately filtered on sterilized 0.2-µm polycarbonate filters and frozen in acid-

washed vials at -20 oC until DOC analysis using a Shimadzu TOC-5000A autoanalyser (Sharp et 

al., 1993). The remaining water was pre-filtered through a 200-µm mesh screen to remove MET, 

and several subsamples were taken to analyze nutrients, POC, bacterioplankton (BAC), size-

fractioned phytoplankton (picophytoplankton, PIC: < 2 µm; nanophytoplankton, NAN: 2-10 μm; 
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microphytoplankton, MIC: 10-200 μm) and protozooplankton (PRO). Most of these analyses are 

described in Chkili et al. (2023). Briefly, inorganic nutrients (Ninorg: NO2
- + NO3

- + NH4
+; Pinorg: 

PO4
3-; Si(OH)4) and organic nitrogen (Norg) and phosphorus (Porg) were measured using a BRAN 

& LUEBBE type 3 autoanalyzer (Bran + Luebbe Co., Germany). Subsamples for POC 

determination were filtered on pre-combusted (450 oC, 24 h) GF/F filters (21 mm) and analyzed by 

the high combustion method and mass spectrometry (Raimbault et al., 2008). The subsamples were 

fixed with 20% paraformaldehyde solution, placed at 4 oC in the dark for 15 min, and finally frozen 

at -80 oC in liquid nitrogen until analysis with a CyFlow® Space flow cytometer (Partec) to 

determine BAC and PIC abundances, according to Khammeri et al. (2020, 2018). The samples for 

NAN and MIC analyses were fixed with acid Lugol solution (4% final concentration), while the 

samples for PRO analysis were fixed with alkaline Lugol solution at 5% final concentration (Parsons 

et al., 1984; Sherr and Sherr, 1993). The cell abundances and species compositions of these 

planktonic groups were determined under an inverted microscope (Motic AE31E, 100×objective) ( 

Utermöhl, 1931). To determine MET abundance and composition, a WP2 200-µm mesh net, with 

ring diameter of 28 cm, was used. The net was pulled vertically at a speed of 1 m s-1 from depths 

10m at S1, 11m at S2 and S4 and 12m at S3 to the surface.  A flow meter was used to determine the 

volume of water filtered during the towing of the net. 

2.3. Plankton data 

Data about planktonic carbon stocks and carbon fluxes were sourced from Chkili et al. (2023). 

Biovolumes of BAC, PIC, NAN, MIC and PRO were converted into carbon contents using specific 

conversion factors or formulae (Table 1 in Meddeb et al., 2018). The length and width of MET 

organisms were measured and converted to carbon contents using conversion factors or formulae 

corresponding to each taxonomic group (Table 1 in Meddeb et al., 2018). The cell carbon of each 

plankton community was multiplied by its abundance to get its carbon concentration. DOC 

concentrations were obtained considering that 1 μM of DOC was equal to 12 mg C m-3 (Grami et 

al., 2008b). Detrital organic carbon (DET) was estimated as POC minus the carbon biomasses of all 

organisms. Finally, for each planktonic compartment, carbon concentrations (mg C m-3) from the 

three depths were vertically integrated to get carbon stocks (mg C m-2).  

Production rates (mg C m-2 d-1) of BAC and size-fractioned phytoplankton (PIC, NAN and 

MIC) as well as their grazing rates by PRO (mg C m-2 d-1) were estimated using the dilution 

technique (Landry and Hassett, 1982; Dokulil and Qian, 2021). The experimental procedure, the 

analysis and the rate estimation are detailed in Chkili et al. (2023). Grazing of phytoplankton (NAN 
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and MIC) by MET (mg C m-2 d-1) was assessed by the gut fluorescence method (Meddeb et al., 

2018; Tseng et al., 2008) The experimental procedure and the calculations are detailed in Chkili et 

al. (2023). Sinking fluxes were estimated by collecting organic particles (NAN, MIC, DET and 

MET fecal pellets) that settle down along the water column in sediment traps moored at two meters 

from the bottom of each station. The deployment of sediment traps, the analyses of their contents 

and the calculation of the vertical fluxes of each type of particle are described in Chkili et al. (2023). 

2.4. Model development 

Field data provide a limited number of known fluxes. To have a complete model of planktonic 

food webs, the LIM-MCMC method (Van den Meersche et al., 2009) was used to construct carbon 

fluxes between planktonic compartments at the four stations. This approach is based on four steps: 

(i) constructing an a priori model, (ii) setting the equalities, (iii) setting the inequalities, and (iv) 

calculating possible solutions for each flux. 

2.4.1. A priori model 

The a priori model included planktonic compartments and all possible known and 

unknown carbon fluxes between them. In each station, the model included eight compartments: 

BAC, PIC, NAN, MIC, PRO (mainly protozoans < 200 µm: heterotrophic nanoflagellates, 

dinoflagellates and ciliates), MET (mainly metazoans > 200 µm), DOC and DET. The model 

encompassed thirty-five fluxes between the compartments and their outside (Figure IV. 1). 

Gross primary production (GPP) of the three phytoplankton size fractions (PIC, NAN and MIC) 

was the only source of carbon input to the network. Some of this carbon was lost by respiration 

(RES) by all living compartments, sinking (SINK) of most compartments (except BAC, PIC 

and PRO) and DOC export (EXP). It was assumed that the very small size of PIC and BAC did 

not allow them to generate a sinking flux. Dissolution of detritus, exudation by phytoplankton 

and excretion by zooplankton (PRO and MET) contribute to DOC formation. BAC were the 

only users of DOC since other potential DOC consumers such as choanoflagellates were absent 

in our samples (Chkili et al., 2023). All living compartments but PIC and BAC contributed to 

generate DET through mortality, production of faecal pellets by MET and sloppy feeding by 

zooplankton. Concerning trophic interactions, BAC and all phytoplankton size fractions were 

consumed by PRO, while MET only consumed NAN and MIC because smaller cells (BAC and 

PIC) are inefficiently captured by MET (Fortier et al., 1994). PRO and DET also contributed 

to a food source for MET. 
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Figure IV. 1. A priori food web model for the four stations. Colored circles represent internal 

compartments. Green, primary producers (PIC = picophytoplankton < 2 μm, NAN = 

nanophytoplankton 2-10 µm, MIC = microphytoplankton 20-200 µm); pink, bacterioplankton 

(BAC); blue, consumers (PRO = protozooplankton, MET = metazooplankton); orange, non-

living carbon (DET = detritus, DOC = dissolved organic carbon). Gray boxes correspond to 

external connections: carbon inputs (gross primary production, GPP) and outputs (respiration, 

RES; particle vertical sinking, SINK; DOC export, EXP). The arrow color of each flow refer 

to its source.  

2.4.2. Equalities and inequalities 

The setting up of the equalities is an essential phase for establishing the mass balances of 

the network. If the mass of the compartment is constant during the period under consideration, 

the sum of the ingoing fluxes should be equal to the sum of the outgoing fluxes. However, the 

daily variations in biomass with respect to the daily flux values were neglected. A mass balance 

equation was written for each compartment (Table IV. A.1). The subsequent step was to impose 

ecological limits (maximum and/or minimum) for each unknown flux to reduce the range of 

possible solutions. The inequalities represented two types of ranges. The first range considered 

the average values of the fluxes measured in the field (i.e., production rates of BAC, PIC, NAN 

and MIC; grazing rates by PRO and MET, and vertical sinking of particles). Based on these 

average values, the model only estimated the fluxes with uncertainty. For this reason, we 

proposed to define the minimum and maximum values for each flux by calculating a confidence 

interval around the field data, i.e., by using the minimum and maximum of the mean value of 

each flux. Thirteen inequalities derived from field measurements were considered for every 
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station (Table IV. A.2). A second group of constraints was adopted from the literature to 

constrain the unknown fluxes (Vézina and Piatt, 1988b; Steinberg et al., 2000; Vézina and 

Pahlow, 2003). These inequalities included the lower and/or upper limits of several processes 

such as respiration of all living compartments; DOC production by phytoplankton, PRO, MET 

and BAC; production and dissolution of DET; growth efficiency of BAC, PRO and MET, and 

assimilation efficiency of PRO and MET. For preferential ingestion by MET, we used diet 

constraints, which are based on the assumption that MET feeding depends on the availability 

of their prey, i.e., the abundance of a prey relative to other prey (Haraldsson et al., 2018). The 

availability (A, as a fraction) of prey compartment i to consumer compartment j was calculated 

based on the specific diet data about each species k in the consumer compartment:  

𝐴𝑖𝑗 = ∑ (
𝑝𝑟𝑒𝑦𝑖𝑗𝑘 × 𝑆𝐶

∑ 𝑝𝑟𝑒𝑦𝑖𝑗𝑘
×

𝑐𝑜𝑛𝑠𝑢𝑚𝑗𝑘

∑ 𝑐𝑜𝑛𝑠𝑢𝑚𝑗𝑘
)

𝑛

𝑘=0

 

 

where prey and consum are the biomasses of the prey and consumer, respectively, SC is the 

selection coefficient (= 1 when there was no selection, = 1.4 when there was assumed positive 

selection, and = 0.6 when there was negative selection) (Table IV. A.3). Twenty-six inequalities 

from this second group were applied in the model to the four stations (Table IV. A.3).  

2.4.3. Solutions 

The calculation of the unknown fluxes was the last step of the inverse analysis. The LIM-

MCMC method based on the mirror technique defined by Meersche et al. (2009) estimates each 

unknown flux. A jump value of 10 mg C m-2 d-1 and 300,000 iterations were adopted to run the 

models and optimize the coverage of all possible solutions. 

2.5. Food web typology ratios  

To describe the different interactions between compartments and identify the type of 

trophic pathway, Sakka Hlaili et al. (2014) provided seven operational criteria based on carbon 

flux ratios that can be easily estimated in the field. In our study, four food web typology ratios 

were calculated from the flux data yielded by the models (Table IV. 1). Ratio R4 (total net 

phytoplankton production divided by the net production of potential food for PRO) determined 

the relative importance of phytoplankton production, while ratio R6 (net production of DOC 
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and DET divided by the net production of potential food for PRO) expressed the significance 

of production by non-living compartments. Ratio R7 (picophytoplankton net production 

divided by total phytoplankton net production) discriminated between herbivorous (R7 ≤ 0.1), 

multivorous (0.1 R7  0.6) and microbial food (R7: ≥ 0.6). Ratio R8 (consumption rate of total 

phytoplankton by PRO divided by the consumption rate of total phytoplankton by PRO and 

MET) identified the main phytoplankton grazers (i.e., PRO when R8 > 0.5 or MET when R8 < 

0.5).  



 

 
 

 

 

Table IV. 1. Carbon flow ratios for the determination of planktonic food web types (Sakka Hlaili et al., 2014). 

Ratio Formula Description Trophic interpretation 

Ratio 4 (R4) Pnetpht*/D2** Total net phytoplankton production divided by 

net production of potential PRO feed 

Phytoplankton contribution to production of potential 

protozooplankton feed 

Ratio 6 (R6) 
(PnetDET + PnetDOC)/D2 

Net production of DOC and DET divided by net 

production of potential PRO food 

Contribution of non-living organic matter to production 

of potential PRO feed 

Ratio 7 (R7) PnetPIC/Pnetpht Net PIC production divided by total net 

phytoplankton production 

PIC contribution to total net phytoplankton production 

Ratio 8 (R8) pht-PRO/(pht-PRO + pht-MET) Consumption rate of total phytoplankton by 

PRO divided by consumption rate of total 

phytoplankton by PRO and MET 

Importance of PRO in the consumption of total 

phytoplankton 

*Pnet = Net production, pht = Total phytoplankton 

**D2= Pnetpht + PnetBAC + PnetDET + PnetDOC 
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2.6. Ecological network analysis (ENA) 

An ecological network analysis (ENA) was applied to describe the functioning of the 

ecosystem from the flux values obtained by the LIM-MCMC approach. ENA examines the food 

web structure within the ecosystem and its emerging properties (Ulanowicz, 1986; Fath and 

Patten, 1999; Tecchio et al., 2015; Meddeb et al., 2019). A number of calculated indices were 

considered to compare and characterize the stations: 

- Total system throughput (TST): The total system throughput is the sum of all fluxes through 

all compartments (Kay et al., 1989). The TST is interpreted as an indicator of the system activity 

(Rutledge et al., 1976; Latham, 2006) and is calculated as:  

𝑇𝑆𝑇 =  ∑ 𝑇𝑖𝑗

𝑛

𝑖=1,𝑗=1

 

Where Tij is the flux from compartment i to compartment j. The size of the system is associated 

with growth, which is determined by the number of compartments and the magnitude of the 

fluxes (Bodini et al., 2012; Ulanowicz, 1986). 

- Average mutual information (AMI): This index measures the efficiency with which materials 

are transported through the network. It describes the organization of exchanges between 

compartments (Latham and Scully, 2002; Ulanowicz, 2004) and is expressed as follows: 

𝐴𝑀𝐼 =  ∑ 𝑇𝑖𝑗𝑄𝑖

𝑛

𝑖=1,𝑗=1
log (

𝑇𝑖𝑗

∑ 𝑇𝑘𝑗𝑄𝑘𝑘=1
)   

with Tij is the flux from compartment i to compartment j; Qi is the probability of a unit of energy 

passing through i; and Tkj and Qk represent the total flux of j and the probability of a unit of 

energy passing through other compartments. Low values of AMI indicate that the system is 

evolving towards a web-like food web, while high values show an increase in 

specialization/constraints (Ulanowicz, 1997, 2004). 

- Ascendancy/development capacity (A/C) ratio: The A/C ratio shows the degree of 

organization of the food web (Ulanowicz et al., 2009). Ascendancy (A) represents the organized 

part of the ecosystem and is more informative when expressed in relation to the development 

capacity (relative ascendancy, A/C). It is calculated as follows: 
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𝐴/𝐶 =
𝐴𝑀𝐼 ∗ 𝑇. .

− ∑ 𝑡𝑖𝑗 log (
𝑡𝑖𝑗

𝑇 )𝑖𝑗

 

- Finn cycling index (FCI): The FCI (Finn, 1976) represents the fraction of the total flux 

through the system that is cyclic, i.e., the proportion of the flux that revisits the same node 

several times before exiting the system. The recycled flux from node i (TSTci) can be calculated 

from the following equation: 

𝑇𝑆𝑇𝑐𝑖 =  (
(𝑛𝑖𝑖 − 1)

𝑛𝑖𝑖⁄ ) 𝑇𝑖 

Thus, the FCI can be calculated by dividing the total cycling flux (TSTci) by the total system 

throughput (TST): 

𝐹𝐶𝐼 =  ∑
𝑇𝑆𝑇𝑐𝑖

𝑇𝑆𝑇𝑓𝑙𝑢𝑥
⁄  

- Average path length (APL): The APL is the mean number of compartments crossed by a 

carbon unit from its entry to its exit from the system. It is an indicator of the amount of system 

activity (TSTflow) generated by each unit input into the system (Finn, 1976). It is calculated as 

follows:  

𝐴𝑃𝐿 =
𝑇𝑆𝑇𝑓𝑙𝑢𝑥

∑ 𝑧𝑖
𝑛
𝑖=1

 

Jørgensen et al. (2000) interpreted this index as an indicator of the growth and development of 

the system, which they renamed network aggradation since it forms an indicator of the 

organization of the system and its capacity to do more work with given resources (the input 

limit). 

- Detritivory/herbivory (D/H) ratio: The D/H ratio measures the importance of grazing of 

phytoplankton relative to detrital carbon consumption. It is a simple ratio where detritivory 

represents the DET-MET and DOC-BAC fluxes and herbivory represents phytoplankton 

consumption fluxes by PRO and MET (Kay et al., 1989; Ulanowicz, 1992; Baird et al., 2009). 
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2.7. Statistical analyses 

2.7.1. Multiple factor analysis (MFA) 

A multiple factor analysis (MFA) was performed to identify the interrelationships 

between different ecological indicators (food web typology ratios and ENA indices) as well as 

environmental variables (inorganic and organic nutrients) and some of the calculated fluxes 

(GPP of PIC, NAN and MIC, bacterial production and sinking of NAN, MIC and MET). Each 

station was considered as a group, which by definition included variables measured at the same 

date. The objective was to find a common or representative structure for all groups. Unlike 

individual principal component analysis, MFA can integrate groups of variables (at different 

sampling dates) in a single analysis, and analyzes the relationship within each group and over 

time (Escofier and Pagès, 1990). 

The calculated indices as well as the environmental and biological data determined in the 

water column were organized in a matrix where the rows (individuals) represented the 50 

randomly chosen values of LIM solutions and the columns (identified variables) were the 

parameters determined in each station. There were 200 individuals (or rows) in total, and 21 

variables were used for each sample. The analysis consisted of a principal component analysis 

for each table, weighted by dividing each variable by its PCA eigenvalue for the final analysis. 

Four tables were considered: ENA indices, typology ratios, primary and bacterial production, 

and export. 

All modeling and statistical analyses were performed in R software with LIM libraries 

for linear inverse modeling, NetIndices for ENA calculation as well as FactomineR, Ade4 and 

vegan for digital analyses of the results. 

2.7.2. Cliff’s δ test for comparing network indices between stations 

The Cliff’s δ test was used to statistically test ENA index differences between models (Tecchio 

et al., 2016). This method is necessary for large sample sizes (in our case 300,000 values for 

each stream). Four pairwise comparisons were performed for each ENA index. Then, the 

following values were used to define small, medium, and large effects (small, |δ| >= 0.11; 

medium, |δ| >= 0.28; large, |δ| >= 0.43;  (Vargha and Delaney, 2000; Romano et al., 2006). 
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3. Results 

3.1. Input, output and throughput flows 

We calculated 34 carbon flows in each station using LIM-MCMC analysis (Table IV. 2). 

Phytoplankton gross primary production (GPP) was the only carbon input in the food web. 

Total GPP followed an ascending gradient from S1 (1,838.5 mg C m-2 d-1), then S2, S3 (2,240.2 

- 2,954 mg C m-2 d-1) up to S4 (4,110.1 mg C m-2 d-1) (Figure IV. 2 A). The contribution of each 

phytoplankton size fraction to total GPP varied among stations (Figure IV. 2 B). PIC was the 

main producer in S1 (76%), versus MIC in the other stations (56-80%). The contribution of 

NAN was low (7-21%), but reached 33% in S4. 

 

 

 

 



 

 
 

 

                     Table IV. 2.  Mean values of the fluxes estimated by the LIM-MCMC for each station in the Gulf of Gabès.

Flow description Symbol Mean value (mg C m-2 d-1) 
S1 S2 S3 S4 

Microphytoplankton gross primary production GPP-MIC 206.40 1258.00 2359.00 2451.00 

Nanophytoplankton gross primary production GPP-NAN 228.10 481.00 195.70 1365.00 

Picophytoplankton gross primary production GPP-PIC 1404.00 501.20 339.30 294.10 

Microphytoplankton respiration MIC-RES 11.24 78.49 151.70 167.70 

Microphytoplankton dissolved organic carbon exudation MIC-DOC 20.35 144.77 333.20 268.00 

Microphytoplankton net production MIC-DET 0.91 175.88 1259.60 72.48 

Microphytoplankton grazing by protozooplankton MIC-PRO 64.78 441.70 310.90 994.00 

Microphytoplankton grazing by metazooplankton MIC-MET 58.07 281.80 209.80 650.50 

Microphytoplankton sinking MIC-LOS 51.03 135.00 93.60 298.50 

Nanophytoplankton respiration NAN-RES 19.67 39.65 21.41 131.43 

Nanophytoplankton dissolved organic carbon exudation NAN-DOC 29.01 69.71 30.58 182.43 

Nanophytoplankton detritus production NAN-DET 72.82 247.80 14.12 632.50 

Nanophytoplankton grazing by protozooplankton NAN-PRO 88.33 100.93 116.70 315.20 

Nanophytoplankton grazing by metazooplankton NAN-MET 16.40 22.54 12.72 102.71 

Nanophytoplankton sinking NAN-LOS 1.92 0.37 0.14 0.49 

Picophytoplankton respiration PIC-RES 298.23 76.28 96.51 81.57 

Picophytoplankton dissolved organic carbon exudation PIC-DOC 332.50 120.73 88.99 65.67 

Picophytoplankton grazing by protozooplankton PIC-PRO 773.10 304.10 213.80 146.90 

Protozooplankton respiration PRO-RES 464.70 374.10 352.60 547.60 

Protozooplankton dissolved organic carbon excretion PRO-DOC 146.80 248.00 248.60 277.90 

Protozooplankton detritus production PRO-DET 323.60 244.00 197.40 307.70 

Protozooplankton consumption by MET PRO-MET 317.30 484.70 406.90 684.70 

Metazooplankton respiration MET-RES 147.34 353.00 203.50 575.90 

Metazooplankton dissolved organic carbon excretion MET-DOC 63.31 234.50 125.25 270.20 

Metazooplankton detritus production MET-DET 93.79 228.80 105.15 324.00 

Metazooplankton sinking MET-LOS 125.20 313.90 201.90 541.70 

Bacterial respiration BAC-RES 219.30 308.50 338.00 302.70 

Bacterial dissolved organic carbon production BAC-DOC 112.94 250.65 263.24 100.02 

Bacterial grazing by protozooplankton BAC-PRO 326.10 504.00 564.00 361.90 

Dissolved organic carbon uptake by bacteria DOC-BAC 658.30 1063.20 1165.00 764.60 

Dissolved organic carbon output DOC-LOS 54.55 29.10 38.05 460.30 

Detritus dissolution DET-DOC 8.03 26.91 113.50 60.77 

Detritus consumption by metazooplankton DET-MET 37.88 338.10 6.35 273.90 

Detritus sinking DET-LOS 445.30 531.50 1456.00 1002.00 
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Figure IV. 2. Total gross primary production (GPP) (A), and contribution of each 

phytoplankton size fraction to GPP (B). PIC, picophytoplankton; NAN, 

nanophytoplankton; MIC, microphytoplankton. 

The output flows were represented by respiration of all living organisms, DOC export, 

and particle vertical sinking of MIC, NAN, MET and DET. These outputs differed among 

stations (Table IV. 2, Figure IV. 3 A). Respiration represented the main carbon output in S1 

(63%) and S2 (55%) and to lesser extent in S3 and S4 (39-44%) (Figure IV. 3 A). Carbon loss 

through respiration was about 2-32% of GPP in S2, S3 and S4, and 1-40% in S1. PRO, MET 

and BAC altogether contributed 77-84% of respiration in S2, S3 and S4, while the total 

contribution of phytoplankton was 23%. In S1, the contribution of phytoplankton to this output 

increased (30%) due to the enhancement of PIC respiration (Figure IV. 3 B). DOC export was 

low, except in S4 where it formed 11% of the carbon output. Particle sinking provided 34-45% 

of total carbon loss in S1, S2 and S4, and 59% in S3 (Figure IV. 3 A). Particle sinking formed 

the second main source of carbon output (43-59%). MET and MIC represented most of the 
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living sinking particles: they represented 12-32% and 5-16% of carbon loss, respectively 

(Figure IV. 3 C).  

 

Figure IV. 3. Composition of total carbon outputs (A), contributions of living 

compartments to respiration (B) and contributions of living and non-living 

compartments to carbon sinking (C) in four stations in the Gulf of Gabès. 

PIC, picophytoplankton; NAN, nanophytoplankton; MIC, 

microphytoplankton; BAC, bacterioplankton; PRO, protozooplankton; 

MET, metazooplankton; DET, detritus; DOC, dissolved organic carbon. 
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Throughput was defined as the sum of carbon flows coming into or leaving a 

compartment. The throughput of each compartment varied among stations (Figure IV. 4). In 

S1, PIC and PRO showed the highest value of carbon throughput (1,401 and 1,256 mg C m-2 d-

1, respectively), while both living compartments (MIC, BAC, PRO and MET) and non-living 

compartments (DET and DOC) showed similar carbon throughputs in S2 (896-1,258 mg C m-

2 d-1). However, MIC had the highest throughput (2,451 mg C m-2 d-1) in S3 and S4, largely 

above its throughputs in S1 and S2. BAC, PRO, DET and DOC had relatively high throughputs 

in S3 (1,165-1,576 mg C m-2 d-1), while MET and PRO had higher values (1,712-1,818 mg C 

m-2 d-1) than DET and DOC (1,337-1,225 mg C m-2 d-1) in S4.  

 

Figure IV. 4. Throughput of each compartment for the four models of four stations in the 

Gulf of Gabès. PIC, picophytoplankton; NAN, nanophytoplankton; MIC, 

microphytoplankton; BAC, bacteria; PRO, protozooplankton; MET, 

metazooplankton; DET, detritus; DOC, dissolved organic carbon.  

Error bars, 95% confidence intervals calculated from the probability of 

distribution of each flow and for 300,000 solutions per flow. 

3.2. Protozooplankton and metazooplankton diets 

The diets of PRO and MET were expressed as the contribution of each food source to the 

carbon consumed by grazers. The diets of both zooplankton compartments varied among 

stations (Figure IV. 5). PRO mainly fed on PIC (62%) followed by BAC (26%) in S1. In S2 

and S3, the diet of PRO was roughly divided between BAC (37-47%) and phytoplankton 
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(mainly MIC: 33-26% and PIC: 23-18%). Conversely, phytoplankton was the main food source 

of PRO in S4; MIC alone formed 54% of its diet (Figure IV. 5A).  

In S1, MET was mainly carnivorous, since PRO formed 74% of its diet, while 

phytoplankton only provided 17%. In S2, PRO and DET were the main food source of MET, 

forming 43% and 30% of its consumed carbon, respectively. In S3, the diet of MET mainly 

relied on PRO (64%), and MIC contributed 33%. In S4, the contribution of phytoplankton 

(mainly MIC) to MET diet increased to 44%. PRO formed 40% of MET diet, while DET only 

represented 16% in this station (Figure IV. 5 B).  

 

Figure IV. 5. Diets of protozooplankton (A) and metazooplankton (B) in four stations in 

the Gulf of Gabès. PIC, picophytoplankton; NAN, nanophytoplankton; 

MIC, microphytoplankton; BAC, bacterioplankton; PRO, 

protozooplankton; DET, detritus 
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3.3. Food web typology ratios  

The stations presented distinct carbon circulations through the food webs. The typology 

ratios varied significantly among stations according to Cliff’s δ test (Table IV. 3, Figure IV. 6). 

Ratio R4 significantly differed among stations, with higher values in S4 (0.55) and S1 (0.48) 

than in S2 and S3 (0.43 and 0.42, respectively) (Figure IV. 6 A). R6 followed an opposite trend, 

with lower values in S1 and S4 (0.39 and 0.38, respectively) than in S2 and S3 (0.41 and 0.44, 

respectively) (Figure IV. 6 B). R7 and R8 were very high in S1 (0.73 and 0.92, respectively) 

and decreased in S2 (0.21 and 0.74) and S3 (0.11 and 0.74) to reach their lowest values in S4 

(0.06 and 0.66) (Figure IV. 6 C, D).  

 

Figure IV. 6. Spatial variation of the food web typology ratios.  

R4 = Pnetpht/D2 (A), R6 = (PnetDET + PnetDOC)/D2 (B), R7 = PnetPIC/Pnetpht 

(C) and R8 = pht-PRO/(pht-PRO + pht-MET) (D) 

Pnet, net production; pht, total phytoplankton; D2, Pnetpht + PnetBAC + 

PnetDET + PnetDOC; pht-PRO, consumption of pht by PRO; pht-MET, 

consumption of pht by MET. 
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3.4. Ecological network analysis (ENA) indices  

Ecological network analysis (ENA) indices define emerging properties of the food web. 

They clearly distinguished the functioning of each station; all indices varied significantly and 

showed large differences among stations according to Cliff’s δ test (Table IV. 3, Figure IV. 7). 

The total system flux (TST) was higher in S4 (10,966 mg C m-2 d-1) than in S2, S3 (7,770- 8,740 

mg C m-2 d-1) and S1 (5,386 mg C m-2 d-1) (Figure IV. 7 A). Conversely, the lowest relative 

ascendancy (A/C) was found for the food webs of S4 (32 %) in comparison with the other 

stations (36- 46 %) (Figure IV. 7 B). Average mutual information (AMI) followed a similar 

trend to that of A/C, with higher values in S1, S2 and S3 (1.72-1.86 bits) than in S4 (1.60 bits) 

(Figure IV. 7 C). The average path length (APL) and Finn cycling index (FCI) showed similar 

spatial variations, with the highest values in S2 (3.46 and 16%, respectively) and the lowest 

ones in S4 (2.67 and 5%, respectively) (Figure IV. 7 D, E). Finally, the D/H ratios in S2 and S3 

(1.22-1.36) significantly exceeded those in S1 (0.70) and S4 (0.47) (Figure IV. 7 F) 
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Figure IV. 7. Spatial variation of ENA indices calculated for the planktonic food webs 

in four stations of the Gulf of Gabès. Total system throughput (TST; mg C 

m−2 d−1) (A), relative ascendancy (A/C; %) (B), average mutual 

information (AMI; bits) (C), average path length (APL) (D), cycling index 

(FCI; %) (E), and detritivory to herbivory (D/H) (F). 
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Table IV. 3. Results of Cliffs’δ test applied to ecological network indices and typology ratios 

calculated for four stations of the Gulf of Gabès.  

The following values were used to define the size of the effects: |δ| >= 0.43, large; ***, large. 

 
 S1/S2 S1/S3 S1/S4 S2/S3 S2/S4 S3/S4 

TST -1 (***) -1 (***) -1 (***) -1 (***) -1 (***) -1 (***) 

A/C 1 (***) -1 (***) 1  (***) -1 (***) 1 (***) 1 (***) 

AMI 1 (***) -1 (***) 1  (***) -1 (***)   1 (***) 1 (***) 

APL -0.93  (***) 0.93  (***) 1  (***)  1 (***) 1 (***) 1 (***) 

FCI -1  (***) -1  (***) 0.73  (***) 0.99 (***) 1 (***) 1 (***) 

D/H -1 (***) -1 (***) 1 (***) -0.93 (***) 1 (***) 1 (***) 

R4 1 (***) 1 (***) -1 (***)  0.67 (***) -1 (***) -1 (***) 

R6 -1 (***) -1 (***) 0.66 (***) -1 (***) 1 (***) 1 (***) 

R7 1 (***) 1 (***) 1  (***)  1 (***) 1 (***) 1 (***) 

R8 1 (***) 1 (***) 1  (***) -0.89 (***) 1 (***) 1 (***) 

 

3.5. Relationships between ENA indices, typology ratios, input and 

output flows and environmental variables 

Multiple factor analysis (MFA) was applied to the four stations on ENA indices, carbon 

flux ratios, inorganic and organic nutrients, size-fractioned GPP, bacterial production and 

particle sinking (Figure IV. 8). The first two axes of the MFA explained 47.84% and 35.98% 

of the total variance, respectively.  

On the first axis of the MFA, the TST index (5%), GPP of NAN (6%) and MIC (6%), 

sinking of MIC (7%) and MET (7%) and nutrients (Ninorg 3%, Porg and Pinorg 3-4%, Siinorg 4%) 

were projected onto its positive pole. Its negative pole was determined by the A/C index (2%), 

ratios R7 (6%) and R8 (8%), GPP of PIC (6%), sinking of NAN (6%) and Norg (4%) The 

positive pole of the second axis was related to several ENA indices (D/H 6%, FCI 4%, APL 

2%, AMI 2%, and A/C 2%), R6 (10%) and bacterial production (23%), while its negative pole 

was related to R4 (7%) (Figure IV. 8 A).  
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Stations S1 and S4 were discriminated on the first axis. S1 projected on the negative 

pole of the axis was characterized by high values of PIC GPP and ratios R7 and R8, but hosted 

low concentrations of inorganic N, P and Si and low TST, indicating a poorly rich nutrient 

system dominated by small producers. S4 was at the opposite of S1. It was characterized by 

high values of GPP for MIC and NAN, inorganic nutrient concentrations, TST and sinking of 

MIC and MET. Stations S2 and S3 occupied the center of axis 1, indicating that the factors 

represented on axis 1 were not discriminating for these stations. However, S2 and S3 were 

projected on the positive pole of axis 2 and were characterized by high values of BAC 

production, D/H and FCI indices and R6, but a low R4 (Figure IV. 8 B).  

 

Figure IV. 8. Multiple factor analysis (MFA) ordination diagram showing the 

relationships between ecological indicators (food web typology ratios and 

ENA indices), environmental variables (inorganic and organic nutrients: 

Ninorg, Pinorg, Siinorg, Norg, Porg) and carbon flows [GPP of PIC (GPP->PIC), 

NAN (GPP->NAN) and MIC (GPP->MIC), bacterial production (DOC-

>BAC) and sinking of NAN (NAN->LOS), MIC (MIC->LOS) and MET 

(MET->LOS)].  

4. Discussion 

4.1. Spatial change in planktonic food web characteristics 

The complex hydrodynamic circulation in the Gulf of Gabès coupled with anthropogenic 

nutrient inputs created a north-south and coast-offshore ascending gradient of nutrients that  

induced a spatial change in the size community structure of phytoplankton (Chkili et al., 2023). 
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As expected, the present study also showed a clear spatial variation of primary production, in 

quantity (Figure IV. 2 A) and composition (Figure IV. 2 B). Nutrients are always considered as 

the main factor controlling the size structure of primary producers, which in turn influence the 

food web organization (Legendre and Rassoulzadegan, 1995; Sakka Hlaili et al., 2008; Filiz et 

al., 2020; Hardikar et al., 2021). It is well admitted that identifying the dominant phytoplankton 

size fractions could play a crucial role in predicting food web types (Richardson and Jackson, 

2007). For example, (Bellinger et al., 2006) and (Hardikar et al., 2021) highlighted that the size 

fraction of producers, i.e., small versus large phytoplankton, could be used as a robust indicator 

of the trophic level of the system and the carbon transfer pathway. In our study, nutrients 

appeared as significant environmental discriminant factors of the stations, in which small and 

large phytoplankton played different roles in biogenic carbon production (MFA, Figure IV. 8). 

PIC production was high in S1 (78% of total GPP; Figure IV. 2 B), and showed a negative 

relationship with most nutrient concentrations (Figure IV. 8 A). In S2 and S3, the contribution 

of MIC (55-78% of GPP) increased at the expense of PIC (20%), while MIC and NAN 

productions were dominant in S4 (60 and 34%, respectively) (Figure IV. 2 B). MIC and NAN 

productions were clearly associated to the high level of nutrients (Figure IV. 8 A).  

Changes in the phytoplankton size structure could influence selective zooplankton 

grazing. In S1, the diet of PRO mainly relied on the dominant phytoplankton size fractions PIC 

(69%) and BAC (26%). In this station, the microbivory of PRO (PIC-PRO and BAC-PRO: 

1,099.2 mg C m-2 d-1) played a significant role in carbon transfer, whereas the herbivory of PRO 

(NAN-PRO and MIC-PRO: 153.11 mg C m-2 d-1) and MET (NAN-MET and MIC-MET: 

74.47 mg C m-2 d-1) were low (Table IV. 2). In S2 and S3, the feed of PRO was supported 

almost equally by small prey (PIC and BAC: 60-65%) and large cells (NAN and MIC: 35-40%) 

(Figure IV. 5 A). Furthermore, large phytoplankton contributed 27-35% of the diet of MET 

(Figure IV. 5 B). Therefore, the microbivory of PRO (S2: 808.1 mg C m-2 d-1, S3: 777.8 mg C 

m-2 d-1) and the herbivory of PRO and MET (S2: 847.03 mg C m-2 d-1, S3: 650.12 mg C m-2 d-

1) were both main processes in channeling carbon in these stations. Conversely, biogenic carbon 

mainly entered the food web of S4 via the herbivory of zooplankton (2,332.42mg C m-2 d-1). In 

this station, MIC and NAN formed a significant fraction of the diets of PRO (72%) and MET 

(44%) (Figure IV. 5). By looking at the size structure of phytoplankton, production, and the 

microbivory and herbivory of zooplankton, we can suggest that various food webs with 

different efficiencies in carbon export exist in the four stations. Going further with digital tools, 

we can identify the types of food web and characterize the emerging properties of each type. 
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4.2. Application of typology ratios and ENA indices to a description of 

the structure and function of planktonic trophic pathways 
 

Typology ratios based on the size structure of the planktonic community as well as the 

interactions between the different compartments are useful to distinguish planktonic trophic 

pathway (PTP) types in marine systems (Sakka Hlaili et al., 2014). 

 In our study, all typology ratios showed significant spatial change (Table IV. 3, Figure 

IV. 6), suggesting variation in the structure of PTP among stations (Figure IV. 9). The spatial 

change in R7 (Figure IV. 6 C) evidenced a modification of the food web type among stations. 

In accordance with the range of R7 values given by (Sakka Hlaili et al., 2014) and describing 

the importance of PIC in total carbon production, the microbial food web dominated in S1 (R7 

= 0.7 > 0.6), while multivorous pathways prevailed in S2 and S3 (0.1 < R7 = 0.2-0.12< 0.6), 

but the food web in S4 acted as a herbivorous type (R7 = 0.06 < 0.1) (Figure IV. 9). This is in 

agreement with our observations of a high microbivory in S1, a shared role between 

microbivory and herbivory in carbon transfer in S2 and S3, and a strong herbivory in S4. In 

addition, PIC formed the most active compartment in S1, followed by PRO, while MIC was the 

most active compartment in the other stations, followed by PRO and MET (Figure IV. 4). This 

suggests an important role of these communities as producers (PIC and MIC) and grazers (PRO 

and MET). Furthermore, R8, which distinguished the main grazers in carbon channeling (i.e., 

PRO versus MET) corroborated R7. The high R8 in S1 (1) indeed denoted that the main 

phytoplankton grazers in the microbial food web were PRO, while the lower values (0.66-0.74) 

found in the other stations (Figure IV. 6 D) indicated that PRO and MET altogether played an 

important role in carbon transfer when the dominant food web was herbivorous or multivorous. 

In addition, the relative importance of phytoplankton or non-living matter (DOC and DET) 

relatively to carbon production was specified by two other typology ratios – R4 and R6. Higher 

R4 than R6 values suggest that the system mainly relies on phytoplankton production, while 

the opposite means that non-living matter is important in circulating carbon production (Sakka 

Hlaili et al., 2014). These two ratios evolved differently among stations (Table IV. 3, Figure 

IV. 6 A, B), showing that phytoplankton and/or non-living matter played different roles in 

carbon production across the three observed PTP. The higher R4 compared to R6 in S1 

indicated that the microbial food web was more based on phytoplankton (mainly PIC) than on 

non-living matter. This coincides with a higher throughput of phytoplankton (1,838.5 mg C m-

2 d-1) than DOC and DET (1,204.05 mg C m-2 d-1) in this station (Figure IV. 4). In the 

herbivorous pathway of S4, phytoplankton (mainly MIC) also played a more important role 
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(R4>R6) and had a higher throughput (4,110.1 mg C m-2 d-1) than non-living compartments did 

(2,561.7 mg C m-2 d-1) (Figs. 4, 6 A, B). For the multivorous food web observed in S2 and S3, 

these same R4 and R6 values suggested that the systems were based on phytoplankton as well 

as on non-living matter. In both stations, non-living carbon throughputs (1,988.74-2,779.63 

mg C m-2 d-1) were close to phytoplankton throughputs (2,240.2-2,954 mg C m-2 d-1) (Figure 

IV. 4). Unfortunately, despite the importance of these ratios, their application is rather limited 

in the literature. Therefore, it would be interesting to use these criteria more extensively by 

comparing them with those of other ecosystems. 

ENA indices were also used to characterize PTPs, as they are powerful tools for 

understanding carbon circulation through the whole food web (Ulanowicz, 1986; Ulanowicz et 

al., 2009). In fact, both ecological indicators (typology ratios and ENA indices) could be 

discriminant in the description of the food web structure (Figure IV. 8). However, coupling 

ENA indices and typology ratios required selecting complementary indices (Figure IV. 9). 

ENA indices are potentially powerful tools when assessing ecosystem health (Niquil et 

al., 2014a) and are sensitive to different impacts on marine ecosystems (Baird et al., 2009; 

Tecchio et al., 2016; Pezy et al., 2017). However, they can only partially capture the 

anthropogenic or natural stress levels of different types of food webs in aquatic ecosystems 

(Tecchio et al., 2016). Therefore, food web types can also be used as an indicator of the stress 

level in the ecosystem and its carbon transfer capacity (Legendre and Rassoulzadegan, 1995a; 

Siokou-Frangou et al., 2010). For example, when a microbial food web exists, particularly in 

oligotrophic environments, primary production is maintained through recycled nutrients and is 

mostly lost through remineralization (Goldman et al., 1987; Legendre and Rassoulzadegan, 

1995a; Meddeb et al., 2018). This may demonstrate stress of the system, which has become 

inefficient in carbon transfer (López-Abbate et al., 2019). In contrast, when herbivorous or 

multivorous food webs dominate, primary production is based on nutrient inputs and 

significantly transferred to large consumers or efficiently exported to deep waters (Michel et 

al., 2002; Turner, 2002). Herbivorous food webs are known for their strong capacity to channel 

carbon to higher pelagic and benthic consumers: low carbon is recycled (Legendre and 

Rassoulzadegan, 1995a; Meddeb et al., 2019), indicating a stable ecosystem (Meddeb et al., 

2019). Based on these statements, our study highlights the links between ecosystem typology 

and properties derived from ENA indices that characterize the system’s activity, stability, 

maturity and organization.  
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The TST index is a measure of ecosystem activity and is considered as a basic index of 

food web models used to discriminate food webs (Finn, 1976; Ulanowicz, 1986; Borrett and 

Scharler, 2019). Several works have showed that high TST values correspond to productive 

ecosystems, such as coastal areas influenced by nutrient-rich upwelling or riverine inputs and 

productive continental shelves (Coll et al., 2007; Grami et al., 2008b; Corrales et al., 2015; 

Meddeb et al., 2018). TST varied significantly among the three PTPs found in our study (Table 

IV. 3, Figure IV. 7 A). This can obviously be linked to the variations in GPP and in the eutrophic 

degree of the stations. Like GPP, TST followed an increasing gradient from the least nutrient-

rich station dominated by the microbial food web (S1) to the highly eutrophic station governed 

by the herbivorous pathway (S4). Our results corroborate other studies showing that the 

herbivorous food web is more active than the microbial and multivorous food webs (Meddeb 

et al., 2019; Decembrini et al., 2021b).  

Relative ascendency (A/C) is an indicator of the degree of ecosystem organization 

(Ulanowicz, 1997; Patrı́cio et al., 2004) that negatively correlates to the degree of maturity 

(Christensen et al., 2005). The highest A/C value was recorded in S3 (Figure IV. 7 B), indicating 

that the multivorous pathway in this station was more organized than the food webs of the other 

stations. More particularly, A/C was lowest in contrast to TST in S4 and its herbivorous 

pathway, indicating a more active but less organized system. The AMI index is a measure of 

flow specializations within a system (Ulanowicz, 1986). It yields lower values at the early 

stages of ecosystem development (when the system is immature) and higher values under 

pristine conditions (least disturbed ecological functioning). In our study, AMI followed the 

same trend as A/C, i.e., highest in S3 and lowest in S4 (Figure IV. 7 C). This means that higher 

fluxes of BAC and DET, in parallel to MIC, may allow a greater fraction of the total system 

flux to pass through specialized pathways in the multivorous food web of S3. Other ENA 

indices that reflect stability, maturity and organization varied significantly according to the 

different PTPs (Table IV. 3). The FCI index is an important indicator of changes in system 

functioning (Fath et al., 2019a; Safi et al., 2019) and gives information about carbon cycling in 

the ecosystem (Finn, 1976; Saint-Béat et al., 2018). This index can indicate the degree of 

maturity, resilience and stability of the ecosystem (Vasconcellos et al., 1997; Duan et al., 2009; 

Niquil et al., 2012). Recycling can indeed reduce the impact of stress on the ecosystem by acting 

as a buffer. Therefore, increased recycling can give better resilience and stability to the system 

(Saint-Béat et al., 2015). In addition, the APL index – which measures the retention capacity of 

the system (Fath et al., 2019; Kay et al., 1989) – is expected to be high in systems with high 
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degrees of flow diversity and cycling (Christensen, 1995; Thomas and Christian, 2001). Both 

indexes showed similar spatial evolution, i.e., lower values in S4 than in the other stations 

(Figure IV. 7 D, E), indicating that the herbivorous food web observed in S4 was less stable 

than the multivorous and microbial pathways observed in the others stations. This is in 

agreement with Legendre and Rassoulzadegan, (1995) and Meddeb et al., (2019), who reported 

lower stability of the herbivorous food web in comparison to the microbial and multivorous 

ones. The highest values of FCI and APL coincided with the multivorous food web in S2 – the 

station most exposed to the source of disturbance in the Gulf – TCG (Figure IV A.1). Thus, the 

increase in recycling and flow diversity seemed to endow the system with a certain resistance 

to the strong disturbance that the PTP underwent in S2. According to the MFA results, the APL 

seemed to be less structuring in the system since its contribution was not significant on the first 

two axes. In this case, considering the first two axes of the MFA, FCI seemed to be more 

efficient in the stability analysis. 

The detritivory/herbivory ratio (D/H), which was initially adapted from (Odum, 1969), 

was applied to show the importance of detritivory compared to herbivory. Several authors have 

used this index to provide information on carbon transfer to consumers via detritus and/or 

autotrophs (Kay et al., 1989; Ulanowicz, 1992; Chrystal and Scharler, 2014; Niquil et al., 

2014b; Fath et al., 2019b; Safi et al., 2019). High D/H values reflect an ecosystem where 

detritus plays an important role in carbon recycling, while low D/H values indicate an 

ecosystem where primary producers play a vital role as food for the second level (Chrystal and 

Scharler, 2014; Luong et al., 2014). During our study, the ratio indeed showed significant 

spatial variation (Table IV. 3, Figure IV. 7 F), indicating a shift from systems based on the 

primary production pathway in S1 and S4 (D/H: 0.7 and 0.5, respectively) to systems based on 

phytoplankton and the detrital energy pathway, which played an important role in S2 and S3 

(D/H  1). This is consistent with the fact that R6 and R4 were similar in S2 and S3 (Figure IV. 

6 A, B). Therefore, both phytoplankton and non-living carbon production played an important 

role for the multivorous food web observed in these stations. The lowest D/H value coincided 

with the herbivorous food web acting in the most eutrophic station S4. This is in agreement 

with the results of (Luong et al., 2014), who reported that nutrient-rich environments favor 

herbivory over detritivory. 



 

 
 

 

Figure IV9. Characteristics of the four planktonic food webs and most discrete ecological indicators of the ecosystem. 
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4.3. Importance of coupling ENA and typology ratios for ecosystem health    

monitoring and management perspectives 

A representation of ecosystem dynamics based on the coupling of typology with ENA 

indicators may be considered as an effective tool for environmental managers. ENAs are 

sensitive tools for characterizing the ecosystem health status that have been repeatedly used to 

assess the impact of natural and anthropogenic pressures on coastal marine ecosystems (Niquil 

et al., 2014b; Pezy et al., 2017; Tecchio et al., 2016; de la Vega et al., 2018a, 2018b; Safi et al., 

2019; Fath et al., 2019b). 

ENA indices were selected within the framework of regional sea conventions, such as the 

DCSMM, OSPAR and the Barcelona Convention (Safi et al., 2017, 2019; McQuatters-Gollop 

et al., 2022). These conventions form the main tools anchored in the community management 

of marine ecosystems aiming at defining and implementing a strategy to maintain their good 

ecological status (Rombouts et al., 2013; Safi et al., 2017, 2019; Arroyo et al., 2019). The 

OSPAR 2017 intermediate assessment (OSPAR IA 2017) provides an update of the OSPAR 

2010 assessment and presents some new biodiversity indicators and assessment methodologies 

to identify changes in ecosystem biodiversity (McQuatters-Gollop et al., 2022). Despite the 

importance of these conventions in the selection of plankton and food web indicators, their 

interventions in the typology of planktonic food webs are generally lacking. Therefore, we 

applied an approach that combined ENA and typology ratios to better understand the 

functioning of different planktonic food web structures. As a complement to ENA, we can 

propose researchers and managers new criteria (based on the typology ratios of (Sakka Hlaili 

et al., 2014)) to be taken into account, that they could use to quantitatively identify the different 

planktonic food web structures. The advantage of these ratios is that if we consider some of 

them, we can directly access the specific flows without having to calculate all the flows of the 

whole network, as we have to for ENA. ENA results lead to a better understanding of the 

functioning of different planktonic food web structures under anthropogenic pressure. Among 

the indicators used in this study, some are more discriminating and could be proposed as food 

web indicators. According to the MFA, it appears that TST, D/H, R4, R6, R7 and R8 were the 

most structuring in the studied systems (Figure IV. 8). Thus, from a planktonic perspective, the 

two indices TST and D/H ratio recommended by several authors (Ulanowicz, 2004; Bodini et 

al., 2012; Fath et al., 2019; Safi et al., 2019) could be coupled with R4, R6, R7 and R8 of (Sakka 

Hlaili et al., 2014). For example, R4 and R6 indicate whether the system is based on non-living 

matter (DET, DOC) (low R4 and high R6) or instead on phytoplankton (low R4 and high R6) 
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(Sakka Hlaili et al., 2014). The D/H index can be used in addition to these typology ratios to 

determine which of these two sources dominates (Fath et al., 2019). According to the MFA 

results (Figure IV. 8 A), the anti-correlation between D/H and R6 on the positive pole and R4 

on the negative pole of axis 2 indeed reflects different ecosystems (Figure IV. 8 B). The high 

D/H values can be sustained by a higher R6 than R4, indicating that detritus play an important 

role in ecosystem recycling, e.g., carbon recycling. Conversely, low D/H values can be 

maintained by a higher R4 than R6, indicating an ecosystem where primary producers 

(phytoplankton and/or algae) play a substantial role as feed for consumers (PRO and MET) 

(Luong et al., 2014).  

R7, R8 and TST may be complementary and interact in the description of the primary 

production of the planktonic food web type and its fate (Figure IV. 8). R7 provides information 

on the relative contribution of large and small phytoplankton to total primary production (Sakka 

Hlaili et al., 2014). Thus, it provides indirect information on the amount of primary production 

in the system, which may have an effect on the ecosystem activity measured by the TST (Finn, 

1976; Ulanowicz, 1986; Borrett and Scharler, 2019). In our case, the lowest ecosystem activity, 

as indicated by the TST, was observed when PIC was the dominant producer (high R7) and 

primary production was low, indicating a microbial food web. This was supported by the 

negative correlation of PIC GPP and R7 with TST in the MFA (Figure IV. 8 A). Conversely, 

the herbivorous food web showed the highest activity (high TST) related to the highest primary 

production dominated by MIC (low R7). This was supported by the positive correlation of TST 

and MIC GPP at the positive pole of axis 1 of the MFA (Figure IV. 8 A). Moreover, we can 

refer to R8 to identify the main grazers of production. Grazers switch from MET (low R8) when 

herbivorous or multivorous food webs are dominant to PRO (high R8) when microbial 

pathways prevail (Sakka Hlaili et al., 2014). In general, although ENA indices faithfully 

characterize carbon circulation within planktonic food webs, they should be complemented 

with typological indices to make their interpretation easier and describe the main trophic 

pathways.  

Despite efforts in the management of marine ecosystems, there are still gaps in the 

relationships between planktonic food web levels and benthis/pelagic organisms. The 

planktonic food web typology approach has only been partially addressed by managers. At the 

base of the pelagic food web, plankton and the existing fluxes of matter among planktonic 

compartments largely condition the functioning of the ecosystem because they are a source of 

primary production, are exported to the benthos or related ecosystems, and condition trophic 
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efficiency towards the upper links (Legendre and Rassoulzadegan, 1995; Dupuy et al., 1999; 

Sintes et al., 2004; Leguerrier, 2005; Marquis et al., 2007). As a result, indices of the typology 

and functioning of the planktonic food web can be linked to the benthos and the higher trophic 

links from the export estimate. In addition, they can also give an idea of the emerging properties 

of the whole ecosystem (activity, export, recycling...). Therefore, it is important that EU 

member states work together to develop a coupling of planktonic food web typology indices 

with ENA indices. 

5. Conclusion  

The present study provides an analysis of the food web structure in the permanently 

disturbed Gulf of Gabès. An approach combining ecological network analysis (ENA) selected 

on the basis of previous literature and typology reports was tested. The study site was 

characterized by nutrient inputs (mainly from TCG), whose association with hydrodynamics 

has created a gradient of nutrient richness. The size structure of primary production, trophic 

interactions, the food web structure and function differed among the stations. The main results 

showed that: 

 The microbial food web dominated in the least nutrient-rich system S1. It was 

identified by the highest value of R7 and formed a phytoplankton-based food web (R4>R6) 

primarily assigned to PRO (higher R8). PRO was inefficient in channeling biogenic carbon. 

This food web showed the lowest total system throughput (TST), and a low detritivory to 

herbivory (D/H) ratio, indicating a less active system relying on primary production 

(phytoplankton). 

 In contrast, the herbivorous food web indicated by the lowest value of R7 was 

identified in the most eutrophic system S4, where large phytoplankton dominated primary 

production (R4>R6) and was assigned to PRO and MET (lowest R8). These were efficiently 

exported to higher consumers. Thus, all ecological indicators were lowest in this food web, 

except TST that was highest. This indicates that the herbivorous food web of the system was 

more active based on primary production (low D/H) but less organized (low A/C) and less 

stable (low FCI). 

 The multivorous food web, as indicated by R7, dominated in the moderately 

nutrient-rich systems S2 and S3, and carbon production was based on both phytoplankton and 

non-living carbon (R4R6) assigned to PRO and MET (low R8). These can be 
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efficient in carbon transfer.  This food web was characterized by the highest relative 

ascendency and cycling values (A/C and FCI), and was more organized, specialized and 

stable. It also showed a higher total system throughput and the highest D/H, reflecting a more 

active system where detritus play an important role in carbon recycling. 

From an ecosystem management perspective, we propose a comprehensive assessment of 

ecosystem health based on appropriate indicators of food web typology and ENA indices, to be 

used by managers to assess the structure, functioning, and emerging properties of ecosystems 

under anthropogenic pressure. We suggest combining typology ratios to identify food web types 

with ENA indices to distinguish different food web functions across nutrient gradients. This 

combination can provide an effective tool for managing and assessing ecosystem health, and 

for investigating the occurrence of anthropogenic pressures. We chose indicators based on 

nutrient gradient pressure, but it may be interesting to test these indicators under other pressures 

in order to know if the same couples of indicators are still relevant or if other indices can be 

applied. 
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Fig A.1. Location of the sampling stations and hydrodynamic circulation in the Gulf of Gabès, southeastern Mediterranean Sea. (From Chkili et 

al., 2023) 



 

 

     

 

Table A.1. Mass equilibrium defining the linear equations used for the inverse LIM-MCMC analysis. Each flow is composed of the first three-letter 

code of the original compartment followed by the first three-letter code of the destination compartment. Abbreviations: GPP, gross primary production; 

RES, respiration; LOS, loss for the considered system. 
 

Mass balance equation for each compartment Equations common to the four models 

Mass balance for picophytoplankton (PIC) GPP-PIC – (PIC-RES + PIC-DOC + PIC-PRO) = 0 

Mass balance for nanophytoplankton (NAN)  GPP-NAN – (NAN-RES + NAN-DOC + NAN-DET + NAN-PRO + NAN-MET + NAN-LOS) = 0 

Mass balance for microphytoplankton (MIC) GPP-MIC – (MIC-RES + MIC-DOC + MIC-DET + MIC-PRO + MIC-MET + MIC-LOS) = 0 

Mass balance for protozooplankton (PRO) (PIC-PRO + NAN-PRO + MIC-PRO + BAC-PRO) – (PRO-RES + PRO-DOC + PRO-DET + PRO-MET) = 0 

Mass balance for metazooplankton (MET) (NAN-MET + MIC-MET + PRO-MET + DET-MET) − (MET-RES + MET-DOC + MET-DET + MET-LOS) = 0 

Mass balance for bacterioplankton (BAC) DOC-BAC – (BAC-RES + BAC-DOC + BAC-PRO) = 0 

Mass balance for dissolved organic carbon (DOC) (PIC-DOC + NAN-DOC + MIC-DOC + PRO-DOC + MET-DOC + BAC-DOC + DET-DOC) - (DOC-BAC + DOC-LOS) = 0 

Mass balance for detritus (DET) (NAN-DET + MIC-DET + PRO-DET + MET-DET) – (DET-DOC + DET-MET + DET-LOS) = 0 

 

 

 

 



 

 

Table A.2. Minimum and maximum flows (mg C m-2 d-1) estimated in the field and used as inequalities for the networks of four stations located 

in the Gulf of Gabès. 

 

Process Bound Description Equation Reference 

Respiration 

PIC NAN MIC Upper and lower Autotrophic respiration ranges between 5% and 30% of their GPP 5% GPP < R < 30% GPP Vézina and Platt (1988) 

BAC Lower Bacterial respiration (R’) is higher than 20% of the total uptake of DOC (UDOC) 20% UDOC < R’ Vézina and Savenkoff (1999) 

PRO MET Lower 
Zooplankton respiration (R’’) is at least 20% of their total ingestion (ΣIng) and does not 

exceed its maximum specific respiration 
20% ΣIng < R’’ Vézina and  Savenkoff (1999) 

DOC production 

PIC NAN MIC Upper and lower 
Phytoplankton DOC exudation (E) ranges between 10% and 55% of net primary 

production (NPP) 
10% NPP < E < 55% NPP Vézina and  Savenkoff (1999) 

PRO MET Upper and lower 
Zooplankton excretion of DOC (EX) is at least 10% of their total ingestion (ΣIng) and does 

not exceed its respiration (R’’)  
10% ΣIng < EX < R” 

Vézina and Platt (1988) 

Vézina and Pace (1994) 

BAC Upper Bacterial DOC release (RE) is lower than  respiration (R’) RE<R’ Vézina and Pace (1994) 

Growth efficiency 

PRO MET Upper and lower Growth efficiency is at least 25% and no more than 50% of total ingestion (ΣIng)  25% ΣIng < ΣIng -(R“ + EX +DET) < 50% ΣIng  Vézina and Pahlow (2003) 

BAC Upper and lower Growth efficiency of bacterioplankton ranges between 5% and 50% of their total ingestion  0.5 UDOC < UDOC - (r’’ + re) < 0.50UDOC Vézina and Pahlow (2003) 

Assimilation efficiency  PRO MET Upper and lower 
Assimilation efficiency of zooplankton ranges between 50% and 90% of their total 

ingestion (ΣIng) 
50% ΣIng < Ing -DET < 90% ΣIng Vézina et al. (2000) 

Detritus production  PRO MET 
Upper and lower 

Zooplankton DET production (zoo-DET) is no more than 42% of their combined DET 

production and respiration (zoo-RES) and is at least 5% of it 

5% (zoo-DET + zoo-RES) < zoo-DET < 42% (zoo-

DET + zoo-RES) 
Steinberg et al. (2000) 

Detritus dissolution DET 

Upper The upper bound of DET dissolution (DET-DOC) is 10% of net primary production (NPP) 10% NPP < DET-DOC 

Pace et al.( 1984) 

lower DET dissolution (DET-DOC) is at least 10% of DET production 10% DET production <DET-DOC 

Preferential ingestion of MET  

 

Upper 

 

Ingestion of e.g., nanophytoplankton by metazooplankton does not exceed the estimated 

maximum prey availability  

NAN-MET < NANMET.A(t) × Ing-MET 

MIC-MET < MICMET.A(t) ×  Ing-MET 

PRO-MET <  PROMET.A(t) ×  Ing-MET 

DET-MET <  DETMET.A(t) ×  Ing-MET 

Haraldsson et al. (2018) 



 

 

 

 

Table A.3. Constraints used on different planktonic food web networks.  

 

 

 

 

 

Fluxes S1 S2 S3 S4 

 Min max min max min max min max 

GPP-MIC 169.64 207.34 1042.37 1274.01 1867.90 2282.99 2043.62 2497.76 

GPP-NAN 193.58 236.60 406.76 497.15 169.39 207.04 1171.72 1432.10 

GPP-PIC 1270.85 1553.26 447.07 546.42 368.56 450.47 284.54 347.78 

MIC-PRO 63.96 78.17 417.41 510.17 486.40 594.47 943.90 1153.65 

NAN-PRO 82.56 100.91 91.91 112.34 107.50 131.40 285.96 349.51 

PIC-PRO 686.66 839.25 264.52 323.31 184.31 225.27 123.75 151.25 

MIC-LOS 50.20 61.36 125.06 152.86 203.26 248.43 274.63 335.66 

NAN-LOS 1.72 2.11 0.33 0.41 30.29 37.03 0.44 0.53 

(MIC+NAN)-MES 68.63 83.88 295.10 360.68 1423.90 1740.33 714.85 873.71 

MES-DET 10.56 - 9.01 - 30.29 - 34.29 - 

DOC-BAC 543.80 664.64 973.80 1190.20 996.45 1217.89 656.70 802.63 

BAC-PRO 323.10 394.90 468.00 572.00 544.00 664.89 340.24 415.85 

DET-LOS 437.77 535.05 516.89 631.75 1423.90 1740.33 945.56 1155.68 
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I. Problématique et objectifs  

Les activités pétrolières, notamment la production et le transport du pétrole, entraînent 

plusieurs marées noires qui ont des effets néfastes sur les écosystèmes marins et peuvent causer 

des dommages importants, provoquant une perte de biodiversité et une perturbation de 

l'équilibre environnemental (Kennish, 1996; Gugliermetti et al., 2007; Zhu et al., 2011; Barron, 

2012; White et al., 2012).  

Pour comprendre les effets de la contamination pétrolière sur les environnements marins, 

de nombreuses études ont évalué la réponse du phytoplancton à ces accidents, car il constitue 

la base de la productivité des écosystèmes marins et joue un rôle essentiel dans les cycles des 

nutriments et du carbone ainsi que dans la pompe biologique (Zehr and  Kudela, 2011; Tréguer 

et al., 2018; Li et al., 2020). Par conséquent, les effets des composés pétroliers toxiques sur ces 

producteurs primaires peuvent se répercuter en cascade sur les niveaux trophiques supérieurs 

et avoir un impact sur la structure et la dynamique des réseaux trophiques ainsi que sur les 

cycles biogéochimiques des écosystèmes marins. En outre, les espèces phytoplanctoniques 

peuvent réagir rapidement à la contamination marine et aux conditions environnementales, et 

sont considérées comme un indicateur de la qualité des eaux (Verlecar et al., 2006; Marshall et 

al., 2006; Feki et al., 2017; Parsons et al., 2021; Song et al., 2022). Néanmoins, les 

connaissances actuelles sur l’effet du pétrole et de ses composés les plus toxiques (i.e. les 

hydrocarbures aromatiques polycycliques, HAPs, Jiang et al., 2010) sur le phytoplancton marin 

sont encore contradictoires. Certaines études ont indiqué que le pétrole avait un effet toxique 

sur le phytoplancton, provoquant une inhibition de la croissance et l'activité photosynthétique 

et un dommage au niveau de l’ADN (Aksmann & Tukaj, 2008; Deasi et al., 2010; Bretherton 

et al., 2019a). De plus, une diminution des diatomées et une augmentation des phytoflagellés 

ont été observées après des expositions expérimentales au pétrole (Parsons et al., 2015; Fiori et 

al., 2016; Bretherton et al., 2018). Au contraire, d'autres travaux ont démontré que la présence 

du pétrole peut stimuler le phytoplancton et que les diatomées ont une grande tolérance aux 

composés toxiques du pétrole (González et al., 2009; Ozhan et al., 2014; Bretherton et al., 

2020). Il apparait que la réponse du phytoplancton au pétrole variait en fonction du type et de 

la concentration du pétrole, de la composition de la communauté et de la sensibilité des espèces 

(Huang et al., 2011; Ozhan et al., 2014), qui est liée à la taille des cellules, à la motilité, à la 

mixotrophie et à la plasticité du métabolisme (Bretherton et al., 2020; Kamalanathan et al., 

2021). La réponse du phytoplancton à la contamination par le pétrole et les hydrocarbures peut 



Chapitre V : Impact du déversement de pétrole sur le phytoplancton, le protozooplancton et la 

structure du réseau trophique planctonique : évaluation sur le terrain et par modélisation 

143 

également varier si l’on considère les effets à court ou à long terme (Lee et al., 2009; Tang et 

al., 2019).  

La majorité des connaissances sur la réponse du phytoplancton au pétrole viennent des 

données des expériences d’exposition des cultures mono-spécifiques ou de communautés 

phytoplanctoniques naturelles (Varela et al., 2006; González et al., 2009; Gemmell et al., 2018; 

Bretherton et al., 2019, 2020; Putzeys et al., 2022). Cependant, les données de terrain 

concernant sa réponse dès les premiers stades d’un déversement de pétrole et tout au long de 

son évolution sont rares car cela nécessite une logistique lourde pour collecte rapidement des 

échantillons sur le site pollué. Pourtant, les réponses précoces et tardives du phytoplancton à 

une marée noire sont cruciales pour mieux comprendre comment cet accident peut affecter les 

communautés marines.  

Contrairement au phytoplancton, le protozooplancton a reçu relativement peu d'attention 

dans les études des marées noires (Almeda et al., 2014b, 2016, 2018). Pourtant, de nombreux 

auteurs considèrent que la diminution du contrôle « top-down », due à l’effet toxique des 

hydrocarbures sur les brouteurs sensibles, est un facteur majeur contribuant à l'augmentation de 

la population et à la diversification du phytoplancton marin à la suite d'une marée noire 

(Johansson et al., 1980; Hjorth et al., 2007; Gemmell et al., 2018). Récemment, Tang & Buskey 

(2022) ont conclu aussi que le découplage entre la croissance du phytoplancton et le broutage 

du protozooplancton à la suite d'une exposition au pétrole brut, peut favoriser la formation 

d'efflorescences de phytoplancton. Les études ont aussi rapporté des effets contradictoires de la 

contamination pétrolière sur le protozooplancton. Dans certains cas, l’exposition au pétrole a 

été suivie d’une stimulation des ciliés tintinnides (Dale, 1987, 1988) et des nanoflagellés 

bactérivores (Jung et al., 2012), alors que dans d’autres cas, on a observé une diminution des 

abondances des ciliés (loriqués et non-loriqués), des nanoflagellés hétérotrophes et des 

dinoflagellés hétérotrophes (Almeda et al., 2014b, 2018 ; Gemmell et al., 2018). Au contraire, 

la croissance des dinoflagellés mixotrophes peut être non affectée ou stimulée par la présence 

du pétrole (Almeda et al., 2016, 2018).  

Les différents groupes du protozooplancton, ayant des comportements et des préférences 

alimentaires très variables, sont les principaux brouteurs de la biomasse bactérienne et 

phytoplanctonique (Poulsen & Reuss, 2002; Calbet & Landry, 2004; Pecqueur et al., 2022; 

Kosiba & Krztoń, 2022). Ils jouent divers rôles dans les différents réseaux trophiques marins 

(réseau, microbien, herbivore ou multivore et boule microienne). Par conséquent, tout 

changement dans l'alimentation et la structure du protozooplancton en réponse à la 

contamination par les hydrocarbures pétroliers pourrait profondément modifier le devenir du 
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carbone biogène. Malheureusement, il existe encore des lacunes concernant les effets des 

marées noires sur les interactions trophiques et les voies de transfert du carbone. Il est donc 

nécessaire de prendre en compte les réponses du protozooplancton à ces accidents, à l'échelle 

structurelle et surtout à l'échelle fonctionnelle (i.e. l’activité de broutage), afin de mieux 

comprendre l'impact écologique de ces événements sur le fonctionnement de l'écosystème. 

Les objectifs de ce travail est (i) de suivre les réponses in situ des communautés naturelles 

du phytoplancton (biomasse, croissance, structure en taille et diversité) et du protozooplancton 

(abondance, composition et broutage) au cours d’un déversement de pétrole brute survenu dans 

les eaux de Bizerte et (ii) d’appréhender les impacts de cet accident sur la structure du réseau 

trophique planctonique, en intégrant les effets du pétrole sur la production du phytoplancton et 

la consommation du protozooplancton dans des modèles inverses de flux de carbone. Le suivi 

in situ a été réalisé depuis les premiers jours (1ier, 4ème et 8ème jours) jusqu’à quelques semaines 

(18ème jour) après le rejet du pétrole pour évaluer les réponses à « court terme » et à « long 

terme », respectivement.  

II. Résumé 

La prospection sur le terrain a révélé la présence d’une nappe de pétrole du 1ier au 8ème 

jour avec une contamination des eaux par les HAPs, principalement le chrysène. Au 18ème jour, 

le pétrole s’est dispersé et les eaux avaient retrouvé leur couleur et leur odeur d’avant accident. 

Le suivi in situ, pendant les différents jours après la marée noire, a montré que le phytoplancton 

réagissait différemment au fil du temps. À court terme (du 1ier au 8ème jour), la croissance et la 

biomasse du picophytoplancton ont été stimulées alors que celles du nano- et du 

microphytoplancton ont diminué probablement due à l’effet direct des HAPs toxiques sur les 

espèces sensibles et/ou à l’effet indirect de la réduction de la lumière par la nappe de pétrole. À 

long terme (18ème jour), la dispersion du pétrole et la réduction de son effet négatif semblent 

favoriser la prolifération du nano- et du microphytoplancton. On a noté aussi une forte 

accumulation de la biomasse du picophytoplancton qui semble être plutôt liée à une réduction 

de son broutage. En conséquence, la structure en taille du phytoplancton a évolué tout au long 

de l'exposition au pétrole, passant d'une prédominance du microphytoplancton après quelques 

jours à une dominance à long terme du picophytoplancton. La présence du pétrole a aussi affecté 

la composition du phytoplancton et a réduit les indices de diversité. Les changements les plus 

marqués ont été surtout observés au 18ème jour, lorsqu’on a observé une prolifération des 
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diatomées Chaetoceros et Astrionnellopsis glacialis qui dominaient le nanophytoplancton et le 

microphytoplancton, respectivement.  

La structure de la communauté du protozooplancton a également changé au fil des jours 

vers une dominance des dinoflagellés mixotrophes (principalement Heterocapsa) au détriment 

d'une diminution des dinoflagellés hétérotrophes (i.e. Gyrodinium et Protoperidinium). Les 

ciliés (principalement Strombidium) ont montré une diminution à court terme, mais une 

récupération au 18ème jour, tandis que les nanoflagellés étaient plus vulnérables à la toxicité du 

pétrole et ont disparu à partir du 8ème jour. L’activité du broutage du protozooplancton a été 

aussi affectée avec une diminution des taux à court terme pour les trois factions de taille du 

phytoplancton. A plus long terme, les taux de broutage ont augmenté pour le nano- et le 

microphytoplancton, mais ont largement chuté pour le picophytoplancton. 

Les taux de production des différentes fractions de taille du phytoplancton ainsi que leurs 

taux de consommation par le protozooplancton ont significativement varié entre les différents 

jours. L'intégration de ces taux modifiés par la contamination pétrolière dans des modèles 

linéaires inverses de flux de carbone et le calcul des ratios de typologie ont montré un 

changement clair dans la structure et le fonctionnement du réseau trophique, de la voie 

herbivore (au 1ier jour), au réseau multivore (4ème et 8ème jour) jusqu’un réseau microbien (au 

18ème jour), ce qui implique différentes efficacités dans l'exportation du carbone tout au long de 

l’évolution de la marée noire.  

Ces résultats apportent des nouvelles données sur les effets de la contamination pétrolière 

sur les communautés naturelles du phytoplancton et du protozooplancton et renforce l’idée de 

les utiliser comme bio-indicateurs. L’étude souligne aussi l’intérêt de combiner des suivis in 

situ, des approches expérimentales et la modélisation pour avoir des nouvelles informations sur 

l’impact de déversement de pétrole sur le fonctionnement trophique des écosystèmes marins.
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Abstract 

Oil spills are recurrent worldwide. Assessing the response of phytoplankton – the basis of 

marine food webs – at the early stages of an oil spill and throughout its evolution is crucial to 

improve our understanding of the impact of oil spills on the marine environment. Field data 

collected 1, 4, 8 and 18 days after the “Bizerte City” oil spill showed that phytoplankton 

responded differentially over time. In the short term (1-8 days), picophytoplankton biomass and 

abundance increased, possibly due to reduced grazing. In contrast, nano- and 

microphytoplankton biomass decreased, probably owing to inhibited growth of sensitive 

species to polycyclic aromatic hydrocarbons – the most toxic components of oil. After 18 days, 

the dispersal of oil and its decreasing negative effect were accompanied by outbreaks of all size 

fractions. Accordingly, the phytoplankton size structure shifted throughout the oil exposure 

level from a prevalence of microphytoplankton after a few days toward picophytoplankton 

dominance. Oil pollution influenced the species composition and significantly decreased 

diversity indexes. In the first days, nanophytoplankton was dominated by cryptophyceae 

(mainly Hillea fusiformis and H. marina), while microphytoplankton was mostly represented 

by the pennate diatoms Pseudo-nitzschia and Nitzchia, suggesting a better resistance of these 

genera to oil. Algal recovery after 18 days was associated with high proliferation of nano-sized 

Chaetoceros and micro-sized Astrionnellopsis glacialis diatoms. These results improve our 

knowledge of the impact of oil pollution on coastal phytoplankton communities and reinforce the 

idea of using them as bio-indicators. 

Keywords: oil spill, phytoplankton, diatoms, diversity, south-western Mediterranean Sea.  
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Oil spills are unintentional releases of petroleum oil or derived oils into the marine 

ecosystem (Li et al. 2016). They have serious environmental and socio-economic impacts on 

marine ecosystems and are a persistent threat to human health because of their impact on aquatic 

food resources (Wirtz and Liu 2006; Penela-Arenaz et al. 2009; El-Fadel et al. 2012). To 

understand the impact of oil pollution on marine environments, numerous studies have used 

phytoplankton because it represents the basis of marine ecosystem productivity and plays key 

roles in the nutrient and carbon cycles and biological carbon pump (Zehr and Kudela 2011; 

Tréguer et al. 2018; Li et al. 2020). Therefore, the effects of toxic oil compounds on these 

primary producers can be cascaded to higher trophic levels and impact the structure and 

dynamic of food webs as well as the biogeochemical cycles of marine ecosystems. Furthermore, 

phytoplanktonic species can respond quickly to marine contamination and environmental 

conditions, and are considered as an indicator of water quality (Verlecar et al. 2006; Marshall 

et al. 2006; Parsons et al. 2021; Song et al. 2022). 

Much effort has been dedicated to studying the response of marine phytoplankton to 

different oil spills, such as the “Volgoneft-248” spill in the Sea of Marmara (1999), the 

“Prestige” spill along the Spanish coast (2002), the “Montara” spill in the Northwest Shelf of 

Australia (2009), the “Deepwater Horizon” spill in the Gulf of Mexico (2010) and the “Texas 

City Y” spill (2014) (Varela et al. 2006; Taş et al. 2011; Sheng et al. 2011; González et al. 2009; 

Gemmell et al. 2018; Bretherton et al. 2019a, 2020). Nevertheless, current knowledge on the 

effect of petroleum and its most toxic components – polycyclic aromatic hydrocarbons (PAHs) 

(Jiang et al. 2010) – on marine phytoplankton is still contradictory. After an oil spill, decreased 

phytoplankton photosynthesis can be observed as a direct response to the toxic impacts of 

petroleum compounds or as an indirect effect of less light penetrating into the water column as 

a result of the presence of oil slick on the sea surface (Goutz et al. 1984; Tomajka 1985; 

González et al. 2009; Paul et al. 2013). Different negative effects have been observed after oil 

exposure, such as reduction of phytoplankton growth, DNA damage, and inhibition of 

photosystem II (Aksmann and Tukaj 2008; Deasi et al. 2010; Bretherton et al. 2019a). In 

contrast, other studies have reported a stimulation of phytoplankton growth (González et al. 

2009; Taş et al. 2011; Bretherton et al. 2019a). Ozhan et al. (2014) reported that crude oil at a 

low concentration (<1 mg L-1) can stimulate phytoplankton growth, but inhibit it at higher 

concentrations (> 100 mg L-1). The response of phytoplankton to oil pollution may also vary 

when considering short- or long-term effects (Lee et al. 2009; Tang et al. 2019). The 

phytoplankton community can also be impacted indirectly by such incidents via the effects of 

oil on the zooplankton community (González et al. 2009; Almeda et al. 2014). Studies reported 
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that the increase in phytoplankton biomass following an oil spill can be caused by a decrease 

in grazing due to PAH toxicity to zooplankton (Hjorth et al. 2007; Tang and Buskey 2022).  

Contrasting effects of oil spills on taxonomic groups have also been reported. A decline 

in diatom biomass and an increase in phytoflagellates have been observed after 

experimental/laboratoty or in situ oil exposure (Harrison et al. 1986; Mishamandani et al. 2015; 

Fiori et al. 2016), while an opposite impact has been reported in other cases (González et al. 

2009; Gilde and Pinckney 2012; Parsons et al. 2015). Ozhan et al. (2014) reported that diatoms 

showed better tolerance at high oil concentrations but others researchers showed instead the 

high tolerance of dinoflagellates to oil pollution (Jung et al. 2010; Taş et al. 2011; Gemmell et 

al. 2018). These results highlight that the response of marine phytoplankton to the hydrocarbon 

components of oil depends on several factors, such as, the amount and type of oil and the 

sensitivity of taxonomic groups, since oil toxicity to phytoplankton is widely species dependent 

(Ozhan et al. 2014). Oil exposure can be lethal for some species, but others can survive and 

grow at an unaffected or reduced rate. The oil-resisting ability of some phytoplankton species 

is related to the plasticity of their core metabolism, i.e., reduced extracellular carbohydrate 

secretion and enhanced flux through the Krebs cycle to conserve and increase energy 

production and counteract the oxidative stress caused by oil exposure (Kamalanathan et al. 

2021, 2022). Physiological traits such as cell size, motility and mixotrophy, are also important 

in determining the ability of species to survive oil exposure (Bretherton et al. 2020).  

Most data on the responses of marine phytoplankton to oil spills have been collected from 

experimental approaches. These include single species cultures or natural communities in 

microcosms and mesocosms (Varela et al. 2006; González et al. 2009; Gemmell et al. 2018; 

Bretherton et al. 2019a, 2020; Putzeys et al. 2022). However, field monitoring data from the 

early stages of an oil spill and throughout its evolution are rare because i) this requires heavy 

logistics, and ii) being on site and collecting samples rapidly is a challenge. Data on the early 

and late responses of natural phytoplankton following an oil spill are crucial to better understand 

how this event can affect marine communities.  

An oil spill accident occurred in the Bay of Bizerte (North of Tunisia, south-western 

Mediterranean Sea, northern Tunisia) on 4 October 2018 as a result of a crack in a tank of the 

Tunisian Company. The government of Tunisia announced a leak of 7 tons of crude oil. The 

climatic and hydrodynamic features of the region extended the impact of the spill up to five km 

away from the source of the leak. The dykes/breakwaters built at the entrance of the Bizerte 

channel reduce the sea current intensity, which prevented the oil spreading offshore. Therefore, 

the oil slick was directed towards the western coasts (Sidi Salem beach) and especially towards 
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the Lagoon of Bizerte via the Channel (Figure.V 1). The Lagoon supports intense fisheries and 

is considered as the main shellfish farming site in Tunisia. Therefore, this ecological incident 

can have strong environmental impacts as well as economic and societal consequences. The 

goal of the present study is to follow the responses of the natural phytoplankton community to 

an oil spill from the early stages up to a few weeks after the oil release, called “short-term 

response” and “long-term response” hereafter, respectively. The results will provide valuable 

information on the dynamics of phytoplankton in response to the oil spill and contribute to a 

better understanding of the ecological aspects of oil pollution in coastal marine ecosystems. 

Materials and Methods 

Sampling  

Sampling was carried out at one station (maximum depth 7 m) near the northern mouth 

of the Channel of Bizerte, which was affected by the oil spill (Figure V.1), on 5, 8, 12 and 22 

October 2018. These dates corresponded to 1, 4, 8 and 18 days after the oil leak, respectively. 

The wind was blowing strongly (24 - 60 km h-1) during the oil incident, with a dominant easterly 

direction propitious to a rapid dispersion of the oil slick towards the coast of the City of Bizerte 

and the Channel of Bizerte, where the sampling station was located. At each day (D01, D04, 

D08 and D18), three replicate water samples were collected with a plastic water sampler 

(Hydro-Bios) at three depths (0.5 m, 2.5 m and 5 m), filtered through a 200 µm-mesh sieve and 

placed in a cooler until analyses within 2-3 h after sampling. Subsamples for nutrient 

determination (PO4
3- NO3

-, NO2
-, NH4

+ and Si(OH)4) were filtered through 0.2-μm sterile 

cellulose acetate filters and stored in microvials at -20°C. Nutrients were analysed following 

spectrophotometric methods (Parsons et al. 1984). Other samples were taken to analyse the 

phytoplankton community, i.e., biomass (expressed as Chl a), abundance, and species 

composition. Water temperature and salinity were recorded in situ at each sampling depth with 

a microprocessor conductivity meter (LF 196), the pH was determined using a pH meter 

(Accumet Basic AB15, Fisher Scientific), while water turbidity was measured with a 

turbidimeter (WTW, TURB 350 IR).  
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Figure V. 1. Site sampled during the oil spill in the Bay of Bizerte. Sampling stations in 

relation to the oil leak location and photographs of the polluted coasts of 

Sidi Selem beach (1: https://www.webdo.tn/2018/10/05/bizerte-7-tonnes-

de-petrole-ont-fuite-dans-la-mer-de-zarzouna/) and of the Channel of 

Bizerte (2: https://directinfo.webmanagercenter.com/2018/10/10/tunisie-

les-plages-polluees-par-une-vaste-couche-de-petrole-video/). White 

arrows, trajectory of oil dispersal. 

Phytoplankton community analysis 

Subsamples for Chl a measurements were sequentially filtered through 10-µm, 2-µm and 

0.2-µm pore-size polycarbonate filters to obtained Chl a in three phytoplankton size fractions 

https://www.webdo.tn/2018/10/05/bizerte-7-tonnes-de-petrole-ont-fuite-dans-la-mer-de-zarzouna/
https://www.webdo.tn/2018/10/05/bizerte-7-tonnes-de-petrole-ont-fuite-dans-la-mer-de-zarzouna/
https://directinfo.webmanagercenter.com/2018/10/10/tunisie-les-plages-polluees-par-une-vaste-couche-de-petrole-video/
https://directinfo.webmanagercenter.com/2018/10/10/tunisie-les-plages-polluees-par-une-vaste-couche-de-petrole-video/
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(< 2 μm, 2-10 μm and > 10 μm). Concentrations were estimated after overnight dark extraction 

at 4 °C in 90% acetone, using the standard spectrophotometric method (Parsons et al. 1984). 

Total Chl a was estimated as the sum of the Chl a concentrations in the three size fractions. The 

Chl a percentage in each size class was calculated as the Chl a concentration of each size class 

divided by the total Chl a concentration. 

Picophytoplankton (< 2 µm cells) was counted based on its autofluorescent pigments 

(MacIsaac and Stockner 1993). Subsamples were fixed with formaldehyde (2% final 

concentration) and placed in the dark at 4 oC for 10 min. They were filtered through black 

polycarbonate filters (Nucleopore, 0.22 µm) and laid over 0.45-mm nitrocellulose backing 

filters. The filters were mounted on slides using low-fluorescence immersion oil, and stored 

immediately at -20 oC. Picophytoplankton was counted under a CETI Topic-T epifluorescence 

microscope (100×Fluotarobjective), using blue and green excitation and counting at least 200 

cells from 30 random squares. 

For phytoplankton count and identification (nano-sized cells: 2-10 µm; micro-sized cells: 

10-200 µm), subsamples were fixed with acid Lugol’s solution (3% final concentration) and 

stored at 4°C in the dark. Prior to analysis, 50 mL of each subsample were settled for at least 

24 h and analysed under an inverted microscope (100× oil immersion objective, CETI) 

(Utermöhl 1958). At least 500 cells were counted in each subsample. 

Hydrocarbon analysis 

PAHs – the most toxic compounds of oil (Jiang et al. 2010) – were analysed 8 days after 

the oil spill. Seawater samples were collected manually approximately 0.5m below the surface 

using pre-cleaned and sterile glass bottles. Sediment were sampled using using a Van Veen grab 

(Hydrobios). Analysis of PAHs in water and sediment were performed according to the 

technique proposed by UNEP/FAO/IAEA/IOC.1996. Appropriate blanks were analyzed with 

each set of analyses, internal standards and in addition reference material (IAEA 408) with 

certified concentrations of hydrocarbons was analyzed for quality control purposes.  

Recoveries ranged from 72% to 89% for IAEA 408 and the method detection limits 

ranged from 0.05 to 0.25 ng g-1 for PAH. Further quality control was assured through 

participation in the hydrocarbons intercomparison exercises of IAEA (International Atomic 

Energy Agency). Quantification was performed by calculation of response factors of individual 

AH and PAH external standards.  
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Data analyses  

One-way analysis of variance (ANOVA) was performed to test the significance of the 

variation in physicochemical and phytoplanktonic variables over time. The normality of data 

distribution and the homogeneity of variance were tested using Shapiro-Wilk’s test and 

Levene's test, respectively. 

A principal component analysis (PCA) was applied on the environmental variables to 

assess variability over time and the relevant factors responsible for the differences. Spearman’s 

correlations were calculated to test for a linear relationship between phytoplankton parameters 

(Chl a concentration and phytoplankton abundance) and physicochemical factors. The 

ANOVA, PCA and correlation analyses were performed using XLSAT program (XLSTAT 

2022 Trial version). 

Phytoplankton diversity indices (species Richness, S; Shannon-Wiener’s diversity index, 

H’; evenness, J) were calculated for the phytoplankton community sampled each day. A 

multidimensional scaling ordination (MDS) was performed on phytoplankton species 

abundances to detect changes in the phytoplankton community composition over time. A 

Euclidean distance dissimilarity analysis was used to determine the dispersal between 

communities at different sampling times. The diversity index and MDS analyses were 

performed using PRIMER program (PRIMER 6). 

Results 

3.1. Hydrocarbon contamination 

Visual observation showed the presence of oil on the top layer of the sampling station 

(foam and oil aggregates) on D01, D04 and D08. At the end of sampling (D18), the water at the 

station had regained its pre-accident colour and smell. Eight days after the oil leak, the station 

contained toxic oil hydrocarbons, with 130 ng PAHs L-1 measured in seawater and high 

concentrations in sediment (PAHs: 1222 ng g-1 dry sediment). Chrysene was the main 

hydrocarbon in seawater (89 ng L-1) and sediment (189 ng g-1 dry sediment), followed by 

naphthalene, phenanthrene and fluoranthene. Benzo(b)fluoranthene, benzo(k)fluoranthene and 

pyrene were only detected in sediment (TableV. 1). 
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Table V. 1. Concentrations of the main PAHs found in the seawater and sediment of the 

sampling station (Channel of Bizerte) 8 days after the oil spill incident.  

PAH compound 
Water solubility 

(mg L-1)** 

Water 

(ng L-1) 

Sediment 
(ng g-1 dry sediment) 

Naphthalene 31.0 18.9 33.17 
Acenaphthene 3.9 nd nd 

Fluorene 1.69 nd nd 
Phenanthrene 1.15 13.59 43.26 
Anthracene 0.43 nd nd 
Fluoranthene 0.26 7.38 151.52 
Pyrene 0.13 nd 144.44 
Chrysene* 0.002 87.88 188.85 
Benzo(b)fluoranthene* 0.0015 nd 32.15 
Benzo(k)fluoranthene* 0.0008 nd 40.27 
Benzo(a)pyrene* 0.0016 nd nd 

nd: non detected 
*: Considered probable human carcinogens by the US EPA, the European Union, and/or the International 
Agency for Research on Cancer (IARC) (EFSA, 2008) 

**: water solubility values are reported from the literature (Ben Othman et al. 2023) 

 

Environmental data 

The sampling station had a shallow (< 7 m) well-mixed water column. Consequently, the 

environmental and phytoplankton factors showed no significant variations with depth (ANOVA 

p > 0.05, N=12), and the data are presented as depth-averaged values (Table V. 2). 
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Table V. 2. Environmental factors recorded 1, 4, 8 and 18 days after the oil spill (depth-averaged 

values ± SD, N = 12). 

Sampling day after the 
oil spill incident 

D01 D04 D08 D18 

Temperature (°C) 22.00 ± 0.45 24.37 ± 0.31 24.57 ± 0.25 23.27 ± 0.31 

Salinity (PSU) 37.20 ± 0.02 37.33 ± 0.05 37.47 ± 0.05 37.30 ± 0.1 

pH 8.20 ± 0.10 8.27 ± 0.12 8.26 ± 0.15 8.83 ± 0.11 

Turbidity (NTU) 4.22 ± 0.04 3.64 ± 0.04 3.28 ± 0.08 2.27 ± 0.08 

NO2
- (µM) 0.19 ± 0.02 0.12 ± 0.03 0.10 ± 0.01 0.09 ± 0.02 

NO3
- (µM) 0.98 ± 0.02 0.24 ± 0.01 0.35 ± 0.03 0.18 ± 0.01 

NH4
+ (µM) 59.59 ±5.00 33.12 ± 6.23 33.12 ± 6.00 27.43 ± 4.89 

PO4
3- (µM) 0.76 ± 0.04 0.67 ± 0.04 0.47 ± 0.04 0.36 ± 0.03 

Si(OH)4 (µM) 8.41 ± 1.25 5.75 ± 1.31 5.42 ± 1.30 3.30 ± 1.18 

Total Chl a (µg l-1) 3.01±0.79 3.24 ± 0.41 2.48 ± 0.09 6.61 ± 1.21 

 

Water temperature (22.6-24.57 °C), salinity (37.2-37.47) and the pH (8.2-8.83) varied 

little over time, while the nutrient and Chl a concentrations as well as water turbidity varied 

significantly (ANOVA, p < 0.05, N = 12). The temporal variability of environmental data was 

confirmed by the PCA, whose axes 1 and 2 explained 65.1% and 26.1% of total variation, 

respectively. Axis 1 was positively correlated with all inorganic nutrients (r = 0.793-0.957, p < 

0.01, N = 12) and water turbidity (r = 0.957, p < 0.01, N = 12), but negatively correlated with 

the total Chl a concentration (r = -0.804, p < 0.01, N = 12). Axis 2 was positively correlated 

with temperature and salinity (r = 0.792-0.841, p < 0.01, N = 12). The sampling days were 

mainly discriminated on axis 1. The first day was characterised by the highest value of turbidity 

and dissolved nitrogen, phosphorous and Si(OH)4, while the highest total Chl a concentration 

was recorded on the last day, associated to the lowest turbidity and nutrient levels. A cluster 

including D04 and D08 was distinguished in the middle of the PCA plot and was depicted by 

intermediate environmental data between D01 and D18 (Table V. 2, Figure V.2).  
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Figure V.2. Principal component analysis of environmental data and individual factors 

collected from D01 to D18 after the oil spill incident. 

 

Phytoplankton size-fractioned biomass and abundance 

The Chl a concentrations of the three size fractions showed different responses over time 

after the oil spill (Figure V.3a). For the pico-sized fraction (< 2 µm), Chl a was very low on 

D01 (< 0.2 µg L-1), increased by 4-5-fold on D04 and D08, and strongly increased on D18 (6-

fold relative to D08). Conversely, Chl a decreased gradually from D01 to D08 for nano- and 

microphytoplankton (from 0.93 to 0.53 µg L-1 and from 1.84 to 1.37 µg L-1, respectively). 

However, the biomass of both size fractions significantly increased on D18 (2-fold relative to 
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D08) (ANOVA, p < 0.01, N = 12). The size structure of Chl a biomass distinctly varied over 

time. Picophytoplankton, which formed only 7% of total Chl a on D01, contributed 32% on 

D04 and D08, and dominated the biomass (60%) on D18.  

On D01, the abundance of picophytoplankton amounted to 11 105 cells L-1, versus 0.91 

and 1.7 105 cells L-1 for nano- and microphytoplankton, respectively. The evolution of the 

abundances of the three size fractions was almost similar to that of size-fractioned Chl a (Figure 

V.3b).  The abundance of nano- and microphytoplankton significantly decreased in the short-

term (from D01 to D08), while the abundance of picophytoplankton increased. In the long-

term, all size fractions bloomed, cell concentrations reaching 3 107 cells L-1 for 

picophytoplankton and 2.5 and 4 105 cells L-1 for nano- and microphytoplankton, respectively 

(ANOVA, p < 0.01, N = 12). The abundances and Chl a concentrations of the nano- and micro-

sized fractions were negatively correlated with nitrogen nutrients (rs = -0.56 - -0.64, p<0.05), 

phosphorous (rs = -0.80 - -0.95, p<0.01) and silicates (rs = -0.75 - -0.86, p<0.01), while the 

abundance and biomass of picophytoplankton were not correlated with any nutrient. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapitre V: Article 3 

160 

 

-a- 

 

-b- 

 

 

Figure V.3. Evolution of the biomass (a) and abundance (b) of three phytoplankton size 

fractions following the oil spill incident (depth-averaged values ± SD, N = 

12). 
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Phytoplankton community composition 

Microphytoplankton was dominated by diatoms (98-99%) throughout the sampling 

period. Its community composition changed in the days following the oil spill. Centric diatoms 

formed 34% of microphytoplankton on D01, but their contribution decreased until D08, when 

pennate diatoms formed almost all micro-sized cells (91% of microphytoplankton abundance). 

Centric diatoms became an important component again (40%) on D18 (Figure V.4a). 

Furthermore, the species composition of each diatom group changed remarkably over time. The 

pennate diatom community on D01 was mainly represented by Pseudo-nitzschia (42%) and 

Nitzscha (25%) species, and Asterionellopsis glacialis and Thalassionema spp to a lesser extent 

( 10% each). Nitzschia and Pseudo-nitzschia species remained important taxa on D04, and the 

Nitzshia genus was dominant on D08 (82%). In contrast, A. glacialis bloomed on D18 (2 105 

cells L-1) and largely dominated the community (87%) (Figure V.4b). The abundance of this 

species was negatively correlated with the N and Si nutrient concentrations (rs = -0.643 - -0.699, 

p<0.05). For centric diatoms, Leptocylindrus and Dactyliosolen formed 66% and 24% of the 

community on D01, respectively. Then, Leptocylindrus grew more and more abundant until 

they formed almost the entire centric group on D18 (96%) (Figure V.4c).  

The community composition of nanophytoplankton also changed over time after the oil 

spill (Figure V. 5). From D01 to D08, the community was dominated by phytoflagellates (86-

92% of nanophytoplankton abundance) – mainly cryptophyceae, mostly represented by Hillea 

fusiformis and H. marina. Chrysophyceae (mainly Micromonas pusilla) and Prymnesiophyceae 

(mainly Imantonia rotunda) had a relatively important contribution on D01 (12-20%), but 

decreased to only 1-5% of nanophytoplankton on D08. The 2-10 µm diatoms, represented by 

centric Chaetoceros species, only represented 8-13% of nanophytoplankton from D01 to D08. 

On D18, these species bloomed (1.3 105 cells L-1) and co-dominated the nanophytoplankton 

community (52%) along with phytoflagellates.  
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Figure V. 4. Composition of micro-sized diatoms (a), pennate diatoms (b) and centric 

diatoms (c) in the days following the oil spill. 
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Figure V. 5. Composition of nanophytoplankton in the days following the oil spill. 

 

MDS analysis 

The changes in the microphytoplankton and nanophytoplankton communities following 

the oil spill were confirmed by the NMDS analysis (Figure V. 6). Three clusters were observed 

for each community. The first cluster grouped all D01replicates, the second was represented by 

all D04 and D08 replicates, and the last one was composed of the D18 replicates. Moreover, 

the dissimilarity of communities was low between D04 and D08 (41-44%), but high between 

D01, D04/D08 and D18 (Table S1).  
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Figure V. 6. Non-metric MDS ordination of nanophytoplankton (a) and 

microphytoplankton (b) species abundance data collected from D01 to D18 

after the oil spill incident. 

 

Diversity indexes 

Oil pollution had a marked effect on all diversity indexes 18 days after the accident. The 

species richness index (S) marked a significant decrease on D18 relatively to the other days 

(ANOVA, p<0.01, N=12) (Figure V. 7a). The Shannon-Wiener index (H’) and the evenness (J) 

recorded on D01 and D04 were not significantly different, but decreased on D08 and were 

lowest on D18 (ANOVA, p<0.01, N=12) (Figure V. 7b, c). 
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Figure V. 7. Evolution of diversity indexes (a: species richness, S; b: Shannon-Wiener’s 

diversity index, H’; c: evenness, J) calculated for the > 2 µm phytoplankton 

community from D01 to D18 after the oil spill incident (means  SD, N=12). 

 

Discussion 

Several oil spills have occurred in different marine ecosystems around the world in the 

last 30 years (Varela et al. 2006; Soto et al. 2014; Duda and Wawruch 2017; Tang et al. 2019). 

Assessing the effects of these accidents on marine phytoplankton is crucial, considering its basic 

status in marine food webs and its determining role in material and energy fluxes. Reports on 

in situ phytoplankton community changes at the early stages of an oil spill and throughout its 

evolution are rare, even if abundant data from experiments with single species or natural 

communities are available (Varela et al. 2006; González et al. 2009; Bretherton et al. 2019a, 
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2020; Putzeys et al. 2022). Microbial communities are rapidly altered after an oil spill incident 

(Gemmell et al. 2018), so that early monitoring is efficient when in-situ responses to oil 

pollution are targeted. Therefore, to improve knowledge on the effects of oil spills, it is 

important to consider rapid and longer responses of in situ phytoplankton following an oil leak. 

This work presents first field data on the responses of a coastal phytoplankton community to an 

oil spill from the early stage (the first days) up to a few weeks in the south-western 

Mediterranean Sea.  

The oil leak site was located in the Bay of Bizerte, while the sampling station was located 

in the Channel of Bizerte (Figure V.1). The wind direction and speed moved the oil slick 

towards the Bizerte City coast and to the Channel. This was reflected by the presence of PAHs 

in the sampling station 8 days after the spill. Referring to the WHO 1997 standard (700 ng L-

1), seawater was moderately contaminated (PAHs 130 ng L-1). Some of the measured PAHs 

(chrysene, fluoranthene, naphthalene, phenanthrene) could have a toxic effect on phytoplankton 

even at low concentrations (Echeveste et al. 2010a, 2010b; Ben Othman et al. 2017). The water 

concentrations of PAHs measured on D08 have certainly been diluted. Therefore, higher levels 

would have been measured on D01 and D04 if sampled, and phytoplankton was most probably 

exposed to higher concentrations on D01 and D04 than those measured on D08. PAH levels 

were much higher in sediment (PAHs = 1222 ng g-1 dry sediment, Table V. 1) than in seawater. 

As a result of their hydrophobic nature, PAHs are known to be sequestered within sediment 

(Mille et al. 2007; Bradshaw et al. 2012). Historical data showed that the sediment of Bizerte 

Channel had been exposed to PAH contamination, but at levels much lower than those recorded 

after this oil spill (394.1 ng g-1 dry sediment, Barhoumi et al. 2014).  

Impact of oil on the growth of size-fractioned phytoplankton 

Phytoplankton is known to respond rapidly to oil pollution and to the most toxic 

components of oil – PAHs (Ohwada et al. 2003; González et al. 2009; Gemmell et al. 2018). 

Our results also showed that phytoplankton displayed significant changes in biomass and 

abundance following the oil spill. However, the three size fractions exhibited different 

responses, confirming that cell size is important in determining the reaction of phytoplankton 

to oil and PAH pollution (Echeveste et al. 2010a, 2010b; Ben Othman et al. 2012; Bretherthon 

et al. 2020). Moreover, the observed changes in biomass and abundance varied over time after 

the oil spill. The biomasses and abundances of nano- and micro-phytoplankton significantly 

decreased on D04 and D08 relatively to D01 (Figure V.3a, b). Short-term negative effects of 

oil and PAHs on large phytoplankton have been reported, and their toxicity on the 
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photosynthetic activity, growth and biomass of phytoplankton is well documented (Djomo et 

al. 2004; González et al. 2009; Paul et al. 2013; Ben Othman et al. 2018). PAHs can alter 

photosystem II functioning and reduce the fluorescence yield in several marine phytoplankton 

species (Aksmann and Tukaj 2008; Ben Othman et al. 2023). In addition to the toxicity of 

petroleum hydrocarbons, the presence of an oil slick on the water surface during the first week 

of sampling (Figure V.1) reduced light penetration and indirectly inhibited phytoplankton 

growth. Conversely, nearly three weeks after the oil spill (D18), a positive effect was observed 

on large phytoplankton (> 2 µm), which bloomed and reached high concentrations (2.5-4 105 

cells L-1, Figure V.3a, b). Our results are in agreement with previous studies reporting a reduced 

phytoplankton concentration in the short term, but phytoplankton outbreaks (particularly for 

large species such as diatoms) in the long term (Taş et al. 2011; Sheng et al. 2011; Pan et al. 

2012; Ozhan et al. 2014). On D18, the oil in the sampled station had been easily dispersed by 

the hydrological conditions encountered in mid-autumn (wind, water mass movements), and its 

negative effect on phytoplankton was ultimately reduced. Therefore, the regrowth of nano- and 

microphytoplankton on D18 could be mainly due to the return of a long-term favourable 

situation in the station, particularly light conditions. D18 was indeed characterised by the lowest 

turbidity (Table V. 2, Figure V.2) and by seawater that had recovered its colour and smell of 

before the accident. D18 also coincided with the lowest nutrient concentrations (Table V. 2, 

Figure V.2), which may reflect their absorption during phytoplankton regrowth. Moreover, 

nano- and microphytoplankton biomasses and abundances were negatively correlated with all 

nutrients. The recovery of large-sized phytoplankton growth may also have been due to a 

change in the community structure. Ben Othman et al. (2018) have shown that resumption of 

phytoplankton growth under PAH contamination coincided with significant change in 

community composition.  

Smaller phytoplankton species are traditionally reported to be more sensitive than large 

ones to pollutants like oil compounds because of their higher surface-to-volume ratio 

(Echeveste et al. 2011; Ben Othman et al. 2012), and significant decreases in their abundance 

and growth are generally reported after PAH exposure (Kottuparambil and Augusti 2018; 

Ashok and Augusti 2022). On the contrary, the biomass and abundance of picophytoplankton 

was stimulated after the oil pollution event of Bizerte, even when an oil film covered the surface 

water of the station (on D04 and D08, Figure V.3). Our results are in agreement with other 

studies showing proliferation of small phytoplankton after an oil spill incident (González et al. 

2009; Huang et al. 2011). Quigg et al. (2021) argued that the dominance of small phytoplankton 

following an oil spill is related to their higher growth rate than that of large cells. However, the 
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increase of picophytoplankton could be considered as result of the release from grazing of 

sensitive grazers, such as heterotrophic nanoflagellates (Johansson et al. 1980; Almeda et al. 

2018; Gemmell et al. 2018). Additionally, correlations between picophytoplankton and abiotic 

factors (nutrients) were absent, suggesting that pico-sized biomass may be more controlled by 

biotic factors such as zooplankton grazing. Concomitantly with our work, Chkili et al. 

(submitted) investigated the protozooplanktonic community and its grazing rate, and reported 

a net decrease in grazing mortality rate of picophytoplankton, with the absence of their potential 

heterotrophic nanoflagellate grazers from D08.  

The different responses of small and large phytoplankton to the oil spill were followed 

by a shift in the phytoplankton size structure from dominant micro-sized cells on D01 (61% of 

Chl a) to pico-sized cells on D18 (60% of Chl a). This change could influence the grazer 

community and ultimately the food web structure.  

Impact of oil on the phytoplankton community composition 

The oil spill had a clear effect on the community composition of nano- and 

microphytoplankton, which changed differentially in the short and long terms (Figures V. 4, 5, 

6).  

Short-term impact. In the short term, the compositions of the two communities showed 

high dissimilarity on D01 relative to D04 and D08 (Table A1). During this short period, the 

presence of petroleum slick in the station (Figure V.1) was accompanied by a decrease in the 

abundance and biomass of nano- and micro-sized cells, but some species maintained their 

growth. This indicates a growth inhibition of sensitive species and a possible selection of 

pollutant tolerant species following the oil spill in short-term.  

As regards microphytoplankton, diatoms were the main species on D01 and remained 

dominant on D04 and D08 despite the presence of oil in the station. The ability of diatoms to 

resist oil spills is documented. The presence of the silica frustule can protect them from the 

lethal effect of oil and confer them a better chance to survive than the naked phytoplankton 

cells do (Ikavalko 2005; Varela et al. 2006; Hallare et al. 2011; Ozhan et al. 2014; Parsons et 

al. 2015). Bopp and Lettieri (2007) have demonstrated a down-regulation of genes, which play 

an important role in the formation of the silica shell of diatoms (e.g. sil3), after exposure to 

PAH mixtures. However, others researchers showed that diatoms are more affected by oil than 

phytoflagellates and dinoflagellates (Mishamandani et al. 2015; Taş et al. 2011; Fiori et al. 

2016). In fact, the response of coastal diatoms to oil is clearly size-dependent. Small diatoms 

(<20 mm) are apparently stimulated by oil, whereas large diatoms (>20 µm) are negatively 
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affected by high oil concentrations (González et al. 2009). Furthermore, when Bretherton et al. 

(2020) assessed the role of different physiological traits in the response of various 

phytoplankton taxa to oil, cell size was most important in determining the biomass response to 

oil. In our study, there was a decrease from D01 to D08 in the abundance of centric diatoms, 

which were dominated by small Leptocylindrus species (mean length/width ratio 35 µm / 3 µm) 

(Figure V. 4c), at the expense of pennate diatoms whose contribution increased gradually to 

form almost all microphytoplankton on D08 (90%; Figure V. 4a). Large Pseudo-nitzschia and 

Nitzschia species (length/width ratio ranges 45-108 µm / 3-13 µm) were the main taxa on D01 

and D04, and Nitzschia spp. formed 91% of pennate diatoms on D08 (Figure V. 4b). Our results 

are in line with those of Bretherton et al. (2019a) showing the dominance of the Pseudo-

nitzschia genus after 3 days of oil exposure. The tolerance of pennate diatoms to toxic petroleum 

products may be explained genetically, since they are known to be more tolerant than other 

diatoms to oil compounds (Ozhan and Bargu 2014; Bretherton et al. 2019b). Furthermore, 

Melliti Ben Garali et al. (2021) provided the first evidence that two Pseudo-nitzschia species 

isolated from the Channel and Lagoon of Bizerte could tolerate a 15-PAH mixture by enhancing 

their biovolume, and were even able to bioconcentrate PAHs and degrade them, probably in 

synergy with their associated bacteria. Phytoplankton (including diatoms) can release 

extracellular polymeric substances (EPS) during environmental stress, e.g., oil exposure (Sun 

et al. 2018; Kamalanathan et al. 2019). The bacteria associated to phytoplankton can influence 

EPS production, and phytoplankton can in turn alter the bacterial community (Kamalanathan et 

al. 2019). Therefore, the phytoplankton-bacteria association can undoubtedly play an important 

role in phytoplankton resistance to oil. A benthic diatom and its associated bacteria isolated 

from a station close to Bizerte Channel have been found efficient in removing benzo(a)pyrene 

and fluoranthene (Kahla et al. 2021). All these findings clearly suggest that Nitzschia and 

Pseudo-nitzschia species from our study site, where previous PAH contamination has been 

reported (Lafabrie et al. 2013; Bancon-Montigny et al. 2019) have developed tolerance to PAHs 

through adaptation mechanisms that make them physiologically able to resist oil pollution. The 

trophic mode might also influence the sensitivity of phytoplankton to contaminants, including 

oil compounds. Conversely to autotrophic species, mixotrophic or heterotrophic diatoms can 

rely on sources of organic carbon to grow and to decrease their dependence on photosynthesis, 

so that they can better withstand contaminant toxicity (Debenest et al. 2009; Larras et al. 2012; 

Brethertron et al. 2021). Interestingly, heterotrophy has been reported for some Peudo-nitzschia 

species (Mengelt and Prezelin 2005; Loureiro et al. 2009), including species from the present 

study site (Melliti Ben Garali et al. 2016). Our results suggest that diatoms are resistant to 

https://link.springer.com/article/10.1007/s11356-015-5430-6#ref-CR11
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hydrocarbons and that certain species – e.g., members of the Pseudo-nitzschia and Nitzschia 

genera – may grow under oil contamination conditions. This is of particular interest given the 

fact that several species within these genera are known to produce the neurotoxin domoïc acid, 

including strains from the Bizerte waters (Bouchouicha Smida et al. 2014a; Sakka Halili et al. 

2016). Blooms of Pseudo-nitzschia and Nitzschia are a known fact in the Lagoon and Channel 

of Bizerte (Sahraoui et al. 2012; Bouchouicha Smida et al. 2014b; Melliti Ben Garali et al. 

2020). Oil hydrocarbon pollution can promote the growth of these diatoms and could increase 

the frequency of toxic blooms in these coastal waters, which are chronically prone to this kind 

of pollution.  

As regards nanophytoplankton, cryptophyceae (dominated by H. fusiformis and H. 

marina) were the main taxa during the presence of oil silk from D01 to D08 (Figure V. 5). This 

is not in agreement with the observation of Brussaard et al. (2016), who reported the 

disappearance of this phytoplankton group after short-term exposure to oil. The major short-

term change within nanophytoplankton observed in our study was the decrease of 

chrysophyceae (mainly M. pusilla) and prymnesiophyceae (mainly I. rotunda) (Figure V. 5). 

M. pusilla has been found sensitive to oil (Bretherton et al. 2020), or not (Brussaard et al. 2016), 

and a beneficial effect of oil exposure on chrysophyceae has even been found (Finkel et al. 

2020). However, prymnesiophyceae can be a dominant group after an oil spill (Brussaard et al. 

2016). In fact, the sensitivity of phytoplankton to oil is largely species dependent, since toxic 

oil compounds can affect different cellular and molecular targets (Ozhan et al. 2014; 

Kamalanathan et al. 2021, 2022). Furthermore, species can have differential core metabolism 

plasticity to counteract oil-induced oxidative stress and thus can modulate their tolerance to oil 

exposure (Kamalanathan et al. 2021, 2022).  

Long-term impact. The community compositions of micro- and nanophytoplankton on 

D18 greatly differed from those of the other day (Table S1, Figures V. 4, 5, 6). On D18, the 

wide regrowth of both size fractions (Figure V.3) coincided with significant changes in the 

community composition, as speculated. For microphytoplankton, centric diatoms were more 

abundant after 18 days and formed 40% of the community, although the community structure 

did not change that much since Leptocylindrus spp. remained the dominant taxon (Figure V. 

4c). Centric diatoms have been reported to be faster growing species than pennate diatoms after 

a long post-spill period (Verlecar et al. 2006; Hallare et al. 2011). In the present study, pennate 

diatoms remained an important component of microphytoplankton, but the community changed 

deeply: A. glacialis had a low contribution from D01 to D08 (8-11%), but proliferated (2 105 

cells L-1) and became dominant on D18 (87%) (Figure V. 4b). Gallo et al. (2016) reported a 



Chapitre V: Article 3 

171 

dominance of A. glacialis under increased levels of CO2 in seawater, while Sahu et al. (2022) 

found that its development can be supported by salinity and a high nitrogen concentration. , the 

return of favourable environmental factors in our study site in the longer term may be 

responsible for  A. glacialis development. The species abundance was negatively correlated 

with the N and Si concentrations, indicating their utilization during the A. glacialis increase.  

As regards nanophytoplankton, the Chaetoceros spp. bloom (1.3 105 cells L-1) was the 

most significant change observed after 18 days of oil spill (Figure V. 5). The growth of these 

red tide organisms was recently found stimulated after 10 and 14 days of oil exposure (Lv et al. 

2023). Nutrients – phosphorous in particular – are considered the main regulating factors of 

Chaetoceros species growth (Shevchenko et al. 2006; Silkin et al. 2011). During our study, 

phosphorous seemed to support the proliferation of Chaetoceros spp., since the abundance of 

these organisms was negatively correlated with P concentrations (rs = -0.699, P < 0.05). 

Species succession after an oil spill might also be related to different sensitivity levels to 

hydrocarbons (Sargian et al. 2007; Huang et al. 2011; Hemmer et al. 2011). Dominant species 

after several days of oil exposure can be considered more sensitive than species growing in the 

presence of high amounts of oil. In our study, A. glacialis and Chaetoceros spp, which can be 

sensitive to oil pollutants, dominated on D18 and took the place of Nitzchia and Pseudo-

nitzschia species, which can resist to hydrocarbons as discussed above. Another reason might 

be that A. glacialis and Chaetoceros spp could outcompete and eliminate other species via 

allelopathic mechanisms, and become more competitive for resources (nutrients, light), hence 

their better growth. Allelopathy plays a significant role in the dominance, succession, and 

formation of natural diatom communities (Leflaive and Ten Hage 2009; Zhang et al. 2019). 

Additionally, the difference in the diatom community composition after long-term oil pollution 

could be partially due to indirect trophic interactions because herbivorous zooplankton is 

sensitive to oil compounds (Hjorth et al. 2007; González et al. 2009; Almeda et al. 2014). For 

one reason or another, our results clearly showed that the oil spill was followed by a profound 

change in the phytoplankton community composition after 18 days. This modification was 

accompanied by a significant decrease in the diversity indexes (S, H’ and J, Figure V. 7), which 

reinforces the fact that oil spillage has deep effects on the structure of primary producers. Huang 

et al. (2010) also observed a drop in biodiversity and in the number and evenness of 

phytoplankton species after 15 days of crude oil exposure during different seasons.  
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Conclusion 

This study highlights the importance of sampling at different stages of an oil spill because 

phytoplankton displays various responses throughout the evolution of an oil incident. The size 

structure and species composition of phytoplankton observed in the days following initial oil 

exposure were quite different from those in the longer term. Picophytoplankton proliferated, 

possibly thanks to decreased grazing due to oil poisoning of its potential consumers like 

heterotrophic nanoflagellates (Chkili et al. submitted). In contrast, large phytoplankton 

decreased in the short term and bloomed after 18 days. The dominance of pennate diatoms of 

the genera Pseudo-nitschia and Nitzschia in the presence of the oil slick could be related to the 

high tolerance of these species to oil hydrocarbon components. This re-confirms previous 

observations in the study area that hydrocarbon pollution could increase the likelihood of 

blooms of toxic diatoms. Our results demonstrate that even small oil spills may have short- and 

long-term effects on phytoplankton, and their recurrent nature in coastal waters may affect 

ecosystem functioning. Further research is needed to investigate the chronic impact of oil on 

coastal ecosystems.  
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ABSTRACT 

We examined the effect of oil spill on protozooplankton community structure and feeding 

activity as well as on size-fractioned phytoplankton in the south-western coast of 

Mediterranean. Plankton communities were monitored on 1st, 4th, 8th and 18th days of the 

“Bizerte City” oil leak and dilution experiments were carried out on the same days. Results 

showed significant decrease in growth and carbon biomass for nano- and microphytoplankton 

in short term (i.e. 1-8 days) and a regrowth on 18th day. In contrast, picophytoplankton displayed 

a short-term enhancement of growth and biomass and a high biomass accumulation on 18th day. 

The protozooplankton community structure has changed throughout the oil spill toward a 

dominance of mixotrophic dinoflagellates (mainly Heterocapsa) in the detriment of a decrease 

in heterotrophic organisms (such as Gyrodinium and Protoperidinium). Ciliate (mainly 

Strombidium) showed a short-term decrease but a recovery on 18th day, while heterotrophic 

nanoflagellates were more vulnerable to oil toxicity and disappeared from 8th day. Grazing rates 

presented similar temporal evolution as growth rates for nano- and microphytoplankton but 

there was a de-coupling between both rates for picophytoplankton, promoting the pico-algal 

biomass. Consequently, rates of carbon production and consumption for the different size 

fractions of phytoplankton have varied following the oil contamination. The integration of these 

oil-altered rates into linear inverse models of carbon flux showed a clear shift in food-web 

structure, from the herbivorous (1st day) to the multivorous (4th and 8th day) until the microbial 

(18th day) pathways, which implies different efficiencies in carbon export throughout the oil 

spill. Our study highlights that field sampling and experiments combined with modelling can 

give new insights on the impact of oil spill on trophic interactions, food-web structure and 

carrying capacity of the system.  

Keywords: Oil spill, phytoplankton, protozooplankton, growth and grazing rates, food-web 

models, South-western Mediterranean. 
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1. Introduction 

Petroleum activities, particularly oil production and transportation, result in several oil spills, 

which have adverse effects on marine ecosystems and can cause significant damages resulting 

in loss of biodiversity and disruption of the environmental balance (Kennish, 1996; 

Gugliermetti et al., 2007; Zhu et al., 2011; Barron, 2012; White et al., 2012).  

Several works have evaluated the impacts of oil spills on planktonic organisms, since they 

are responsible for the majority of biological processes in marine ecosystems (González et al., 

2009; Ozhan et al., 2014; Almeda et al., 2014a, 2016, 2018; Severin et al., 2016; Bretherton et 

al., 2019; Quigg et al., 2021). Oil can cause both short and long term damages to plankton 

organisms by its most toxic compounds, i.e. polycyclic aromatic hydrocarbons (PAHs), which 

soluble fraction remains in seawater for an extended period of time (González et al., 2006; 

Kryzevicius et al., 2020). Studies on plankton responses to oil spills have focused particularly 

on phytoplankton, given its basic status of primary producer that provide the energy and matter, 

via its photosynthesis, to marine food webs (Jiang et al., 2012; Ozhan et al., 2014; Almeda et 

al., 2016; Bretherton et al., 2018; Putzeys et al., 2022). Contrasting results of oil contamination 

on phytoplankton were obtained. Many studies have reported that oil has a toxic effect on 

phytoplankton growth and photosynthetic activity, with shift in community structure from 

diatoms to phytoflagellates dominance (Parsons et al., 2015; Fiori et al., 2016; Bretherton et al., 

2018). However, others demonstrated that the presence of oil can stimulate phytoplankton and 

that diatoms can tolerate the toxic oil compounds (González et al., 2009; Ozhan et al., 2014; 

Bretherton et al., 2020). Authors stated that phytoplankton oil response varied according to the 

oil type and concentration, community composition and specie sensitivity(Huang et al., 2011; 

Ozhan et al., 2014), which is related to cell size, motility, mixotrophy and metabolism plasticity 

(Bretherton et al., 2020; Kamalanathan et al., 2021). The effects of oil spills on bacteria are also 

documented  (Coral and Karagoz, 2005; Kostka et al., 2011; Bælum et al., 2012; Wanjohi et 

al., 2015; Bacosa et al., 2015). It has been shown that bacterial community has the ability to 

rapidly adapt to oil spills through the selective development of oil degraders. Coral and 

Karagoz, 2005 revealed the use of carbon-rich oil by bacteria to satisfy their cell growth and 

energy requirements. Wanjohi et al., 2015 reported that hydrocarbon-degrading bacteria can be 

applied to remediate the oil-contaminated environments. Others studies have also showed that 

phytoplankton interact strongly with their associated bacteria to co-metabolize PAHs (Severin 

and Erdner, 2019; Kahla et al., 2021). 
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Protozooplankton has received comparatively little attention in the oil spill studies 

(Almeda et al., 2014b, 2016, 2018). Yet, many authors consider that decreased top-down 

control, due to hydrocarbon poisoning of sensitive grazers, is a major contributing factor to the 

increase in population and diversification of marine phytoplankton following an oil spill event 

(Johansson et al., 1980; Hjorth et al., 2007; Gemmell et al., 2018). Recently, (Tang and Buskey, 

2022a) reported effectively a de-coupling between phytoplankton growth and protozooplankton 

grazing following crude oil exposure, which can promote the formation of phytoplankton 

blooms after oil spill events. Protozooplankton, including heterotrophic ciliates, heterotrophic 

and mixotrophic dinoflagellates and heterotrophic nanoflagellates (HNF), form a key 

component of the marine plankton community and are an important grazer of the bacterial and 

phytoplankton biomasses (Poulsen and Reuss, 2002; Calbet and Landry, 2004; Pecqueur et al., 

2022; Kosiba and Krztoń, 2022). Protozooplankton represent an important link between the 

microbial loop and higher trophic levels (Montagnes et al., 2010; Sommer et al., 2012; Agasild 

et al., 2013; Kosiba et al., 2017) and has a key role in enhancing the food quality of 

metazooplankton and fish as essential contributor to the diet of these components (Holt and 

Holt, 2000; Calbet and Saiz, 2005). Current knowledge of oil contamination effect on 

protozooplankton are also contradictory. Some studies reported a stimulatory effect of oil 

exposure on tintinnid ciliates (Dale, 1987, 1988) and bacterivorous nanoflagellates (Jung et al., 

2012). In contrast, heterotrophic ciliates, including loricate and aloricates organisms, and 

heterotrophic dinoflagellates are highly sensitive to crude oil and their abundances decrease 

with increasing oil concentration(Almeda et al., 2014b; Gemmell et al., 2018), while growth of 

mixotrophic dinoflagellates is either unaffected or stimulated (Almeda et al., 2016, 2018). 

Toxic oil compounds may also decrease the abundance of HNF (Almeda et al., 2018). These 

protozooplankton groups have different feeding behavior and preference and play different 

roles in marine food webs. Herbivorous organisms, such as dinoflagellates and tintinnid ciliates, 

are able to consume large phytoplankton and their grazing impact could be higher than 

metazooplankton, thus constituting major component in the herbivorous food web, with 

efficient carbon transfer to higher consumers(Sakka Hlaili et al., 2007, 2014; Stibor et al., 

2019). Conversely, microbivorous protozooplankton, such as HNF, small dinoflagellates and 

aloricate ciliates, are important grazers of bacteria and small phytoplankton and play crucial 

role within the microbial loop and microbial food web, with a high recycling activity and lower 

amount of channeled carbon (Legendre and Rassoulzadegan, 1996; Meddeb et al., 2018). 

Herbivorous and microbivorous protozooplankton can simultaneously play efficient role in 

transferring carbon throughout the multivorous food web (Legendre and Rassoulzadegan, 1996; 
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Chkili et al., 2023). It’s clear that the grazing of protozooplankton is a major ecological process 

that influence the type of food web structure and hence controls the carbon flow to higher 

consumers (Grami et al., 2008a; Sakka Hlaili et al., 2014; Meddeb et al., 2019). Shifts in feeding 

and structure of protozooplankton in response to oil contamination can deeply alter the carbon 

transfer through marine food webs. Unfortunately, although previous study focused on oil-

responses of the abundance and composition of planktonic organisms, there is still gaps about 

the effect of oil spill on trophic interactions and carbon transfer pathways. Thereby, it is 

necessary to take into account the responses of protozooplankton to oil spills, at structural scale 

and especially at the functional scale (i.e. grazing activity), to better understand the ecological 

impact of these events on the functioning of the ecosystem.  

To establish the functioning of marine ecosystems and to predict their responses to diverse 

environmental and anthropogenic stress, such as oil spills, it is relevant to use food web models, 

which provide integrated and concise information on the cycling of materials and flow of energy 

(Forest et al., 2011; Thompson et al., 2012; Meddeb et al., 2019). Indeed, these models include 

field data on different planktonic compartments (i.e. bacteria, phytoplankton size fractions, 

protozooplankton and metazooplankton), non-living compartments (i.e. dissolved organic 

carbon and detritus) and take into account the interactions between these compartments (Joint 

and Morris, 1982; Landry et al., 2020). Several modelling methods have been developed to 

characterize marine food webs. The linear inverse model (LIM), as defined by (Vézina and 

Piatt, 1988a), is a useful method in the study of marine ecosystem functioning that allows the 

estimation of unknown trophic flows among different compartments of food web (Niquil et al., 

2011; Pacella et al., 2013; Taffi et al., 2015; Hines et al., 2018). This method was innovated 

into the LIM Markov Chain Monte Carlo method (LIM-MCMC; Van den Meersche et al., 2009) 

which is nowadays considered among the most accurate approaches, allowing to estimate the 

uncertainties associated to each flow. 

The inverse food web models have been previously used in order to assess environmental or 

human pressures on the structure and function of the planktonic food web. They were applied 

in evaluating the impact of climate change, polychlorinated biphenyls bioaccumulation (PCBs) 

and even cumulative impacts such as offshore wind farms combined with climate change 

(Forest et al., 2011; Taffi et al., 2015; Nogues et al., 2021). Meddeb et al., 2018 have also used 

the LIM-MCMC analysis to depict change in ecosystem functioning in three Mediterranean 

coastal regions with different anthropogenic pressure. However, few studies have used this 

integrative method in a pollution context. Recently, Chkili et al. (submitted), based on trophic 
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models combined with ecological nethwork analysis, showed that the structural and functional 

properties of the ecosystem change according to the phosphogypsum pollution in the Gulf of 

Gabès (South-astern Mdietrranean). Thus, it is clear that food-web models could constitute a 

powerful approach to analyze consequence of oil spill on the entire ecosystem  

The “Bizerte City” oil spill occurred on 4 October 2018 due to the cracking of a crude oil 

tank belonging to the Tunisian Society of Refining Industries (STIR) that released 7 tons oil. 

This accident caused significant contamination of water and sediment by PAHs. The spill 

impact extended to 5 km away from to the source of oil leak, and the oil slick has been directed 

towards the Channel of Bizerte and then entered to the Bizerte Lagoon (Figure.V A1). A 

planktonic community monitoring was carried out during 4 days from the 1st day after the oil 

spill to the 18th day. A previous study (Grami et al., submitted) looked at the short (i.e. 1, 4 and 

8 days) and long-term (i.e. 18 days) responses of natural phytoplankton community to this oil 

accident. Results showed that biomass of picophytoplankton largely increased but that of large 

phytoplankton decrease after few days of oil leak, whereas in long-term, biomasses of all size 

fractions were enhanced. Furthermore, this enhancement was associated with a shift in species 

composition of large phytoplankton. In the present study, we assess effects of this oil 

contamination on the community structure of protozooplankton and its grazing activity, as well 

as phytoplankton growth on the same days. Also, the study tries for the first time to describe 

how the planktonic food web evolves during the various days of an oil spill, by integrating 

observed change of phytoplankton production and protozooplankton feeding into inverse 

models of carbon flux.  

2. Materials and Methods 

2.1. Water sampling and analyses 

Water sampling was carried out in a station (37°16'07.9"N 9°52'44.7"E ; maximal depth 

7 m) located in the Bizerte Channel, which was affected by the oil slick (Fig. S1), during 

different days (D01, D04, D08 and D18) after the oil spill. The Bizerte Channel connects the 

Lagoon to the Mediterranean Sea and harbors eutrophicated waters (34.40 N µM, 1.30 P µM, 

1.20 Si µM and 6.20 mg Chl a m-3, Sahraoui et al., 2012). Chemical contamination by several 

metals (notably Zn, Cr and Pb, 85-228 mg g-1 dry sediment) and PAHs (21-772 µg g-1 dry 

sediment) was also reported for the Channel (Pringault et al., 2016b). During our study, 
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concentrations of PAHs in seawater of the sampling station were measured after 8 days of the 

oil spill. Details of the analytical method can be found in Grami et al. (Submitted). Seawater 

was collected over the water column with a submersible pump and then filtered through 200 

µm mesh screen (to remove meta- and macroplankton).and stored in polyethylene containers. 

Water temperature and salinity were measured in situ with microprocessor conductivity meter 

(LF 196). pH was measured in situ with a multi-probe sensor (Multi 1970i, WTW) while 

turbidity was determined using a turbidimeter (Turb350IR). Value of these environmental 

parameters were reported in Table V. 3. Samples for phytoplankton and protozooplankton 

analyses were also taken.  

Table V. 3. Environmental parameters and phytoplankton biomasses during different days 

following the “Bizerte City” oil spill (Mean ± SD, N = 12)  

 

Samples (2 mL, in triplicates) for picophytoplankton (< 2 µm) were analyzed using the 

CyFlow® Space flow cytometer method (Partec). Prior to analysis, samples were filtered 

through 30 µm pore filters and enriched with 1 and 2 µm diameter fluorescent beads 

(Polysciences, Inc) as internal cell size standards. Trucount™ beads were also added to 

accurately estimate the volume of each sample (BD-Biosciences). Picoprokaryotes and 

picoeukaryotes were identified and counted based on their relative forward scatter (FSC) and 

phycoerythrin orange fluorescence (at 488 nm) and Chl a red fluorescence (at 638 nm), 

respectively. Cell volumes were determined using equivalent diameters estimated from flow 

cytometry. Cell carbon of picophytoplankton  (pg C cell−1) was determined using the conversion 

carbon factors of 0.22 pg C μm−3 for prokaryotes and 0.22 pg C cell−1 for eukaryotes (Sakka 

Hlaili et al., 2008). Biomass of picophytoplankton (mg C m−3) was estimated by multiplying 

their cell carbon by their abundance. Samples (100 mL, in triplicate) of phytoplankton (i.e. 

nano-sized cells: 2-10 µm and micro-sized cells: > 10 µm) were preserved with 3% acid Lugol 

solution (Parsons et al., 1984) and stored away from light. Phytoplankton abundances were 

determined under an inverted microscope (100× objectives) on 100 mL settled volumes (H. 

Utermöhl, 1931). At least 500 cells in each sample were counted. Cell volumes of nano- and 

 D01 D04 D08 D18 

Water temperature (oC) 22.00 ± 0.45 24.37 ± 0.31 24.57 ± 0.25  23.27 ± 0.31 

Salinity 37.20 ± 0.02 37.33 ± 0.05 37.47 ± 0.05 37.30 ± 0.1 

pH 8.20 ± 0.10 8.27 ± 0.12 8.26 ± 0.15 8.83 ± 0.11 

Turbidity (NTU) 4.22 ± 0.04 3.64 ± 0.04 3.28 ± 0.08 2.27 ± 0.08 
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microphytoplankton were calculated after measuring the cell dimension and applying standard 

geometric formulae to each taxon, as proposed by (Hillebrand et al., 1999). For diatoms, the 

plasma volume (Vp) was estimated by subtracting the vacuole volume assuming a layer 

thickness of 1 μm, and the C content was obtained using the formula of pg C cell−1 = 0.288 × 

Vp0.811 (Menden-Deuer and Lessard, 2000). For autotrophic flagellates, after estimating the cell 

volume (Vf, μm3), the C content was calculated as follows: pg C cells−1 = 0.216 × Vf0.939 

(Menden-Deuer and Lessard, 2000). Carbon biomasses (mg C m-3) of nano- and 

microphytoplankton was then determined by multiplying the carbon content of different taxa 

by their respective abundances. For each phytoplankton size fraction, carbon biomass (mg C m-

3) was multiplied by the depth of the station to get the biomass expressed in mg C m-2.  

For protozooplankton analysis, samples (100 mL, in triplicate) were preserved with 4% 

basic Lugol solution (Sherr and Sherr, 1993) and stored at room temperature in the dark. 

Protozooplankton abundance was determined under an inverted microscope (100 x objectives) 

on 100 ml decanted volumes (Lund et al., 1958). At least 200 cells in each sample were counted. 

In our study, protozooplankton was composed by heterotrophic nanoflagellates (HNF), 

heterotrophic ciliates (i.e. loricate and aloricate organisms) and dinoflagellates (i.e. 

heterotrophic and mixotrophic organisms) according to previous studies (Sakka Hlaili et al., 

2007; Jeong et al., 2010b; Boutrup et al., 2016). 

2.2. Estimation of protozooplankton grazing 

In parallel with sampling, dilution experiments (Landry and Hassett, 1982) were conducted in 

the same station in order to estimate the impacts of protozooplankton grazing on size fractioned 

phytoplankton, following different days after the oil spill (i.e. D01, D04, D08 and D18). The 

dilution technique is very useful, since it provides simultaneous estimations of growth and 

grazing rates and requires few manipulations of planktonic communities. It is widely used in 

different areas and contexts (i.e. coastal waters, polluted waters, open sea waters, etc. (Sakka 

Hlaili et al., 2008; Grinienė et al., 2016; Mejri Kousri et al., 2023) and even under influence of 

petroleum pollutants (Tang and Buskey, 2022b). Seawater was collected, as described for 

sampling, filtered through a 200 µm mesh screen and stored in polyethylene containers. A 

fraction of the collected seawater was filtered by gravity on sterile 0.2 µm filter capsule 

(polycap 75 AS) to prepare free-particle seawater. This latter was then mixed with the <200 µm 

prescreened seawater to obtain four dilutions factors (25, 50, 75, and 100% of < 200 µm filtered 

seawater). Triple 2 L polycarbonate bottles (Nalgene®) were used for each dilution factor, and 

all bottles were incubated in situ for one day (t = 1 d). Subsamples were taken from each dilution 



Chapitre V: Article 4 

182 

bottle at the beginning and the end of incubation to determine initial and final phytoplankton 

abundances, which were converted into carbon biomasses (C0 and Ct), as detailed above. No 

nutrient was added to the dilution bottles since seawater from the study site is rich by N and P 

year-round (Meddeb et al., 2019), and previous work in this area reported that nutrients have 

no effects of phytoplankton growth during dilution experiments (Sakka Hlaili et al., 2007, 2008; 

Meddeb et al., 2018).  

The apparent growth rate of phytoplankton (r, day-1) was calculated from the changes in carbon 

biomass during the incubation period as:  

𝑟(𝑑−1) = ln (
𝐶𝑡

𝐶0
⁄ ) × 𝑡−1 = 𝑘 − 𝑔 

 

where C0 and Ct are the initial and final carbon biomass (mg C m-3) of size fractioned 

phytoplankton  and t is the incubation duration (1 day). The coefficients r were plotted against 

the dilution factor, and a model I linear regression was used to estimate growth rates k (d-1) 

(i.e., the y-intercept that represented growth in 100% dilution in the absence of grazers) and the 

grazing coefficient g (d-1) (i.e., the slope of the regression line) (Landry and Hassett, 1982). The 

significance of the regression slope was statistically verified (student t-test, p < 0.05) for each 

phytoplankton size fraction.  

Growth (k) and grazing (g) rates were used to calculate rates of phytoplankton production (P) 

and consumption (G) according to the following equations (Meddeb et al., 2018; Chkili et al., 

2023): 

𝑃(𝑚𝑔 𝐶 𝑚−3 𝑑−1) = 𝑘 × 𝐶0[𝑒(𝑘−𝑔)𝑡 − 1]/(𝑘 − 𝑔 × 𝑡) 

and  

𝐺 (𝑚𝑔 𝐶 𝑚−3 𝑑−1) = 𝑔 × 𝐶0[𝑒(𝑘−𝑔)𝑡 − 1]/(𝑘 − 𝑔 × 𝑡) 

The production and consumption rates (P and G, mg C m-3 d-1) were multiplied by the sampling 

depth to determine the depth-integrated production and grazing rates (Pc and Gc, mg C m-2 d-

1). 

The percentage of production consumed is estimated as: 

%𝑃𝑔𝑟𝑎𝑧𝑒𝑑 𝑑−1 = (𝐺𝑐
𝑃𝑐⁄ ) × 100 
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2.3. Model development 

All models were built with R software using the LIM MCMC approach (Van den 

Meersche et al., 2009). This approach is based on four steps: (i) building an a priori model, (ii) 

setting up the equalities, (iii) setting up the inequalities, and (iv) calculating the possible 

solutions for each flux. 

2.3.1. A priori model 

The a priori model represents the planktonic compartments and all possible carbon fluxes 

(known and unknown) between them. Eight compartments were included in each day: BAC 

(bacteria), PIC (picophytoplankton), NAN (nanophytoplankton), MIC (microphytoplankton), 

PRO (mainly protozoans < 200 µm: HNF, dinoflagellates and ciliates), MET (mainly 

metazoans > 200 µm), DOC (dissolved organic carbon) and DET (detritus). The model included 

thirty-four flows between the compartments and the outside, except for days D08 and D18, for 

which we added a flow from PIC to LOS which was considered as a loss of PIC by advection 

(Figure V. 8), in order to balance the flows (because all PIC production could not possibly be 

maintained inside the planktonic system).  
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Figure V. 8. A priori model used to build the planktonic food web systems during 

different days after the oil spill. Heterotrophic bacteria = BAC, 

picophytoplankton < 2 µm = PIC, nanophytoplankton, 2–10 µm = NAN, 

microphytoplankton 20–200 µm = MIC, protozooplankton < 200 µm = 

PRO, metazooplankton >200 = MET, dissolved organic carbon = DOC and 

detritus = DET. 

The only source of carbon input to the network is the gross primary production (GPP) of 

the three phytoplankton size fractions (PIC, NAN and MIC). This carbon could be lost by 

respiration of all living compartments and sinking of most compartments except BAC, PIC and 

PRO. The consideration that the very small size of PIC and BAC does not allow them to 

generate a downward flow is assumed. We made an exception on days D08 and D18, with 

potential loss of PIC by advection of the non-consumed production. Dissolution of detritus, 

exudation of phytoplankton and excretion of zooplankton (i.e. PRO and MET) contribute to 

DOC production. All living compartments, except PIC and BAC, contributed to the generation 

of DET through mortality, production of faecal pellets by MET and sloppy feeding by 
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zooplankton. Concerning trophic interactions, BAC and all phytoplankton size fractions were 

consumed by PRO, while MET only consume NAN and MIC, because smaller cells (i.e. BAC 

and PIC) are inefficiently captured by MET (Fortier et al., 1994). PRO and DET contribute also 

to food source for MET. MET production is lost, consumed by organisms which are not 

planktonic. 

2.3.2. Equalities and inequalities 

The setting up of the equalities is an essential phase to establish the mass balances of the 

network. If the mass of the compartment is constant, or its variation negligible, during the period 

under consideration, the sum of the fluxes into the compartment should be equal to the sum of 

the fluxes out. Here, the daily variations of the biomass with respect to the daily flux values 

were neglected. A mass balance equation is written for each compartment (Table S1). The 

subsequent step is to impose ecological limits (maximum and/or minimum) for each unknown 

flux, which allows to reduce the range of possible solutions. The inequalities used are of two 

types of ranges. The first range considered the average value of the fluxes measured in field 

(i.e. production rates of BAC, PIC, NAN and MIC; grazing rates by PRO and MET, and vertical 

sinking of particles) (Table S2). These average values allowed the model to estimate the fluxes 

with uncertainty. For this reason, we proposed to define the minimum and the maximum value 

for each flux by considering as a confidence interval around the field data, the minimum and 

maximum of the mean value of each flux. A total of 13 inequalities derived from field 

measurements were considered for the four stations of the Gulf (Table S2). A second group of 

constraints was adopted from the literature to constrain the unknown fluxes (Vézina and Piatt, 

1988a; Steinberg et al., 2000; Vézina and Pahlow, 2003). These inequalities include the lower 

and/or upper limits of several processes: such as respiration of all living compartments; DOC 

production by phytoplankton, PRO, MET and BAC; production and dissolution of DET; growth 

efficiency of BAC, PRO and MET and assimilation efficiency of PRO and MET. For 

preferential ingestion of MET, we used diet constraints, based on the assumption that MET 

feeding depends on the availability of their prey, i.e., the abundance of a prey relative to other 

prey. Where prey and consumer are the biomass of the prey and consumer, respectively. The 

selection coefficient (SC) is set up to1 when there is no selection, 1.4 when we assume positive 

selection, and 0.6 when the selection is assumed negative (Table S3) (Haraldsson et al., 2018). 

Twenty six inequalities from this second group were applied in the model at four stations (Table 

S3).  
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2.3.3. Solutions 

The calculation of the unknown fluxes is the last step of the inverse analysis.  The LIM-

MCMC method was applied using the xsample function of the LimSolve R package, based on 

the mirror technique defined by (Van den Meersche et al., 2009). It allows the estimation of a 

sample of values for each unknown flux. A jump value of 10 mg C m-2 d-1 and 300,000 iterations 

were adopted to run the models to optimize the coverage of all possible solutions  

2.4. Food web typology ratio  

To describe the different interactions between compartments and identify the type of 

trophic pathway, (Sakka Hlaili et al., 2014) provided operational criteria based on Carbon flux 

ratios that can be easily estimated in the field. In our study, food web typology ratio R7 

(picophytoplankton net production divided by total phytoplankton net production) which 

discriminates between herbivorous (R7 ≤ 0.1), multivorous (R7: 0.1–0.6) and microbial food 

(R7: ≥ 0.6) was calculated from the flux data obtained by the models. 

2.5. Statistical analysis 
 

Statistical analyses were done using SPSS 18.0 statistical software for Windows. One-way 

ANOVA was used, after checking the normality of the distributions (Kolmogorov-Smirnov 

test) of the data as well as the homogeneity of variances (Bartlett-Box test), to compare rates 

(k, g), phytoplankton primary production, abundance and diet of proto and meta-zooplankton 

communities and carbon throughput among Phytoplankton size fractions and sampling days.  

3. Results and discussion 

3.1. Oil spills effect on phytoplankton  

PAHs levels measured on D08 following the “Bizerte City” oil spill were reported in 

Grami et al. (submitted). Briefly, sampling station contained PAHs (mainly chrysene) in the 

water column with 130 ng PAHs L-1. The oil leak induced different effects on phytoplankton 

growth and biomass depending on the size fraction (Figure V.9), confirming that cell size is the 

main factor influencing the phytoplankton response to oil and PAH contamination (Othman et 

al., 2012; Bretherton et al., 2020a). On D01, nano- and microphytoplankton had similar growth 
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rates (1 d-1) (ANOVA, p > 0.05, Figure V.9a). After a few days (i.e. D04 and D08), these rates 

significantly decreased (by 1.5 - 2 folds relative to D01) (ANOVA, p<0.05, N = 9) while after 

18 days, both size fractions showed regrowth with high rates (1.26 and 1.3 d-1, respectively). 

Similarly, carbon biomasses for both size fractions fell from D01 to D08 and increased in D18 

(Figure V.9b). These results confirmed those of Grami et al. (submitted), showing a decrease 

of Chl a and abundance for large phytoplankton from D01 to D08 and an increase on D18. 

Several authors have also showed a short-term inhibition and long-term outbreaks for large 

phytoplankton species, following oil spills (Pan et al., 2012; Ozhan et al., 2014). The short-term 

inhibition of growth for large phytoplankton could be due to direct negative effect of PAHs on 

the photosynthetic activity (Aksmann and Tukaj, 2008; Ben Othman et al., 2023), or to indirect 

effect of reduction in light penetration into water column caused by the petroleum slick after a 

few days of the oil leak (Fig. S1). The regrowth of nano- and microphytoplankton on D18 could 

be related to the attenuation of negative effect of oil (direct or indirect), since the oil was 

dispersed and seawater has recovered its color and smell before the spill (Grami et al. 

submitted).  

Unlike nano- and micro-sized cells, growth rate of picophytoplankton was enhanced 

leading to increased carbon biomass from D01 to D08 (Figure V. 9). Others studies also 

reported a proliferation of small phytoplankton after oil spills (González et al., 2009; Huang et 

al., 2011) as well as their dominance, which is due to increased growth rate relatively to large 

cells (Quigg et al., 2021). On D18, there was an accumulation of picophytoplankton biomass 

(by 3-5 folds relatively to D04 and D08), despite that growth rate decreased. This suggest a 

reduction in top-down control of picophytoplankton by protozooplankton, as was stated in 

previous studies  (Almeda et al., 2018; Gemmell et al., 2018; Deppeler et al., 2019). 
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Figure V. 9. Growth rates (a) and biomasses (b) of size-fractioned phytoplankton during 

different days following the “Bizerte City” oil spill (Mean ± SD, N = 12) 

3.2. Oil spill effect on protozooplankton community structure 

Protozooplankton displayed significant changes in abundance (ANOVA, p<0.01, N = 12) 

and community structure following the oil spill (Figure V. 10), confirming the high sensitivity 

of these organisms to oil and PAHs at the cellular and subcellular levels (Pillai et al., 2003; 

Gomiero et al., 2013; Nogueira et al., 2017; Han et al., 2019). Moreover, the marked changes 

of total protozooplankton were observed after a few days of the oil leak (i.e. From D01 to D08), 

with strong decrease in total abundance (by 2 - 3.5 folds) and shift in community composition 

(Figure V. 10). This agrees with others works, reporting rapid response of protozooplankton to 

oil pollution and to PAHs (Almeda et al., 2013, 2014b; Pančić et al., 2019a). Protozooplankton 

community was composed by dinoflagellates, ciliates and HNF, which exhibited different oil 

responses among days after the oil leak.  
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Figure V. 10. Abundances of total protozooplankton and taxonomic groups during 

differents days following the “Bizerte City” oil spill (Mean ± SD, N = 12) 

Dinoflagellates were the dominant group from D01 to D08. They exhibited increased 

contribution to protozooplankton community from D01 (50%) to D04 (87%), i.e. during the 

contamination of the station water by oil (Fig. S1), while their abundance significantly 

decreased only on D08 (by 2.5 folds relatively to D01) (Figure V. 10). The dominance of 

dinoflagellates following short periods (1- 3 days) of oil spills has been observed in previous 

studies (Almeda et al., 2018; Setta, 2018; Bretherton et al., 2019). (Almeda et al., 2014b, 2018)) 

stated that these protozoans could tolerate crude oil at the concentrations found in the post-spill 

water column. The clearest impact within dinoflagellate community, was the strong decrease in 

abundance of heterotrophic organisms (ANOVA, p<0.01, N=9), with 39 - 60% contribution on 

D01/D04 and only 6% on D08, whereas abundance of mixotrophic organisms was unaffected 

(ANOVA, p>0.05, N=9) (Figure V. 11a).  (Almeda et al., 2014b, 2018) showed also that growth 

of mixotrophic dinoflagellates is either unaffected or stimulated by oil. From a taxonomic point 

of view, there was a clear shift in the composition of both dinoflagellate groups, suggesting that 

oil had a direct effect on these protozoans by selecting tolerant species in detriment of sensitive 

species. The heterotrophic Gyrodinium was dominant (43% of dinoflagellate abundance) on 

D01 (Figure V. 11a), although the large oil presence in the station on this day (Fig. S1). The 

ability of the species Gyrodinium spirale to resist oil spill and to ingest its pollutants was already 

shown (Almeda et al., 2014b). Thus, the oil could be bio-accumulated inside their bodies and 

cause damage to their tissues, leading to decrease of their growth (Barron, 2017; Tang and 

Buskey, 2022b). This could explain to decrease of these species from D01 to D04 (10% of 

dinoflagellates) and subsequent disappearance on D08 (Fig. 4a). The heterotrophic 
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Protoperidinium, which was identified as an indicator of water pollution (Effiong et al., 2018) 

marked a weak presence on D08 (8%) relatively to D01 and D04 (20%) . The high sensitivity 

of Protoperidinium sp. to crude oil toxicity was recently reported by Tang and Buskey (2022). 

Conversely to heterotrophic dinoflagellates, the mixotrophic species showed increased 

contribution and became dominant on D08 (93%). This enhancement was mainly driven by 

species of Heterocapsa, with only a 20% contribution on D01, 40% of D04 but ≥ 60% on D08. 

Bretherton et al. (2020) have reported that Heterocapsa pygmaea was oil resistant and stated 

that mixotrophy favor the resistance of the specie to oil. It seems that under oil contamination, 

mixotrophs can cope with the oil toxicity on their photosynthesis by relying on source of 

organic carbon to maintain their growth. Besides the direct oil effect on dinoflagellates, 

petroleum pollutants could indirectly influence the dinoflagellate community, by modifying the 

availability and composition of their food items. Mixotrophic dinoflagellates have great 

nutritional plasticity, since they can consume a large spectrum of preys, from small to larger 

ones (Jeong et al., 2008, 2010a). Then, mixotrophs can exploit available preys regardless of 

size, after oil spill, which could give them more advantage than heterotrophic dinoflagellates, 

whose feeding is mainly based on large cells (Seong et al., 2006b; Jeong et al., 2010a; 

Bretherton et al., 2020b). Therefore, the decrease of the heterotrophic dinoflagellates (i.e. 

Gyrodinium and Protoperidinium) during D01-D08 (Figure V. 11a) could be regarded as a 

positive response to the inhibition of the growth of their potential large prey (i.e. nano- and 

microphytoplankton) due to oil spill (Figure V. 9). Recently, Mejri Kousri et al. (2023), 

assessing to effect of contaminated sediment on protozooplankton community of the Channel 

and Lagoon of Bizerte, reported also a decrease of heterotrophic Gyrodinium and 

Protoperidinium with a concomitant dominance of mixotrophic dinoflagellates. This 

emphasizes the fact that the mixotrophy is an important trait for the high adaptability of 

protozooplankton to different environmental stresses (López-Abbate, 2021), including oil 

pollution. 

The oil contamination had a clear negative effect on ciliates and HNF, after a few days of 

the oil exposition (i.e. D01-D08). Total abundance of ciliates, which were 80 – 90% dominated 

by aloricate organisms (mainly Strombidium spp), showed a remarkable decrease (ANOVA, 

p<0.01, N=9) from D01 to D04 and D08 (by 12 and 4 folds, respectively) (Figure V. 11b). Our 

results agreed with those of Almeda et al. (2018) reporting a decrease in abundance of ciliates 

after short-term exposition to crude oil. Moreover, the sensitivity of Strombidium spp. to oil 

was previously observed (Gemmell et al., 2018). It has also been reported that ciliates are more 
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vulnerable than dinoflagellates to hydrocarbon toxicity (Almeda et al., 2014b). There was also 

a significant decrease (ANOVA, p<0.01, N=9) in HNF on D04 relatively to D01 (by 2 folds) 

with total disappearance on D08 (Figure V. 10). This result agrees with those of Almeda et al.( 

2018), reporting a diminution of HNF abundance with increasing oil concentration.  

On D18, abundance of protozooplankton largely increased relatively to D08 (by 4 folds, 

Fig. 3). Grami et al. (submitted) reported that the oil was dispersed by hydrodynamical and 

climatic conditions on D18 and there was a return of environmental conditions before the oil 

incident. Hence, the negative effect of oil could be attenuated on this day, leading to the 

enhancement of protozooplankton. The recovery of growth was observed for both groups of 

dinoflagellates (mixotrophs and heterotrophs) and ciliates (aloricate and loricates) (Figure 

V. 11). On D18, there was significant increase in growth and biomass of nano- and 

microphytoplankton, which are potential prey for these protozoans. This may partially explain 

the stimulation of protozooplankton, since protozoan growth is known to be regulated by the 

availability of food items (Sobczak et al., 2002; Mejri Kousri et al., 2023). Unlike the others 

groups, HNF did not appear on D18, testifying to their high sensitivity to oil or their great 

exploitation by growing ciliate and dinoflagellates. These observations are in conflict with the 

study of Pančić et al.(2019) which showed that after 14 days of monitoring, chemically 

dispersed oil resulted in increased growth of bacteria and HNF, but decreased growth of 

dinoflagellates and ciliates. 
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Figure V. 11. Compositions of dinoflagellates (mixotrophic and heterotrophic 

organisms) (a) and ciliates (aloricate and loricate organisms) (b) during 

differents days following the “Bizerte City” oil spill. 

3.3. Oil spill effect on grazing activity of protozooplankton 

Protozooplankton, are distinguished by their great ability to feed on various types of prey 

and their rapid response to changes in food availability (Strom and Morello, 1998; Hansen and 

Calado, 1999). It was a major consumer of phytoplankton production in several marine 

ecosystems (Strom et al., 2001; Calbet and Landry, 2004; Sakka Hlaili et al., 2014). Thereby, 

protozooplankton grazing represents a critical process in the structuring of the food web given 

its crucial role in the transfer of biogenic carbon to metazoan and higher trophic levels (Calbet 

and Saiz, 2005; Laender et al., 2010; Zeldis and Décima, 2020). So assessing the impact of oil 

contamination on protozooplankton feeding would be of great significance. 

During our study, protozooplankton were able to exert significant grazing pressure on 

various phytoplankton prey throughout days after the oil spill, with rates ranging from 0.1 to 

1 d-1. Contrary to our work, Tang and Buskey (2022) observed a strong inhibition of 

protozooplankton feeding with negative grazing rates following oil exposition. In our study, 

protozooplankton was sampled from the Channel of Bizerte, which is highly impacted by PAHs 
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(Barhoumi et al., 2014) since it supports the oil tankers traffic, suggesting that the Channel 

protozoans are well adapted to the oil compounds. These grazers could be negatively affected 

by oil but they can keep their growth and physiologic activity at lower rates without total 

inhibition.  

Oil contamination induced different effects on grazing activity of protozooplankton 

according to the prey and the day (Figure V. 12). For nano- and microphytoplankton, the 

grazing mortality rates significantly decreased after a few days of oil spill and re-increased on 

D18. A positive trophic feedback between growth of prey and their grazing is generally found 

(Sakka Hlaili et al., 2007; Chen et al., 2009; Mejri Kousri et al., 2023). In our study, the grazing 

mortality rates for the two size fractions showed indeed a temporal evolution post- spill similar 

to that of their growth rates (Figure V. 9). During our sampling, the community structure of 

protozooplankton was shifted following the oil leak, with a sharp decrease, from D01 to D08, 

in dinoflagellates and particularly for heterotrophic Gyrodinium and Protoperidinium (Figure 

V. 11) which are known to feed on large prey. Accordingly, grazing of protozooplankton on 

large phytoplankton decreased during this short period. Tang and Buskey (2022) have reported 

a decrease in grazing of Protoperidinium on large cells (such as diatoms) when exposed to 

crude oil. The oil pollutants can have detrimental consequences on the physiological status and 

nutritional quality of nano- and microphytoplankton, thereby reducing their edibility by the 

protozooplankton. On D18, large cell-consumers, such as loricate ciliates and 

heterotrophic/mixotrophic dinoflagllates, significantly increased (Figure V. 11), so probably 

increasing their grazing pressure on nano- and microphytoplankton.  
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Figure V. 12. Grazing rates on size-fractioned phytoplankton during different days 

following the “Bizerte City” oil spill (Mean ± SD, N = 12) 

Protozooplankton grazing on picophytoplankton decreased gradually from D01 to D18, 

when it reached very low rate, despite the picoalgal growth displayed significant increase from 

D01 to D08 (Figure V. 9). The low grazing pressure on picophytopalnkton could be related to 

the total disappearance of HNF from D08 (Figure V. 10), recalling that HNF are known as 

major consumers of pico-sized preys (Azam et al., 1983; Caron, 1990). Accordingly, there was 

an accumulation of picophytoplankton biomass on D18 (Figure V. 9). Several authors have 

effectively stated that release from grazing is a major cause for the increase of phytoplankton 

biomass following an oil spill event (Ozhan et al., 2014; Almeda et al., 2018; Cadaillon, 2018; 

Cederwall et al., 2020) Also, Tang and Buskey (2022) reported that a de-coupling between 

phytoplankton growth and protozooplankton grazing following oil contamination can promote 

phytoplankton biomass.  

3.4. Oil spill effect on the planktonic food web  

Our results showed that oil pollution have different effects on growth and biomass of 

phytoplankton size fractions, which would influence their carbon production rates. Moreover, 

protozooplankton groups exhibited various oil responses, with the replacement of vulnerable 

taxa by tolerant organisms, which have different functional role and feeding selectivity. This 

provoked significant modification in grazing rates on size-fractioned phytoplankton that can 

produce cascading impacts on trophic interactions. So the observed oil-induced changes in 

phytoplankton production rates and their consumption rates by protozooplankton were 
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integrated in carbon flows models in order to give the first insight on the impact of oil spill on 

the functioning of food webs and possible consequence on the carbon export. Estimated flows 

by the LIM-MCMC analysis are given in Table V. 4. Evolution of carbon production (inputs), 

loss (outputs) and throughput as well as zooplankton feeding during different days after the oil 

spill are summarized in Figure V. 13.  
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Table V. 4. Mean values of the fluxes estimated by the LIM-MCMC analysis for each sampling day after the “Bizerte city” oil spill (Mean 

value± SD). 

Flow description Symbol Interfered value (mg C m-2 d-1) 

D01 D04 D08 D18 

Microphytoplankton gross primary production GPP-MIC 64.51  9.1 59.08 8.4 45.91 6.5 179.57 25 

Nanophytoplankton gross primary production GPP-NAN  7.06 1.0 5.03 0.7 2.49 0.4 60.46 8.6 

Picophytoplankton gross primary production GPP-PIC 2.78 0.4 78.00 11 49.10 6.9 396.22 56 

Microphytoplankton respiration MIC-RES 5.35 0.8 4.87 0.7 3.03 0.4 17.73 2.5 

Microphytoplankton dissolved organic carbon exudation MIC-DOC 8.30 1.2 7.37 1.0 4.99 0.7 27.15 3.8 

Microphytoplankton net production MIC-DET 2.54 0.4 2.43 0.3 0.73 0.1 8.15 1.2 

Microphytoplankton grazing by protozooplankton MIC-PRO 29.21 4.1 35.25 5.0 22.69 3.2 120.8 17.1 

Microphytoplankton grazing by metazooplankton MIC-MET 17.23 2.4 7.46 1.1 13.81 2.0 31.27 4.4 

Microphytoplankton sinking MIC-LOS 1.95 0.3 1.74 0.2 0.66 0.1 6.60 0.9 

Nanophytoplankton respiration NAN-RES 0.52 0.1 0.35 0.05 0.19 0.03 5.42 0.8 

Nanophytoplankton dissolved organic carbon exudation NAN-DOC 0.81 0.1 0.57 0.1 0.29 0.04 7.81 1.1 

Nanophytoplankton detritus production NAN-DET 0.16 0.02 0.09 0.01 0.06 0.01 2.30 0.33 

Nanophytoplankton grazing by protozooplankton NAN-PRO 5.23 0.7 3.85 0.5 1.82 0.3 35.86 5.1 

Nanophytoplankton grazing by metazooplankton NAN-MET 0.17 0.02 0.09 0.01 0.06 0.01 7.36 1.04 

Nanophytoplankton sinking NAN-LOS 0.16 0.02 0.09 0.01 0.06 0.01 2.15 0.30 

Picophytoplankton respiration PIC-RES 0.17 0.02 18.17 2.57 13.06 1.85 75.95 10.74 

Picophytoplankton dissolved organic carbon exudation PIC-DOC 0.29 0.04 21.05 2.98 10.70 1.51 86.95 12.30 

Picophytoplankton grazing by protozooplankton PIC-PRO 17.72 2.5 57.91 8.2 12.03 1.7 34.09 4.8 

Picphytoplankton sinking PIC- LOS - - 12.08 1.7 185.4 26.2 

Protozooplankton respiration PRO-RES 15.72 2.2 39.25 5.6 16.29 2.3 82.74 11.7 

Protozooplankton dissolved organic carbon excretion PRO-DOC 8.66 1.2 21.83 3.1 9.01 1.3 49.85 7.0 

Protozooplankton detritus production PRO-DET 7.43 1.1 21.34 3.0 7.77 1.1 42.53 6.0 

Protozooplankton consumption by MET PRO-MET 13.83 2.0 37.90 5.4 14.79 2.1 117.7 16.6 

Metazooplankton respiration MET-RES 10.89 1.5 23.45 3.3 10.03 1.4 60.54 8.6 

Metazooplankton dissolved organic carbon excretion MET-DOC 5.91 0.8 12.55 1.8 5.38 0.8 33.30 4.7 

Metazooplankton detritus production MET-DET 5.13 0.7 12.08 1.7 4.71 0.7 28.95 4.1 

Metazooplankton sinking MET-LOS 11.06 1.6 23.12 3.3 10.16 1.4 61.15 8.6 

Bacterial respiration BAC-RES 16.53 2.3 33.42 4.7 18.65 2.6 107.12 15.1 

Bacterial dissolved organic carbon production BAC-DOC 8.41 1.2 17.77 2.5 9.64 1.4 61.04 8.6 

Bacterial grazing by protozooplankton BAC-PRO 8.87 1.3 23.31 3.3 11.32 1.6 102.11 14.4 

Dissolved organic carbon uptake by bacteria DOC-BAC 33.81 4.8 74.49 10.5 39.62 5.6 270.27 38.2 

Dissolved organic carbon output DOC-LOS 7.11 1.0 12.51 1.8 7.54 1.1 30.52 4.3 

Detritus dissolution DET-DOC 8.55 1.2 5.89 0.8 7.14 1.0 34.69 4.9 

Detritus consumption by metazooplankton DET-MET 1.74 0.2 25.73 3.6 1.61 0.2 27.59 3.9 

Detritus sinking DET-LOS 4.97 0.7 4.31 0.6 4.51 0.6 19.64 2.8 
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Figure V. 13. Evolution of food web characteristics ( carbon production (a), carbon loss 

(b), carbon throughput (c), diet of protozooplankton(d) and diet of 

metazooplankton (e)) and typology (R7 ratio(f)) during different days 

following the “Bizerte City” oil spill 

During all days, food web was only powered by the phytoplankton primary production 

(PP), which showed significant variations among sampling days (ANOVA, p<0.01, N=12). PP 

was low on D01 (75 mg C m-2 d-1), increased by 1.5 – 2 folds on D04/D08 (98-142 mg C m-2 d-

1) and reached 8 folds higher value in D18 (636 mg C m-2 d-1) (Figure V. 13a). Previous 

modelling works, conducted in the Bizerte Channel and Lagoon have showed also that the 

photosynthetic carbon input was sufficient to support the functioning of food-web during fall 

and other seasons (Grami et al., 2008a; Meddeb et al., 2019). However, these studies have found 
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much higher primary production values (358-1872 mg C m-2 d-1) than our estimated values from 

D01 to D08. This suggests a short-term negative effect of oil spill on primary production, as 

expected. PP measured on D18 was similar to what is usually found during non-oil spill 

condition in fall. It was therefore clear that the negative oil effect faded in the long-term, as it 

was observed for the phytoplankton growth and biomass (Figure V. 9). The size composition 

of PP has also changed following the oil spill. Microphytoplankton largely dominated the PP 

on D01 (87%), while PP was roughly shared between micro- and picophytoplankton on D04 

and D08. In the opposite, picophytoplankton was the main primary producers on D18 (63%). 

Bacterial production (BP) responded to oil exposure similarly to PP (Figure V. 13a), since 

bacterial growth tightly depends on the phytoplankton dissolved organic carbon (DOC) 

exudation (Van den Meersche et al., 2004; Thornton, 2014). Rates of BP measured on all 

sampling days (34 – 270 mg C m-2 d-1) were in the range of estimations during non-oil 

contamination condition (34-288 mg C m-2 d-1, (Grami et al., 2008a); 34 - 189, mg C m-2 d-1, 

(Meddeb et al., 2018). This indicates that bacteria were unaffected by the petroleum 

hydrocarbons, which can serve as source of carbon to bacterial growth. Several studies have 

reported that bacterial communities are able to rapidly adapt to oil spills through the selective 

development of strains that degrade oil (Bælum et al., 2012; Kimes et al., 2014; Bacosa et al., 

2015; Wanjohi et al., 2015). (Coral and Karagoz, 2005) revealed the use of carbon-rich oil by 

bacteria to satisfy their cell growth and energy requirements.  In addition, (Wanjohi et al., 

2015)) reported that certain bacteria, which are capable of degrading petroleum, can be used to 

remediate the environment of petroleum contaminants. In our study, the average BP/BP ratio 

was 0.43 for most days, which was close to the global scale value (0.3; (Cole et al., 1988). 

During each day, carbon outputs were mainly driven by respiration of all organisms (44 

– 69%) and particle loss (24 – 50%). These flows were low from D01 to D08 (74- 161 mg C m-

2 d-1) but largely increased on D18 (655 mg C m-2 d-1) (ANOVA, p<0.05, N=12, Figure V. 13b). 

In short-term, oil contamination negatively affected phytoplankton, protozooplankton  (Figures 

V. 9,10) and probably metazooplankton, as shown by several previous studies (El-Serehy and 

Al-Darmaky, 2003; Jiang et al., 2012; Almeda et al., 2013). It is therefore normal that the 

respiration of these organisms and their loss (mainly by sinking), were low. These output flows 

increased on D18 in response to the regrowth of phytoplankton and protozooplankton and 

probably of metazooplankton.  
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Carbon throughput, which indicated the activity of each compartment, displayed also 

significant change among sampling days for all compartments (ANOVA, p<0.05, N=12, Figure 

V. 13c), with higher value on D18 relatively to other days. On D01, the most active 

compartments was microphytoplankton, followed by protozooplankton, bacteria and 

metazooplankton, suggesting their important role, as producers and grazers. However, 

picophytoplankton had the lowest throughput, which was consistent with its low production 

and respiration (Table V. 4). During the other days, the activity of picophytoplankton increased, 

as did its production rate (Figure V. 13a) and became similar to that of others living 

compartments. Although protozooplankton was highly active compartment during the entire 

study period, its consumption rates on different prey significantly varied among days (ANOVA, 

p<0.01, N=12, Table V. 4), which means that its functional role, as microbivore (i.e. small-cells 

consumer) or herbivore (i.e. large-cells consumer) fluctuated. Consumption rate of 

metazooplankton on each food item displayed also large variation among days (ANOVA, 

p<0.01, N=12, Table V. 4), indicating that herbivory, carnivory or detritivory of metazoans 

should play different role in channeling carbon. To elucidate the real role of each grazer’s group 

in the food web during days after the oil spill, the compositions of their diets were analyzed.  

On D01, the protozooplankton feeding was mainly based on herbivory, since 

microphytoplankton represented the main prey consumed, forming 64% of its diet (Figure 

V. 13d). On this day, we also found high consumption rate on microphuytoplankton (Table V. 

4), which could be mainly assigned to the dominant heterotrophic dinoflagellates (i.e. 

Gyrodinium and Protoperidinium, Figure V. 11a). Nanophytoplankton and bacteria formed 

11% and 19% of the total consumption of protozooplankton, while picophytopalnkton 

contributed only 5%. On D04 and D08, the feeding of protozooplankton has changed, with an 

increased contribution of picophytoplankton (25 – 40%) to its diet, but its herbivory remained 

quite significant, as microphytoplankton formed 38 – 48% of the consumed carbon. Bacteria 

were also potential prey for protozooplankton, forming 19 – 23 % of its diet, while 

nanophytoplankton represented only 4%. During both days, mixotrophs, such as Gymnodinium 

and Heterocapsa, which are known to feed on variety of sized-items, were dominant (Figure 

V. 11a). On D18, the herbivory played also a significant role in the feeding of protozooplankton, 

half of whose food was provide by micro- and nanophytoplankton. This coincided with a 

resumption of mixotrophic/heterotrophic dinoflagellates and ciliates, including large loricate 

organisms (Figure V. 11). In contrast, picophytoplankton formed only 12% of 
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protozooplankton diet, since the small protozoans, such as HNF, had disappeared (Figure 

V. 10). Despite this, 40% of protozooplankton feeding was based on the bacterivory, which 

could be related to the high proliferation of Strombidium. These ciliates are reported as 

important bacterivorous (Bernard and Rassoulzadegan, 1990; Mari et al., 2004; W.-L. Chen et 

al., 2020). In fact, food item size is a selective criterion for protozooplankton, but the 

physiological state of prey can also influence their grazing. Recently, prey selectivity by 

Strombidium has already been reported by (W.-L. Chen et al., 2020) who showed that this genus 

feeds mainly on bacteria when the relative concentration of algae is low. Bacteria, especially 

hydrocarbon-degrading species, are generally stimulated by oil spills (Bælum et al., 2012; 

Kimes et al., 2014; Wanjohi et al., 2015) , which can increase their nutritional quality thereby 

enhancing their selectivity and consumption by small protozooplankton (such as Strombidium) 

relatively to other small prey. 

Diet of metazooplankton also showed a clear change after oil exposure (Figure V. 13e). 

These grazers fed mainly on microphytoplankton and protozooplankton during most days, with 

increasing contribution of protozooplankton from D01 to D18, parallel to the proliferation and 

the dominance of the mixotroph Heterocapsa (Figure V. 11a). (Almeda et al., 2014a) reported 

also that Heterocapsa sp. was the main species used as food by metazoans in dispersed crude 

oil conditions. metazooplankton have been identified as a useful sentinel organism for oil 

pollution (Carls et al., 2006). They act as a conductor for the movement of oil-derived 

contamination and other persistent organic pollutants through the marine food web (Sobek et 

al., 2006; Hallanger et al., 2011). Therefore, disturbance of metazooplankton can have a 

significant impact on the entire food web by transferring harmful effects to higher trophic levels 

in polluted ecosystems. 

To highlight the change in trophic pathways from D01 to D18, we use a typology ratio 

(R7 ratio: picophytoplankton net production divided by total phytoplankton net production), 

proposed by (Sakka Hlaili et al., 2014) as an operational criterion to discriminate between 

herbivorous (R7 ≤ 0.1), multivorous (0.1 < R7 < 0.6), and microbial food webs. (R7 ≥ 0.6). As 

expected, the oil spill was followed by clear modification in food web structure along the 

evolution of the oil spill (Figure V. 13f). On D01, carbon seemed to be channelled through 

herbivorous food web (R7 = 0.04). After a few days (i.e. D04 and D08), the carbon transfer 

pathway was acting as multivorous (R7 = 0.50), while it evolved into microbial food web on 
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D18 (R7 = 0.63). The disruption in the structuring of food web was firstly due to different oil-

induced changes in phytoplankton community, since the sensitivity or tolerance to oil and PAHs 

was widely specie- and size-dependent (Ozhan et al., 2014; Bretherton et al., 2018, 2020a; Ben 

Othman et al., 2023). Secondly, the rapid response of protozooplankton at structural and 

functional levels, as shown in our study and previous one (Almeda et al., 2014b; Pančić et al., 

2019b; González et al., 2022; Tang and Buskey, 2022b), can obviously induce significant 

change in trophic interactions. The changes in the food web structure following different days 

of oil spill suggest that the biogenic carbon would be channeled to higher consumers with 

different efficiencies. Indeed, herbivorous and multivorous pathways can channel a large 

amount of carbon to higher consumers, while microbial food web is less efficient, since most 

carbon can be lost and remineralised (Legendre and Gosselin, 1989; Legendre and 

Rassoulzadegan, 1995; Sakka Hlaili et al., 2008).  

Interestingly, (Meddeb et al., 2019), based on LIM-MCMC analysis, found a microbial 

food web in the Bizerte Channel during the same period as our study but under non-oil spill 

condition. One could therefore ask whether 18 days were sufficient for the system to recover 

its stability and balance state or not? Figure V. 14. presents a comparative diagram between 

trophic interactions within the microbial food web found by (Meddeb et al., 2019) under non-

oil spill accident (non-spill) and by our study on D18 (D18-spill). For both microbial pathways, 

carbon production showed the same trend, with dominance of production of picophytoplankton 

(225- 382 mg C m-2 d-1) followed by bacteria (172-270 mg C m-2 d-1) and lower rates for 

microphytopalnkton (144-212 mg C m-2 d-1) and nanophytoplankton (5-61 mg C m-2 d-1). 

However, protozooplankton displayed differential role between the two microbial food webs. 

Under non-spill condition, small protozooplankton, including both aloricate ciliates and HNF, 

fed more on picophytoplankton relative to bacteria, while nano- and microphytoplankton 

undergone a weak top-down control by protozoopla nkton. In contrast, in our D18-spill food 

web, the microbivory was carried particularly on bacteria, since picophytoplankton was weakly 

consumed in spite of its high production. Moreover, nano- and microphytoplan kton contributed 

more to the consumption of protozooplankton that during non-spill condition. It is therefore 

clear, that microbial food web observed on D18 after the oil spill did not really correspond to 

that observed during non-spill period. The D18-spill food web was based on the consumption of 

bacteria and microphytoplan kton, while picophytoplankton biomass was accumulated due to a 

de-coupling between its growth rate and grazing. The difference of the two microbial food webs 
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(i.e. non-spill and D18-spill) may indicate that the system could still be disturbed and has not 

found its initial equilibrium state, i.e. its stability. 



 

 
 

 

Figure V. 14. Comparative diagram of two microbial food webs found under non-spill condition (from Meddeb et al. 2019) (a) and after 18 days (b) of 

the “Bizerte City” oil spill.  % in the boxes: percentage of carbon production; % next to the arrows: percentage of carbon consumed. 

a- b- 
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4. Conclusion 

Our study clearly showed that oil spill had signiifcnat effects on phytoplankton growth, 

protozooplank structure and feeding activity from early stage to longer period after the spill. 

These effect were followed by significant changes on rates of primary production and 

consumption of phytoplankton by protozooplankton. Integrate these oil-modified rates into 

inverse carbon flux models allowed us to demonstrate a clear shift in food web structure from 

herbivores (D01) to multivores (D04/D08) and microbial pathway (D18), implying different 

carbon export efficiencies throughout the oil spill. In general, the stability of an ecosystem can 

be expressed either by its resistance to change or by its resilience, which is related to the 

capacity to recover after a perturbation. Therefore, to go further, a second step of the analysis 

could use ecological analyses (ENA and Typology ratios) in order to characterize the resistance 

and resilience of the ecosystem and understand its functional response to a punctual disruption, 

such as the petroleum accident. 
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Field study on natural phytoplankton throughout “Bizerte City” oil spill on the south-

western Cost of the Mediterranean Sea 

 

Grami Boutheina a,b, Oumayma Chkili a,c,e, Melliti Ben Garali Sondes a,c, Mejri Kousri 

Kaouthera,d, Meddeb Marouana, Lassaad Choubad, Nathalie Niquile, Sakka Hlaili Asma a,c,* 

 

 

Table S1. Average dissimilarity in community composition of microphytoplankton and 

nanophytoplankton among days following the oil spill of Bizerte. 

 

 Microphytoplankton Nanophytoplankton 

  D04 D08 D18  D04 D08 D18 

D01  54%  3.5 58%  4.7 64%  3.4  51%  2.1 51%  3.8 64%  3.3 

 
D04 

  44%  1.5 62%  1.8   41%  1.6 66%  ??1.3 

 
D08 

   69%  1.7    65%  1.9 
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Novel insight into the oil impact on the protozooplankton, trophic 

interactions and food web structure: field and modelling study 

 

Oumayma Chkili1,2,3, Sondes Melliti Ben Garali1,2, Kaouther Mejri Kousri1, Marouan 

Meddeb1,2, Nathalie Niquil3,  Asma Sakka Hlaili1,2*
 

 

 

 

Fig. S1. Position of the oil leak from the Tunisian Society of Refining Industries (STIR) 

and location of the sampling station in the Bizerte Channel (North of Tunisia). 

Arrows illustate the trajectory of oil spread. Photos show the oil slick on D01 

and D08 



 

 
 

 

 

Table S1. Mass equilibrium defining the linear equations used for the inverse LIM-MCMC analysis. Each flow is composed of the first three-letter code 

of the original compartment followed by the first three-letter code of the destination compartment. Abbreviations: GPP, gross primary production; RES, 

respiration; LOS, loss for the considered system. The PIC-LOS flow marked in thick blue is added only in the equations of two models D08 and D18. 

 
Mass balance equation for each compartment Equations of the four models 

Mass balance for picophytoplankton (PIC) GPP-PIC – (PIC-RES + PIC-DOC + PIC-PRO(+PIC-LOS)) = 0 

Mass balance for nanophytoplankton (NAN)  GPP-NAN – (NAN-RES + NAN-DOC + NAN-DET + NAN-PRO + NAN-MET + NAN-LOS) = 0 

Mass balance for microphytoplankton (MIC) GPP-MIC – (MIC-RES + MIC-DOC + MIC-DET + MIC-PRO + MIC-MET + MIC-LOS) = 0 

Mass balance for protozooplankton (PRO) (PIC-PRO + NAN-PRO + MIC-PRO + BAC-PRO) – (PRO-RES + PRO-DOC + PRO-DET + PRO-MET) = 0 

Mass balance for metazooplankton (MET) (NAN-MET + MIC-MET + PRO-MET + DET-MET) − (MET-RES + MET-DOC + MET-DET + MET-LOS) = 0 

Mass balance for bacterioplankton (BAC) DOC-BAC – (BAC-RES + BAC-DOC + BAC-PRO) = 0 

Mass balance for dissolved organic carbon (DOC) (PIC-DOC + NAN-DOC + MIC-DOC + PRO-DOC + MET-DOC + BAC-DOC + DET-DOC) - (DOC-BAC + DOC-LOS) = 0 

Mass balance for detritus (DET) (NAN-DET + MIC-DET + PRO-DET + MET-DET) – (DET-DOC + DET-MET + DET-LOS) = 0 



 

 
 

Table S2. Minimum and maximum flows (mg C m-2 d-1) estimated in the field and used as inequalities for the networks of four days of 

monitoring in the channel of bizerte. 

 
Fluxes D01 D04 D08 D18 

 Min max min max min max min max 

GPP-MIC 54.66 66.80 50.02 61.14 40.47 46.68 179.3 219.1 

GPP-NAN 5.93 7.24 4.49 5.13 2.12 2.56 51.86 63.38 

GPP-PIC 2.30 2.81 87.63 107.11 44.19 54.01 340.7 416.4 

MIC-PRO 27.36 33.45 33.33 40.74 21.99 26.27 113.00 138.1 

NAN-PRO 5.17 6.20 3.76 4.31 1.76 2.14 33.69 41.17 

PIC-PRO 2.30 2.81 50.84 62.14 10.44 12.76 30.45 35.79 



 

 
 

Table S3. Constraints used on different planktonic food web networks 

Process Bound Description Equation Reference 

Respiration 

PIC NAN MIC Upper and lower Autotrophic respiration ranges between 5% and 30% of their GPP 5% GPP < R < 30% GPP Vézina and Platt (1988) 

BAC Lower Bacterial respiration (R’) is higher than 20% of the total uptake of DOC (UDOC) 20% UDOC < R’ Vézina and Savenkoff (1999) 

PRO MET Lower 
Zooplankton respiration (R’’) is at least 20% of their total ingestion (ΣIng) and does not 

exceed its maximum specific respiration 
20% ΣIng < R’’ Vézina and  Savenkoff (1999) 

DOC production 

PIC NAN MIC Upper and lower 
Phytoplankton DOC exudation (E) ranges between 10% and 55% of net primary 

production (NPP) 
10% NPP < E < 55% NPP Vézina and  Savenkoff (1999) 

PRO MET Upper and lower 
Zooplankton excretion of DOC (EX) is at least 10% of their total ingestion (ΣIng) and does 

not exceed its respiration (R’’)  
10% ΣIng < EX < R” 

Vézina and Platt (1988) 

Vézina and Pace (1994) 

BAC Upper Bacterial DOC release (RE) is lower than  respiration (R’) RE<R’ Vézina and Pace (1994) 

Growth efficiency 

PRO MET Upper and lower Growth efficiency is at least 25% and no more than 50% of total ingestion (ΣIng)  25% ΣIng < ΣIng -(R“ + EX +DET) < 50% ΣIng  Vézina and Pahlow (2003) 

BAC Upper and lower Growth efficiency of bacterioplankton ranges between 5% and 50% of their total ingestion  0.5 UDOC < UDOC - (r’’ + re) < 0.50UDOC Vézina and Pahlow (2003) 

Assimilation efficiency  PRO MET Upper and lower 
Assimilation efficiency of zooplankton ranges between 50% and 90% of their total 

ingestion (ΣIng) 
50% ΣIng < Ing -DET < 90% ΣIng Vézina et al. (2000) 

Detritus production  PRO MET 
Upper and lower 

Zooplankton DET production (zoo-DET) is no more than 42% of their combined DET 

production and respiration (zoo-RES) and is at least 5% of it 

5% (zoo-DET + zoo-RES) < zoo-DET < 42% (zoo-

DET + zoo-RES) 
Steinberg et al. (2000) 

Detritus dissolution DET 

Upper The upper bound of DET dissolution (DET-DOC) is 10% of net primary production (NPP) 10% NPP < DET-DOC 

Pace et al.( 1984) 

lower DET dissolution (DET-DOC) is at least 10% of DET production 10% DET production <DET-DOC 

Preferential ingestion of MET  

 

Upper 

 

Ingestion of e.g., nanophytoplankton by metazooplankton does not exceed the estimated 

maximum prey availability  

NAN-MET < NANMET.A(t) × Ing-MET 

MIC-MET < MICMET.A(t) ×  Ing-MET 

PRO-MET <  PROMET.A(t) ×  Ing-MET 

DET-MET <  DETMET.A(t) ×  Ing-MET 

Haraldsson et al. (2018) 
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Cette discussion a pour objectif de faire le point sur les progrès réalisés au cours des trois 

années de la thèse, mais aussi de proposer de nouvelles réflexions pour aller plus loin dans l’étude 

de l’état de santé des écosystèmes marins et de l’effet de la contamination chronique et pulsée sur 

leurs fonctionnements et structures.  

L’objectif de la thèse était de caractériser l’état de santé des écosystèmes côtiers sud 

méditerranéens anthropisés à partir du fonctionnement du réseau trophique planctonique en situation 

de contamination chronique ou pulsée. La thèse a permis d’analyser les facteurs environnementaux 

ainsi que les communautés planctoniques en termes qualitatif et quantitatif (composition, stock de 

carbone, flux de carbone) dans ces deux situations. La modélisation des flux de carbone a permis de 

caractériser le fonctionnement écologique de chaque site, en appliquant des indicateurs écologiques 

(ratios de typologie et indices fonctionnels ENA). Le but final était alors de sélectionner les 

indicateurs permettant de caractériser l’état de santé de l’écosystème afin de les proposer comme 

indicateurs holistiques aux gestionnaires de l’environnement marin. 

Pour répondre à ces objectifs, une grande variété d’approches a été appliquée : échantillonnage 

sur le terrain, suivi par des incubations et expérimentations in situ, modélisation et analyses 

numérique des réseaux trophiques. 

La première partie fut l’occasion d’évaluer le fonctionnement de réseau trophique 

planctonique dans un écosystème côtier soumis à des perturbations permanentes principalement 

causées par l'industrie du phosphate implanté dans le Golfe depuis les années 70 et de décrire l'état 

écologique de cet écosystème en se basant sur des indicateurs écologiques (chapitres III et IV). 

Une deuxième partie de travail de thèse a été menée au niveau du Canal de Bizerte lors d’une 

contamination pulsée due à une fissure dans le réservoir de la société tunisienne STIR causant une 

fuite de 7 tonnes de pétrole brute (marée noire) (chapitres V) afin de savoir comment le réseau 

trophique planctonique répond à ce type de contamination. 

1. Changement de la structure en taille et de la production du phytoplancton en cas de 

contamination chronique et pulsée: implication pour les réseaux trophiques planctoniques 

La structure de taille des communautés de phytoplancton est un élément crucial dans 

l’écologie qui détermine la direction et la grandeur des flux d'énergie et de carbone dans les réseaux 

alimentaires pélagiques marins (Riegman et al., 1993; Legendre & Rassoulzadegan, 1995), affectant 

ainsi la productivité de l'écosystème. Généralement, les grandes cellules (tels que les diatomées) 

sont responsables de la forte accumulation de la biomasse phytoplanctonique et dominent les 
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systèmes côtiers eutrophes, tandis que les petites cellules sont représentatives des systèmes 

oligotrophes (Siokou-Frangou et al., 2010; Šolić et al., 2010). Toutefois, il est possible de trouver 

des exceptions à cette théorie générale, où la biomasse phytoplanctonique élevée est associée à des 

cellules de petite taille (Zingone et al., 2011). La structure de taille et la production du phytoplancton 

peuvent rapidement changer en réponse aux perturbations environnementales et anthropiques tels 

que le régime de mélange vertical, les fluctuations de lumière et de température, la salinité, la 

disponibilité des nutriments et les rejets industriels, urbains et agricoles. Ces changements sont 

évidemment suivies par des modifications dans la composition et la structure des communautés du 

zooplancton et de leur activité de broutage (Legendre and Rassoulzadegan, 1995b; Kiørboe et al., 

1996; Horňák et al., 2005; Bel Hassen et al., 2008; Drira et al., 2018), ce qui pourrait avoir des effets 

importants sur la structure du réseau trophique marin (Froneman, 2004; Legendre and 

Rassoulzadegan, 1995; Vargas and González, 2004; Decembrini et al., 2009; Meddeb et al., 2019).  

Dans la première partie de notre étude (chapitres III et IV), la dynamique spatiale des 

communautés planctoniques, de la production primaire et des flux de carbone a été investiguée le 

long d’un gradient hydrodynamique et nutritif au niveau du Golfe de Gabès, un site soumis à la fois 

à une courantologie complexe et une contamination chronique. Ce travail a donné une description 

détaillée des modifications dans les communautés du phytoplancton (taille, composition, biomasse, 

production), du zooplancton (composition, abondance, activité de broutage) et des voies trophiques 

(Figure 1a). Les résultats ont montré l’existence de trois types de réseaux en fonction du gradient 

ascendant de nutriments. Les eaux les moins eutrophes (station S1 la plus vers le Nord) étaient 

caractérisées par  la production primaire la moins élevée (1815 mg C m-2 j-1), qui était dominait par 

le picophytoplancton (78%). Ceci a été associée à une forte microbivorie du protozooplancton 

(Strombidium spp.) representant 76% du transfert de carbone et conduisant ainsi à un réseau 

trophique microbien. Ce résultat diverge de la vision traditionnelle concernant la dominance de la 

voie microbienne dans les eaux oligotrophes (Christaki et al., 2011; Zaccone et al., 2018; 

Decembrini et al., 2021b). Toutefois, certains auteurs ont signalé l’importance du réseau microbien 

dans des eaux côtières eutrophes (Grami et al., 2008; Viñas et al., 2013; Paklar et al., 2020). La 

situation a changé dans les eaux ayant des concentrations intermédiaires en nutriments (i.e. stations 

S2 et S3), puisque la production primaire a augmenté (2170- 2773 mg C m-2 j-1) et était composée 

par le nano- et le microphytoplancton (21-7% et 55-78% ; respectivement) et aussi le 

picophytoplancton (24-15%). Cette production est transférée vers les niveaux supérieurs par le biais 

de la microbivorie (20-25% de transfert du carbone) et de l'herbivorie (75-80% du transfert 

ducarbone) du zooplancton, conduisant donc à un réseau trophique multivore (Figure 1a). Ce type 
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de réseau a été déjà observé dans d'autres eaux productives (Vargas and González, 2004; Siokou-

Frangou et al., 2010; Masclaux et al., 2015; Meddeb et al., 2018). Dans les eaux les plus eutrophes 

(i.e. station S4), la forte production primaire (3899 mg C m-2 j-1) était soutenue par le phytoplancton 

de grande taille (92%) et principalement acheminée vers les niveaux trophique supérieurs via 

l’herbivorie du protozooplancton (45%) et du metazooplankton (24%), ce qui conduit à un réseau 

trophique herbivore. Cette voie a été signalée dans plusieurs eaux côtières riches en nutriments et 

avec une abondance de diatomées (Masclaux et al., 2015; Meddeb et al., 2018; Sakka Hlaili et al., 

2008; D’Alelio et al., 2022).  

Nos résultats ont montré aussi que ces différents réseaux ont acheminé le carbone biogène 

vers les consommateurs supérieurs avec des efficacités différentes comme signalé par Legendre & 

Rassoulzadegan (1995). De plus, en se basant sur l’analyse factorielle multiple (AFM, chapitre IV), 

les nutriments sont apparus comme des facteurs environnementaux discriminants significatifs des 

différentes structures trophiques, dans lesquelles phytoplancton de petit et de grand taille jouent des 

rôles différents dans la production de carbone biogénique. D’ailleurs, les éléments nutritifs sont 

toujours considérés comme le principal facteur affectant le spectre de taille des producteurs 

primaires, qui à leur tour influencent l'organisation du réseau trophique (Legendre and 

Rassoulzadegan, 1995; Sakka Hlaili et al., 2008; Filiz et al., 2020; Hardikar et al., 2021). D’une 

façon générale, la modification de la structure en taille peut refléter la réponse du phytoplancton aux 

perturbations de l'environnement, avec des implications pour le fonctionnement de l'écosystème. En 

effet, l’augmentation du phytoplancton de grande taille par rapport aux petites cellules pourrait être 

indicateur d’eutrophisation (Bell and Elmetri, 1995; Garmendia et al., 2011; Machado et al., 2023).  

 

 



 

 
 

 

 

Figure.1. Schéma récapitulatif illustrant la dynamique spatiale lors de la contamination chronique (a) et la dynamique temporelle lors de la contamination 

pulsée (b) des communautés du phytoplancton et du protozooplancton au sein des différentes structures trophiques.
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La structure en taille du phytoplancton peut également changer rapidement en réponse à 

différents types de contamination (Song et al., 2022; Tesán-Onrubia et al., 2023). Par exemple, 

les recherches sur les déversements de pétrole dans le système marin ont indiqué que la taille 

du phytoplancton est une propriété clé déterminant la sensibilité des espèces aux composés 

pétroliers, puisque les seuils de toxicité des hydrocarbures individuels dépendent de la taille des 

cellules phytoplanctoniques (Echeveste et al., 2010; Urakawa et al., 2012; Ben Othman et al., 

2012, 2023) à part la concentration de pétrole dans l’eau et sa dissolution (Zaghden et al., 2014; 

Fourati et al., 2018). Généralement, les cellules de petites tailles, ayant un rapport surface: 

volume élevé, sont plus sensibles que le gros phytoplancton aux hydrocarbures et au pétrole. 

Par conséquent, les effets des composés pétroliers sur la structure en taille des producteurs 

primaires peuvent se répercuter sur les niveaux trophiques supérieurs et avoir un impact sur la 

structure et la dynamique des réseaux trophiques. Comme le phytoplancton, de nombreuses 

espèces du zooplancton sont sensibles aux substances chimiques contenues dans le pétrole 

(Suchanek, 1993; Abbriano et al., 2011). Les protozoaires forment des éléments clés de la 

communauté du plancton marin et des importants brouteurs des biomasses bactériennes et 

phytoplanctoniques (Poulsen and Reuss, 2002; Calbet and Landry, 2004; Kosiba and Krztoń, 

2022; Pecqueur et al., 2022). Par ailleurs, plusieurs études ont déclaré l'intérêt d’appréhender 

les interactions entre le pétrole et le protozooplancton afin de mieux comprendre l'impact 

écologique des déversements de pétrole sur les réseaux alimentaires marins (Almeda et al., 

2014b, 2018; Klotz et al., 2018; Tang and Buskey, 2022; González et al., 2022).  

Dans ce contexte, la deuxième partie de notre étude (chapitres V) a évalué, les réponses 

rapides (i.e. 1- 8 jours) et à plus long terme (i.e. 18 jour) des communautés du phytoplancton 

(structure en taille, biomasse, composition et croissance) et du protozooplancton (abondance, 

composition et activité de broutage) à la marée noire survenue dans la région de Bizerte. 

L'évolution du type du réseau trophique planctonique à la suite de cet accident a été également 

caractérisée. C'est la première fois que l'on détermine le devenir de ce réseau par rapport à l'état 

normal de l'écosystème (c'est-à-dire avant l'accident).  

Les résultats ont montré que la biomasse et l'abondance du picophytoplancton ont 

augmenté au fil des jours, jusqu’à où ce petit phytoplancton devenait dominant, avec une forte 

accumulation de sa biomasse au 18ème jour, malgré que son taux de croissance a diminué à ce 

jour. Cette augmentation du picophytoplancton semble être due à une réduction de son contrôle 

par le protozooplancton, comme démontré par d’autres études (Almeda et al., 2018; Gemmell 
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et al., 2018; Deppeler et al., 2019). D’ailleurs les nanoflagéllés hétérotrophes, les brouteurs 

potentiels des pico-organismes (Azam et al., 1983; Caron t al., 1990), ont été négativement 

affectés par le pétrole et ont disparu dès le 8ème jour. En outre, l’abondance des ciliés aloriqués 

(i.e. Strombidium) a remarquablement chuté du 1ier au 8ème jour, ce qui est en accord avec 

d’autres études rapportant la sensibilité de ces espèces au pétrole (Almeda et al., 2018; Gemmell 

et al., 2018). Par ailleurs, le taux de broutage du picophytoplancton a graduellement diminué 

du 1ier au 18ème jour, malgré que sa croissance ait été stimulée du 1ier au 8ème jour. De nombreux 

auteurs considèrent que la diminution du contrôle « top-down », due à la contamination des 

brouteurs sensibles aux hydrocarbures, est un facteur majeur contribuant à l'augmentation de la 

population et à la diversification du phytoplancton marin à la suite d'une marée noire (Johansson 

et al., 1980; Hjorth et al., 2007; Gemmell et al., 2018). Tang and Buskey (2022) ont rapporté 

que le découplage entre la croissance du phytoplancton et le broutage du protozooplancton, 

suite à une contamination par le pétrole, peut favoriser la biomasse phytoplanctonique. 

Contrairement au picophytoplancton, la croissance et la biomasse du nano- et 

microphytolancton ont diminué quelques jours après le déversement de pétrole, tandis qu’au 

18ème jour, il y eu une re-croissance des deux groupes phytolanctoniques. Plusieurs auteurs ont 

également montré une inhibition à court terme et une efflorescence à long terme pour les 

grandes espèces phytoplanctoniques, suite à des marées noires (Pan et al., 2012; Ozhan et al., 

2014). L’inhibition a court-terme peut être due à l’effet négatif direct des hydrocarbures sur 

l’activité photosynthétique (Aksmann & Tukaj, 2008; Ben Othman et al., 2023) ou à l’effet 

indirecte de la réduction de la lumière dans la colonne d’eau causée par la présence de la nappe 

de pétrole à la surface de l’eau. Au 18ème jour, le pétrole s’est dispersé et l’eau de mer a retrouvé 

sa couleur et son odeur avant le déversement, et donc il y aurait une atténuation de l’effet négatif 

du pétrole (directe et indirecte) sur le gros phytoplancton qui a montré une reprise de croissance. 

Les taux de broutage du nano- et microphytoplancton ont montré une évolution temporelle 

similaire à leurs taux de croissance, puisque un feedback trophique positive existe souvent entre 

ces deux taux (Sakka Hlaili et al., 2007; Chen et al., 2009). De plus, la variation du taux de 

broutage du gros phytoplancton peut être liée au changement dans la communauté du 

protozooplancton qui a été observé rapidement après la fuite du pétrole, confirmant la grande 

sensibilité de ces brouteurs au polluant du pétrole (Gomiero et al., 2013; Nogueira et al., 2017; 

Han et al., 2019; Pančić et al., 2019). Il y a une forte inhibition des dinoflagellés herbivores (i.e. 

Gyrodinium et Protoperidinium), se nourrissant sur les cellules de grande taille, au détriment 

des mixotrophes (i.e. Heterocapsa), ayant une grande plasticité nutritionnelle en consommant 
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des proies avec une large gamme de taille (Jeong et al., 2008, 2010). A plus long terme (i.e. 

18ème jour), les ciliés loriqués (Tintinnopsis, Salpingella) et les dinoflagellés herbivores 

(Hétérocapsa, Gyrodinium) sont devenus plus abondant et probablement ont augenté leur 

pression de broutage sur les cellules phytoplanctoniques de grande taille.  

Les différents effets, causés à court- et long termes par la contamination par le pétrole, 

sur la croissance et la biomasse des différentes fractions de taille du phytoplancton ont été suivis 

par une modification de la production primaire (i.e. son taux et sa composition). De même, les 

diverses réponses des groupes protozooplanctoniques, qui ont des différents rôles fonctionnels 

et sélectivités alimentaires, ont provoqué des modifications des taux de consommation des 

fractions de taille du phytoplancton induisant donc des effets par cascade sur la voie de transfert 

de carbone. Les changements, induits par le pétrole, dans la production du phytoplanctonn et 

de sa consommation ont été intégrés dans des modèles inverses des flux de carbone afin de 

donner un premier aperçu de l’impact d’un déversement de pétrole sur le réseau trophique et 

des onséquenes possible sur l’exportation du carbone biogène.  

Comme attendu, il y a eu une nette modification de la structure de la voie trophique tout 

au long de l’évolution de la marée noire (Figure 1b). Le réseau herbivore a dominé au 1ier jour, 

alors qu’après quelques jours (i.e. au 4ème et 8ème jour) le carbone était transféré par la voie 

multivore qui a évolué en réseau microbien au 18ème jour. Ce changement de réseau trophique 

implique que le carbone serait acheminé aux grands consommateurs avec différentes efficacités 

(Legendre &  Gosselin, 1989; Legendre & Rassoulzadegan, 1995; Sakka Hlaili et al., 2008). 

Meddeb et al. (2019), en se basant aussi sur l’analyse inverse, ont trouvé un réseau 

microbien dans le Canal de Bizerte pendant la même période que notre étude mais en sans 

déversement de pétrole. La comparaison du réseau microbien observé au 18ème jour après la 

fuite de pétrole, avec celui de Meddeb et al. (2019) a montré que ces deux voies ne sont pas 

similaires. La principale différence est due au protozooplancton, qui a montré une composition 

et un rôle fonctionnel différents entre les deux voies microbiennes, témoigant que 18 jours ne 

seraient pas suffisants pour que le système retrouve sa stabilité initiale.   

A l’issu de nos résultats, il est claire que le phytoplancton, principalement sa structure en 

taille, est un bon indicateur du changement induit par une contamination chronique ou pulsée. 

Il est aussi pertinent de considérer les changements du protozooplancton face à ces 

perturbations. D’ailleurs l’importance d’étudier les réponses du protozooplancton aux 
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changements environnementaux a été déjà signalée dans plusieurs études (Calbet & Landry 

2004; Poulsen & Reuss, 2011; Pecqueur et al., 2022; Kosiba & Krzton, 2022; Drira et al., 2018). 

Le taux de croissance rapide du protozooplancton, son abondance, sa biomasse et sa diversité 

peuvent être utilisés comme indicateurs de la contamination organique et toxique et de la qualité 

de l'eau (Gomes et al., 2007; Naselli-Flores, 2008; Downing, 2010; Buholce et al., 2015; Drira 

et al., 2018). 

2.  Typologie des réseaux trophiques planctoniques et propriétés émergentes associées: choix 

d’indicateurs de l'état écologique des écosystèmes perturbés 

Une analyse du fonctionnement trophique basée sur des indicateurs écologiques a été 

considérée dans la contamination chronique (Chapitre IV) et la contamination pulsée 

(discussion générale). Parmi les approches utilisées pour comprendre le fonctionnement des 

écosystèmes perturbés, on trouve la typologie des réseaux trophiques planctoniques qui se base 

sur l'étude des relations trophiques entre les différentes composantes planctoniques. Legendre 

& Rassoulzadegan (1995) ont proposé six ratios de typologie afin d’identifier des groupes de 

stations similaires et ont interprété les valeurs caractéristiques des rapports dans chaque groupe 

en termes de dominance d'une voie trophique donnée. Dans notre cas, on a considéré les ratios 

R7 (Production nette de picophytoplancton divisée par la production nette totale de 

phytoplancton) et R8 (Taux de consommation du phytoplancton total par protozooplancton 

divisé par le taux de consommation du phytoplancton total par proto et méta-zooplancton) qui 

ont été proposés par Legendre & Rassoulzadegan (1995) et définis numériquement par Sakka 

hlaili et al., (2014) pour distinguer le réseau trophique prépondérant. Ces auteurs ont aussi 

proposé six autres ratios liés au protozooplancton, dont R4 (Production nette totale de 

phytoplancton divisée par la production nette de nourriture potentielle de protozooplancton) et 

R6 (Production nette de COD et de DET divisée par la production nette de nourriture potentielle 

de protozooplancton), qu’on a utilisé dans le cas du Golfe de Gabès et du Canal de Bizerte. 

2.1. Cas du Golfe de Gabès 

La variation spatiale du type de réseau dans le Golfe de Gabès a été confirmée par le ratio 

R7, avec la dominance du réseau trophique microbien à la station S1 (R7 = 0,7 > 0,6), tandis 

que la voie multivore était prédominante aux stations S2 et S3 (0,1 < R7 = 0,2-0,12< 0,6), mais 

le réseau trophique à la station S4 était herbivore (R7 = 0,06 < 0,1). En se basant sur le ratio 

R8, le phytoplancton était majoritairement consommé par le protozooplancton dans le réseau 
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microbien (i.e. station S1) mais co-exploité par le proto- et le méta-zooplancton, lorsque les 

voies multivore (i.e. stations S2 et S3) et herbivore (i.e. station S4) régnaient. Les ratios R4 et 

R6 ont dévoilé que le phytoplancton total a contribué considérablement à la nourriture du 

protozooplancton dans les réseaux microbien et herbivore, alors que la contribution des détritus 

et du COD dans le réseau multivore était un peu plus élevée que celle de phytoplancton. 

De plus à chaque type de réseau une ou plusieurs propriétés émergentes pourraient être 

attribuées. Par exemple, en décrivant la stabilité d’un écosystème, Legendre & Rassoulzadegan 

(1995) ont déclaré que le réseau herbivore, qui constitue un système peu stable et de nature 

transitoire, domine le plus souvent les écosystèmes stressés par les forts apports en nutriments. 

En revanche, les réseaux microbien et multivore ont une plus grande stabilité et sont donc plus 

durables, dominant dans la plus des écosystèmes océaniques. D’autres études se basant sur les 

indices ENA ont proposé des théories liant la structure du réseau trophique aux propriétés 

émergentes. Par exemple, Finn (1976) a suggéré que le débit total du système quantifié par 

l’indice TST pourrait être utilisé pour quantifier le niveau d'activité de l'écosystème de la même 

manière que la productivité primaire ou la respiration de la communauté. Plusieurs travaux ont 

montré que des valeurs élevées de TST correspondent à des écosystèmes productifs, tels que 

les zones côtières influencées par des remontées d'eau riches en nutriments ou des apports 

fluviaux et des plateaux continentaux productifs (Coll et al., 2007; Grami et al., 2008; Corrales 

et al., 2015; Meddeb et al., 2018). Dans notre étude menée dans le Golfe de Gabès, le réseau 

trophique herbivore identifié dans les eaux les plus eutrophes était effectivement le plus actif 

que les réseaux trophiques microbien et multivore, trouvés dans les eaux à moindre richesse 

nutritive. Un système stable est supposé maximiser son recyclage, qui peut être estimé par 

l’indice de recyclage de Finn (FCI, Finn, 1976) et la longueur moyenne des voies trophiques 

(APL). Ces deux indices sont souvent considérés comme des indicateurs possibles de stress 

(Odum, 1985; Scharler & Baird 2005; Tecchio et al., 2015; Pezy et al., 2018). En effet, une 

baisse du nombre de cycles (FCI) et de leur longueur moyenne (APL) indique une diminution 

du stress (Baird & Ulanowicz, 1989). Les deux indices ont montré une évolution spatiale 

similaire, avec des valeurs les plus faibles dans le réseau herbivore de la station S4, indiquant 

que le système de S4 était moins stable que les voies multivore et microbienne observées dans 

les autres stations. De plus le niveau de stress  important (i.e. FCI et APL les plus élevés) était 

observé dans le réseau multivore de la station S2, qui était la plus exposée à la principale source 

de perturbation dans le Golfe (i.e. le complexe chimique). Ainsi, l'augmentation du recyclage 
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et de la diversité des flux semble conférer au système une certaine résistance à la forte 

perturbation que le réseau trophique a subie àla station S2. Meddeb et al. (2018) ont aussi trouvé 

une activité élevée dans le réseau trophique herbivore (Baie de Bizerte) qui coïncidait avec une 

faible stabilité alors que les réseaux multivore ou microbien (Canal et lagune de Bizerte) étaient 

les plus stables et matures. Le degré d'organisation et la spécialisation de l'écosystème peuvent 

aussi être estimées à partir de deux autres indices, à savoir l'ascendance relative (A/C) et 

l’information mutuelle moyenne (AMI) (Ulanowicz, 1997; Patrı́cio et al., 2004). Ces indices 

ont montré que les réseaux trophiques multivore (i.e. aux stations S2 et S3) et microbien (i.e. à 

la station S1) étaient les plus organisés et les plus spécialisés, avec probablement des voies 

d'acheminement du carbone plus directes. De plus, le rapport détritivorie/ herbivorie (indice 

D/H) peut être utile puisqu’il peut fournir des informations sur le transfert de carbone aux 

consommateurs via les détritus et/ou les autotrophes (Kay et al., 1989; Ulanowicz, 1992; 

Chrystal & Scharler, 2014; Niquil et al., 2014; Fath et al., 2019; Safi et al., 2019). Cet indice a 

montré une variation spatiale significative dans le Golfe de Gabès, indiquant un passage de 

systèmes basés sur la production phytoplanctonique pour les réseaux herbivore et microbien à 

des systèmes basés sur un équilibre entre le phytoplancton et les détritus pour le réseau 

trophique multivore. Nos résultats corroborent avec la théorie suggérant que les 

environnements riches en nutriments favorisent l'herbivorie par rapport à la détritivorie (Luong 

et al., 2014), puisque la valeur de D/H la plus faible a coïncidé avec le réseau herbivore présent 

dans la station la plus eutrophe (i.e. S4). 

Les indices ENA sont des outils potentiellement puissants dans la modélisation 

permettant d'examiner la structure et les flux de matière dans les écosystèmes (Wulf et al., 1989; 

Christensen & Pauly, 1993; Fath & Patten, 1999) afin d’évaluer la santé des écosystèmes 

(Niquil et al., 2014). Ces indices sont sensibles aux différents impacts sur les écosystèmes 

marins (Baird et al., 2009; Tecchio et al., 2016; Pezy et al., 2017). Cependant, ils ne peuvent 

que partiellement capturer les niveaux de stress anthropogéniques ou naturels des différents 

types de réseaux trophiques dans les écosystèmes aquatiques (Tecchio et al., 2016). Ainsi, les 

modèles d'écosystèmes sont de plus en plus utilisés pour conseiller  la politique pour l’eau et le 

milieu marin dans les pays de l’Union Européenne. (par exemple, Heymans et al., 2020), mais 

vu la complexité des interactions au sein d'un écosystème (Fath et al., 2007; Baird et al 2009) 

et vu que les résultats des modèles représentent des projections de la réalité sous forme 

numérique, l’utilisation et la compréhension de ces modèles sont difficiles pour les non-experts. 
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Récemment Fath et al., (2019) ont rapporté que les indices ENA sont importants, mais ils sont 

pour l'instant difficilement compréhensibles pour les non-spécialistes et donc difficilement 

communicables. Les ratios de typologie pourraient être plus pratiques aussi bien pour les 

experts que pour les non-experts. Ainsi l’identification de la voie trophique dominante dans un 

assemblage planctonique pourrait être effectuée à partir de ces ratios qui peuvent être calculés 

à partir de valeurs de flux relativement faciles à estimer sur le terrain, comme la production 

nette du picophytoplancton divisée par la production totale du phytoplancton et le taux de 

consommation du phytoplancton total par le protozooplancton divisé par le taux de 

consommation total par le proto- et le métazooplancton (Figure 2). De même, la détermination 

de la matière sur laquelle le système est basé pourrait être faite en utilisant des critères calculés 

à partir des flux estimés sur le terrain, à savoir, la production totale du phytoplancton divisée 

par la production de nourriture potentielle du protozooplancton et la production du COD et des 

détritus divisée par la production de nourriture potentielle pour le protozooplancton (Figure 2) 

(Sakka Hlaili et al., 2014). Ceci faciliterait la prise de décision pour l’écosystème étudié. 

D'un point de vue planctonique, les deux indices TST et D/H (Figure 3), souvent 

recommandés par plusieurs auteurs (Ulanowicz, 2004; Bodini et al., 2012; Fath et al., 2019; 

Safi et al., 2019), pourraient être couplés avec les ratios de typologie trophique (i.e. R4, R6, R7 

et R8) afin de mieux comprendre le fonctionnement des différentes structures du réseau 

planctonique sous la pression anthropique. L’analyse AFM a montré en effet que ces indicateurs 

écologiques (i.e. TST, D/H, R4, R6, R7 et R8) étaient les plus structurants dans les systèmes 

étudiés. 
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Figure. 2. Schéma illustrant les différents flux impliqués dans l’estimation des ratios de 

typologie trophique. La description de chaque flux est détaillée dans le Tableau 2 

du chapitre IV 
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Figure 3. Schéma illustrant les différents flux impliqués dans l’estimation de débit de 

carbone total (TST) et la détritivorie par rapport à l’herbivorie (D/H). La 

description de chaque flux est détaillée dans leTtableau 2 du chapitre IV 
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2.2. Cas du Canal de Bizerte 

Les indicateurs écologiques qu’on a proposé étaient testés dans le cas du Golfe de Gabès 

qui est soumis à une contamination chronique. Les écosystèmes sont non seulement complexes 

mais leurs dynamiques et fonctionnements changent selon le type de contamination. Il est 

logique de tester ainsi les indicateurs dans différents types de contamination pour savoir s’ils 

répondent de la même façon ou non et pour une application plus large dans la gestion des 

écosystèmes sous différents types de contamination. 

Une analyse simplifiée des ratios de typologie et des indices ENA a été effectué dans la 

présente discussion pour le cas de la marée noire afin de savoir si ces indicateurs répondent de 

la même façon que dans le cas d’une contamination chronique. Bien qu'un grand intérêt ait été 

porté à l’effet des déversements de pétrole sur les communautés planctoniques (bactéries, 

phytoplancton et zooplancton), leurs interactions ainsi que leur impact indirect sur le réseau 

trophique (Gonzalez et al., 2009; Almeda et al., 2013, 2014, 2016, 2018; Severin et al., 2016; 

Bretherton et al., 2020; Quigg et al., 202), la proposition d’indicateurs pour les gestionnaires 

sur l'effet de la contamination par le pétrole sur le réseau trophique planctonique est inexistante. 

Dans la présente étude, les ratios de typologie ont montré la même tendance que celle révélée 

dans la contamination chronique (Figure 4). A court et à long termes les valeurs de R7 ont bien 

discriminé le réseau herbivore (R7<0.1) (au 1ier jour), le réseau multivore (0.1<R7<0.6) (aux 

4ème et 8ème jours) et le réseau microbien (R>0.6) au 18ème jour. Ce ratio est le 1er critère proposé 

par Sakka Hlaili et al. (2014) aux chercheurs et aux gestionnaires afin d'identifier 

quantitativement la voie trophique qui domine un assemblage planctonique. Ainsi, son 

application dans l’étude des réseaux trophiques pourrait être utile pour tous les types de 

contamination. On a également révélé, que les différents réseaux se sont basés sur le 

phytoplancton (R4 élevé). Le transfert de carbone vers les niveaux supérieurs a été 

principalement due aux proto- et métazooplancton pour le réseau herbivore (R8 faible) mais 

aux protozoaires seulement pour les réseaux multivore et microbien (R8 plus au moins élevé).  

Contrairement aux ratios de typologie, une différence a été notée pour les indices ENA, 

puisque l’information a changé pour un même type de réseau entre la contamination chronique 

et pulsée. L’activité de système indiqué par TST (Figure 5) semble être la plus sensible aux 

changements de flux du réseau face aux perturbations. Contrairement à la contamination 

chronique ou le réseau herbivore a montré l’activité la plus élevée, la contamination pulsée a 
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révélé que le réseau trophique microbien est le plus actif (TST élevé). Ce débit élevé du système 

semble être associé à l’accumulation de biomasse du picophytoplancton dans le système. Ceci 

contredit l'idée que le réseau trophique herbivore est plus actif que les réseaux trophiques 

microbien et multivore (Meddeb et al., 2019; Decembrini et al., 2021). De plus, la comparaison 

du réseau trophique microbien observé à long terme avec celui observé dans des conditions 

normales (i.e. avant la marée noire, Meddeb et al., 2019), a montré que le système peut encore 

être perturbé et qu'il n'a pas trouvé son état d'équilibre initial, c'est-à-dire sa stabilité. 

L’indice D/H a légèrement varié au fil des jours après la marée noire et a montré la valeur 

la plus forte dans le réseau microbien qui s’est installé au 18ème jour. Ceci est différent de ce 

qu’on a signalé dans la contamination chronique où le réseau multivore a présenté une forte 

détritivorie. Ceci pourrait être lié à l’effet de pétrole sur la communauté planctonique car il a 

déjà été signalé que certains détritivores hétérotrophes, en digérant le pétrole, deviennent la 

principale source de carbone alors que le phytoplancton est décimé (TCO Spill, 2010). 

L’analyse AFM a donné aussi des résultats opposés à ceux trouvés par la même analyse 

pour la contamination chronique. Ainsi, contrairement à la corrélation négative révélé dans la 

contamination chronique (r= - 0,39 ; p-value <<0,05), une corrélation positive entre la 

production de picophytoplanton, R7 et TST a été bien observée (r= 0,7 ; p-value < 0,01 ; Figure 

6). Cette corrélation pourrait nous permettre de constater que même si le TST n’a pas montré 

la même tendance que dans la contamination chronique vis-à-vis les différentes structures 

trophiques, le couplage de cet indice TST pourrait être applicable dans le cas de contamination 

pulsée car, comme déjà indiqué, les ratios R7 et R8 permettent de fournir des informations 

indirectes sur la quantité de production primaire dans le système, ce qui a un effet sur l'activité 

de l'écosystème mesurée par le TST (Finn, 1976; Ulanowicz, 1986; Borrett & Scharler, 2019). 

Pour le D/H, comme pour la contamination chronique, il est fortement discriminant. Ceci est 

bien visible sur l’AFM où cet indice est positivement corrélé à R6 (r= 0,39 ; p-value <<0,05) et 

négativement corrélé à R4 (r= -0,55 ; p-value <0,05) sur l’axe 2. Donc son couplage avec les 

ratios de typologie R4 et R6 est recommandé pour savoir le type de matière sur laquelle le 

système est basé. 
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Figure.4 Variation des ratios de la typologie du réseau trophique au cours des différents 

jours après le déversement de pétrole. 
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Figure. 5 Variation temporelle des indices ENA calculés pour les réseaux trophiques 

planctoniques dans la contamination pulsée de Bizerte. Débit total du 

système (TST ; mg C m-2 j-1), ascendance relative (A/C ; %), information 

mutuelle moyenne (AMI ; bits), longueur moyenne des voies trophiques 

(APL), indice de recyclage (FCI ; %), et détritivorie/herbivorie (D/H). 
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Figure. 6 Analyse factorielle multiple (AFM) montrant les relations entre les indicateurs 

écologiques (ratios de typologie trophique et indices ENA), les variables 

environnementales (nutriments inorganiques et organiques : Ninorg, Pinorg, 

Siinorg, Norg, Porg) et les flux de carbone [GPP de PIC (GPP->PIC), NAN 

(GPP->NAN) et MIC (GPP->MIC), production bactérienne (DOC->BAC) 

et enfoncement de NAN (NAN->LOS), MIC (MIC->LOS) et MET (MET-

>LOS)]. 
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Les ENA sont des outils sensibles de caractérisation de l'état de santé des écosystèmes 

qui ont été utilisés à plusieurs reprises pour évaluer l'impact des pressions naturelles et 

anthropiques sur les écosystèmes marins côtiers (Niquil et al., 2014; Pezy et al., 2017; Tecchio 

et al., 2016; de la Vega et al., 2018a, b; Safi et al., 2019; Fath et al., 2019). Johnson et al. (2009) 

ont signalé également la sensibilité des ENA aux spécificités environnementales et aux 

paramètres physiques. Ce qui rend difficile la comparaison des valeurs ENA entre différents 

écosystèmes. A l’échelle planctonique, l’évaluation de ces indices écologiques dans différents 

cas de contamination ainsi n’a jamais été faite auparavant, ni leur association aux ratios de 

typologie trophique. Les rares études qui ont considéré les ENAs dans le réseau trophique 

planctonique, ne se sont pas concentrées sur la comparaison entre différents facteurs de 

contamination (Grami et al., 2011; Tortajada et al., 2012; Meddeb et al., 2018). 

Les indices ENA ont été utilisés par les conventions de mer régionales, telles que 

HELCOM, OSPAR et la Convention de Barcelone (Safi et al., 2017, 2019; McQuatters-Gollop 

et al., 2022) afin de définir et mettre en œuvre une stratégie de maintien du bon état écologique 

(Rombouts et al., 2013; Safi et al., 2017, 2019; Arroyo et al., 2019). Cependant, leur application 

dans les réseaux trophiques planctoniques fait généralement défaut. C'est pourquoi nous avons 

appliqué une approche combinant les ENA et les ratios typologiques afin de mieux comprendre 

le fonctionnement des différentes structures des réseaux alimentaires planctoniques. En 

complément des ENA, nous pouvons proposer aux chercheurs et gestionnaires de nouveaux 

critères (basés sur les ratios typologiques de Sakka Hlaili et al., (2014)), qui pourraient utiliser 

pour identifier quantitativement les différentes structures du réseau. L'avantage de ces ratios est 

que si l'on considère certains d'entre eux, on peut accéder directement aux flux spécifiques sans 

avoir calculer tous les flux de l'ensemble du réseau, comme c'est le cas pour les ENA. Les 

résultats des ENA permettent de mieux comprendre le fonctionnement des différentes structures 

du réseau trophique planctonique sous la pression anthropique à savoir son activité (TST) et 

l'importance des détritus par rapport à la production phytoplanctonique (D/H) dans le système. 

3. Limite de l’étude et difficultés rencontrées 

Comme pour de nombreuses études portant sur les relations pressions-état, la principale 

limite de ce travail est le manque de données quantitatives sur les pressions (anthropiques et 

naturelles) à l’échelle des stations étudiées dans le Golfe de Gabès. Ainsi, les nutriments ne sont 

pas les seules responsables de la forte contamination dans cet écosystème. De nombreux autres 
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facteurs pourraient également entrer en ligne de compte tels que les éléments traces métalliques 

(ETMs) (Chouba & MzouchiAguir, 2006), les HAPs (Zaghdem et al 2022), etc. La quantité et 

la qualité de ces polluants rejetés peuvent avoir une influence irréversible sur la communauté 

planctonique. Evaluer la variabilité inhérente des polluants dans la colonne d'eau nécessiterait 

par ailleurs un plan d'échantillonnage complexe. De plus, la variation spatiale de la communauté 

planctonique a été bien étudiée. Or les caractéristiques hydrodynamiques et hydrologiques dans 

le Golfe changent au fil des saisons, ce qui peut avoir un impact sur la dynamique du plancton 

(Bel Hassen et al. 2008, 2009 ; Makhlouf Belkahia et al. 2021) ainsi que les interactions 

planctoniques au sein de l'écosystème. La prise en compte des variations saisonnières dans les 

études ultérieures est importante afin de mieux comprendre le fonctionnement global de cette 

zone méditerranéenne très dynamique et productive. 

De même pour le Canal de Bizerte, bien que les réponses des communautés des 

producteurs et consommateurs au déversement de pétrole ait été caractérisés, il reste encore 

beaucoup d’inconnues. Malgré les nombreuses études réalisées au cours de la dernière 

décennie, les raisons qui sous-tendent la tolérance relativement élevée des dinoflagellés et des 

diatomées aux hydrocarbures et aux dispersants, ainsi que les effets stimulants de ces polluants 

sur la croissance et la production de toxines chez certaines espèces formant des efflorescences, 

sont inconnues. Ainsi en se basant sur l’effet des hydrocarbures sur la croissance et la 

photosynthèse des espèces sensibles et résistantes, la taille des cellules a été considérée comme 

le facteur le plus important pour déterminer la réponse de la biomasse du phytoplancton aux 

hydrocarbures (Bretherton et al., 2020). Ainsi le changement d’échelle entre la réaction d'une 

espèce donnée au niveau individuel et les changements observés au niveau de la communauté 

est encore mal connu. Les interactions entre les différentes composantes planctoniques à savoir 

phytoplancton-phytoplancton, phytoplancton-bactéries et phytoplancton-zooplancton peuvent 

jouer un rôle important dans le destin d'une espèce donnée lors d'une marée noire.
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Conclusion Générale 

Ce travail de thèse s’est intéressé principalement (i) à l’identification des différents types 

de réseaux trophiques planctoniques dominants au niveau des deux sites d’études à partir des 

dynamiques des communautés planctoniques et (ii) à l’impact des contaminations chronique et 

soudaine sur leurs propriétés structurales et émergentes fonctionnelles. Le but ultime est de 

chercher des indicateurs écologiques utiles et efficaces, pour l’évaluation de l’état de santé de 

l’écosystème, et qui sont facilement applicables par les experts et les non experts, pour une 

gestion durable des écosystèmes marins. Les différents résultats issus de ce travail peuvent 

améliorer la compréhension de la dynamique des réseaux trophiques marins, aussi bien dans les 

écosystèmes fortement touchés par les apports de nutriments anthropogéniques que les 

systèmes affectés par des marées noires accidentelles. 

La première partie du travail a investigué la dynamique des réseaux trophiques 

planctoniques dans le Golfe de Gabès, un site caractérisé par un hydrodynamisme actif et une 

forte productivité, mais perturbé en permanence (chapitre III). La combinaison de l'analyse des 

réseaux écologiques (indices ENA) et des ratios de typologie nous a permis de mieux 

comprendre le fonctionnement de l’écosystème face à cette perturbation chronique (chapitre 

IV). Nos résultats ont modifié la vision traditionnelle concernant la dominance de la voie 

herbivore dans les zones hautement productives et au contraire ils ont mis en évidence la 

présence d’un continuum de voies trophiques. Ainsi, différents types de réseaux, dans lesquels 

le petit et le gros phytoplancton, le protozooplancton et le métazooplancton jouaient divers rôles 

fonctionnels, ont été décrits le long d’un gradient de richesse nutritive qui semble lui-même 

causé par la circulation complexe dans le Golfe : 

► Le réseau microbien a dominé dans la zone la moins riche en nutriments. Il se 

caractérisait par une production élevée du picophytoplancton et une forte microbivorie du 

protozooplancton qui était la principale voie de transfert du carbone. Dans ce réseau, le 

débit total était le plus faible, alors que l’ascendance relative et le recyclage étaient 

importants, suggérant que le système avait une faible activité mais une organisation et 

une stabilité élevées. Le carbone qui circulait dans ce système provenait principalement 

du phytoplancton, puisque le détritivorie/herbivorie était faible.  
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► L’augmentation de la richesse nutritive a été suivie par une modification du réseau 

vers une voie multivore, dans laquelle le gros et le petit phytoplancton ainsi que les 

composants non vivants (détritus et COD) jouaient un rôle important dans la production 

du carbone organique. La microbivorie (du protozooplancton) ainsi que l’herbivorie (du 

proto- et métazooplancton) participaient ensemble dans l’exportation du carbone. Ce 

réseau, ayant la détritivorie/herbivorie la plus élevée, un recyclage, une ascendance et un 

débit total relativement importants, était un système organisé, le plus stable avec une 

activité importante. 

► Le réseau herbivore était présent dans les eaux les plus riches en nutriments. Le 

carbone biogène, principalement produit par le microphytoplancton, était acheminé vers 

les niveaux trophiques supérieurs par le protozooplancton et le métazooplancton 

herbivore. Ce réseau, avec un débit total du système le plus élevé et une ascendance 

relative et un recyclage les plus faibles, était le système le plus actif mais le moins 

organisé et stable. La détritivorie/ herbivorie était la plus faible indiquant que la source 

de carbone dans ce système était basée plus sur le phytoplancton que sur la matière inerte. 

La deuxième partie de la thèse a porté sur l’étude des effets, à court et à plus long terme, 

d’une marée noire sur les communautés naturelles du phytoplancton et des consommateurs 

protozoaires et les conséquences résultantes sur le réseau trophique planctonique dans le Canal 

de Bizerte (chapitre V et discussion générale). Cette étude a souligné l'importance de 

l'échantillonnage in situ à différents stades de la marée noire, puisque le phytoplancton et le 

protozooplancton ont réagi différemment tout au long de l'évolution de l'incident pétrolier. Pour 

le phytoplancton, la croissance, la biomasse, la structure de taille et la composition, observées 

quelques jours après la fuite du pétrole étaient nettement différentes de celles rapportées à plus 

long terme. De plus, la contamination pétrolière avait des effets différentiels sur les espèces et 

les fractions de taille du phytoplancton, ce qui a influencé les taux de production primaire. 

Concernant le protozooplancton, les différents groupes taxonomiques ont présenté diverses 

réponses au pétrole, avec le remplacement des taxons vulnérables par des organismes tolérants, 

qui ont des rôles fonctionnels et des sélectivités alimentaires variables. Cela a provoqué une 

modification significative des taux de consommation du protozooplancton avec un impact 

ressenti au niveau de tout le réseau planctonique. En effet, l’utilisation combinée des ratios de 

typologie trophique et des indices fonctionnels ENA a permis d’identifier différents types de 

réseaux au cours de l’évolution de la marée noire : 
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► Un jour après la fuite du pétrole, le réseau herbivore a été décelé avec le 

microphytoplancton comme principal producteurs, dont la production était transférée vers 

les niveaux supérieurs via l’herbivorie du proto- et métazooplancton. Ce réseau, a montré 

le débit total et la détritivorie/herbivorie les plus faibles, indiquant un système peu actif 

basé sur le phytoplancton. 

► Après quelques jours du rejet du pétrole (4ème et 8ème jour), la voie multivore s’est 

installait où la production  a été grossièrement partagé entre le micro et le 

picophytoplancton à J04 et J08 (R7 plus au moins forte R4>R6). Cette production est 

transférée vers les niveaux supérieurs via la microbivorie et l’herbivorie de PRO ainsi que 

l’herbivorie de MET (R8 plus au moins fort). Le débit total (TST) était plus au moins 

faible ces les deux jours et la détritivorie par l’herbivorie était plus importante dans le 

4ème jour que le 8ème. Ce qui indique un réseau plus au moins actif  et basé sur la matière 

inerte le 4ème jour et le phytoplankton le 8ème jour.  

► A plus long terme (18ème jour), le système était dominait par la voie microbienne 

caractérisée par une production élevée du picophytoplancton et un rôle important du 

protozooplancton, à travers sa microbivorie et herbivorie, dans l’acheminement du 

carbone. Ce système était très actif et basé surtout sur le phytoplancton, puisqu’il 

possédait un débit total élevé et une faible détritivorie/herbivorie. La comparaison de ce 

réseau microbien avec la voie microbienne généralement observée dans les conditions 

normales (i.e. en absence de marée noire) à la même période que notre étude (Meddeb et 

al., 2019) a révélé que malgré que le même type de réseau fonctionnait, le système était 

encore  perturbé et qu'il n'a pas retrouvé son état d'équilibre initial, c'est-à-dire sa stabilité. 

Les résultats des deux études nous permettent de conclure que l’évaluation de la santé des 

écosystèmes peut se faire en se basant sur une combinaison d’indicateurs écologiques, incluant 

des indices de typologie trophique et des indices fonctionnels ENA. Cette combinaison a permis 

d’évaluer la structure, le fonctionnement et les propriétés émergentes des écosystèmes soumis 

à la pression anthropique, chronique et accidentelle. Ces indicateurs peuvent constituer des 

outils efficaces applicables dans un contexte de gestion des écosystèmes pollués (Figure 1). 



 

 

 

 

 

Figure 1.  Schéma de synthèse illustrant l’effet de différents types de contamination sur le fonctionnement et la typologie de réseau trophique 

planctonique (RTP) (un réseau microbien au 18ème  jour après la marée noire et un réseau herbivore dans les eaux les plus riches en 

nutriments) ainsi que les indicateurs écologiques les plus appropriés pour une gestion durable de l’écosystème 
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Perspectives 

À l’issu de cette thèse, certaines perspectives sont inéluctables à développer. Les 

perspectives proposées ont un aspect fondamental et pratique.  

I. Perspectives fondamentales: Mieux comprendre le 

fonctionnement des réseaux trophiques planctoniques 
 

Perspective 1 : Approfondir la compréhension du rôle de la mixotrophie 

                          au sein du réseau planctonique 
 

La présente étude a montré l’importance des mixotrophes aussi bien dans les réseaux 

soumis à une contamination chronique (cas du Golfe de Gabès) que pulsée (cas de la marée 

noire). On a signalé que les mixotrophes étaient abondants dans les eaux les plus eutrophes et 

qu’ils étaient non affectés et même stimulés par le pétrole. En fait, la mixotrophie est facteur 

de complexité qui retient de plus en plus l'attention. En général, les mixotrophes semblent être 

plus adaptés aux habitats planctoniques (Laybourn-Parry, 1992), car ils ont certains avantages 

par rapport aux autotrophes ou hétérotrophes (Veen, 1991; Jones, 1994; Li et al., 1999, 2000; 

Burkholder et al., 2008). Ward & Followres (2015) ont révélé que la mixotrophie favorise le 

transfert de la biomasse vers des classes de taille plus grandes, ce qui entraîne une augmentation 

de la taille moyenne des organismes à l'échelle mondiale et une augmentation de ∼35 % du flux 

de carbone qui sédimente. DeAngelis (1992) a signalé l’effet stabilisateur de la mixotrophie 

dans les écosystèmes planctoniques océaniques, ce qui tend à surmonter l'effet déstabilisateur 

général causé par un recyclage étroit de nutriments. Jost et al. (2004) ont émis également 

l’hypothèse d’un lien mixotrophique qui renforce la stabilité dans le système planctonique. Il 

semble donc important d’approfondir l’étude de la mixotrophie au sein de la communauté 

planctonique pour mieux comprendre la réponse et le fonctionnement réseau trophique 

planctonique face aux perturbations.  

Perspective 2 : Approfondir la compréhension du rôle des bactéries hétérotrophes 

au sein du réseau trophique planctonique 

 
Notre étude a révélé que les hydrocarbures pétroliers peuvent servir une source de carbone 

pour les bactéries favorisant leurs croissances (chapitre V). Les bactéries hétérotrophes jouent 

un rôle crucial dans les processus de recyclage, de décomposition et de minéralisation de la 

matière organique dans les réseaux trophiques (Cunha et al., 2010). Ce sont des producteurs 
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majeurs de CO2 dans les cycles biogéochimiques du carbone qui contribuent à la respiration 

des communautés planctoniques de 10 à 90% (Biddanda et al., 2001; Robinson, 2008). 

Plusieurs études ont souligné l’importance des bactéries dans les déversements de pétrole 

(Coral et al 2005; Kostka et al., 2011; Baelum et al., 2012; Kimes et al., 2014; Wanjohi et al., 

2015; Bacosa et al., 2015, 2016). La majorité de ces études ont rapporté que les communautés 

bactériennes sont capables de s'adapter rapidement aux marées noires par le développement 

sélectif de souches qui dégradent le pétrole ce qui leurs permet d’être utilisées pour assainir 

l'environnement des contaminants pétroliers (Wanjohi et al., 2015) . Coral et al. (2005) ont 

révélé l’utilisation par les bactéries du pétrole, riche en carbone, pour satisfaire leur croissance 

cellulaire et leurs besoins énergétiques. Ainsi en se basant sur des expériences de dégradation 

de pétrole (Spring, 1994; Wanjohi et al., 2015), les bactéries pourraient être utilisées comme 

des indicateurs de disparition du pétrole du système. Il serait donc intéressant d’approfondir le 

rôle joué par les bactéries au sein de réseau trophique dans les eaux riches en nutriments ainsi 

que lors de suivi de l’évolution de pétrole qui pourrait être considéré par la suite comme un 

indicateur de l’état de santé de l’écosystème face à une perturbation. 

II. Perspectives pratiques: vers l’utilisation des approches omiques  

pour l’étude des réseaux trophiques planctoniques 

En tenant compte de la grande diversité des communautés planctoniques, la dynamique 

du plancton au cours des perturbations peut être évaluée efficacement en utilisant les 

technologies méta-omiques (i.e. transcriptomique, protéomique et/ou métabolomique). Ces 

techniques représentent des outils privilégiés pour améliorer notre connaissance de l'évolution 

des composantes planctoniques, et ces informations peuvent être traduites en connaissance de 

l'état de santé du réseau trophique planctonique (Stec et al., 2017; D’Alelio et al., 2019). Les 

mesures omiques fournissent une grande quantité de données sur la distribution du plancton. 

Ces méthodes sont d'excellents outils qui permettent par exemple de caractériser les espèces et 

les communautés en termes de taxonomie et de diversité et d'éclairer les processus fonctionnels 

qui les caractérisent (via les méthodes omiques associés à l’eDNA) (Havermans et al., 2022). 

Elles permettent également l'identification de plusieurs taxons à partir de l'ensemble de l'ADN 

d'un échantillon environnemental (Taberlet et al., 2012) et de décrire le lien entre la diversité 

du plancton et la structure du réseau trophique (Russo et al., 2023) (via la méthode le DNA 

metaB). En plus, les progrès rapides de la modélisation permettent d'améliorer le niveau de 

précision biologique des modèles écologiques en intégrant les nombreux aspects de la 

mixotrophie du plancton dans les modèles biogéochimiques (D’Alelio et al., 2016; Ghyoot et 
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al., 2017). L’identification des réseaux génétiques dédiés à la régulation de la mixotrophie dans 

les populations naturelles est un autre défi central de la métaomique de nouvelle 

génération(Mitra et al., 2016; D’Alelio et al., 2019). D’autres efforts fournis par ces mesures 

omiques permet d'obtenir des informations de départ pour mieux caractériser les interactions 

entre les espèces de plancton dans le but de façonner les réseaux trophiques : par exemple, les 

protistes peuvent manger soit des procaryotes, soit d'autres protistes, soit les deux types de 

proies, les métazoaires peuvent manger des proies unicellulaires ou multicellulaires, ou les 

deux, et ils peuvent être sélectifs ou non sélectifs (D’Alelio et al., 2016, 2019). Il serait donc 

intéressant d’utiliser les analyses omiques dans les différents cas de contamination afin 

d’apporter une analyse complémentaire aux résultats obtenus. Ainsi, les interactions  proie-

consommateur étudiées dans le présent travail de thèse pourraient être prisent en considération 

pour avoir plus de récision sur la sélection préférentielle face à aux différents types de 

perturbations afin de mieux comprendre la différence dans la structuration  et le fonctionnement 

de réseau trophique planctonique.
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Étude de l’état de santé des écosystèmes côtiers sud méditerranéens anthropisés par application des modèles du réseau 

trophique planctonique et des indicateurs écologiques en situation de contamination chronique & pulsée. 
Résumé 
Les écosystèmes côtiers méditerranéens sont considérés parmi les zones les plus perturbées vu qu’elles sont soumises à une importance pression anthropique, qui a conduit à 
leur eutrophisation et leur contamination par divers types de polluants chimiques. Ces perturbations ont des conséquences sur le fonctionnement de ces écosystèmes, leur état 

écologique et ultimement sur leurs capacités d’exportation de carbone et de productivité. C’est dans ce contexte que ce travail a été mené visant à étudier l’état de santé des deux 

écosystèmes côtiers sud méditerranéens anthropisés en caractérisant les réseaux trophiques planctoniques (RTPs) et en appliquant des indicateurs écologiques. Cette étude a 
concerné le Golfe de Gabès qui est caractérisé par une forte hydrodynamique et une contamination chronique due principalement aux industries du complexe Gannouche-Gabès 

et le Canal de Bizerte qui a été soumis à une contamination pulsée causée par une fuite de pétrole.  

Dans le Golfe de Gabès, la dynamique spatiale du RTP a été étudiée en automne 2017 lors de la campagne MERMEX-MERITE dans quatre stations situées à différentes distances 
de la principale source de contamination. Des échantillonnages et des incubations in situ ont été conduits à chaque station pour déterminer les conditions environnementales, et 

nutritives entre autres, les biomasses carbonées des composantes du réseau [carbone organique particulaire et dissous, bactérioplancton, picophytoplancton (< 2 µm), 

nanophytoplancton (2-10 µm), microphytoplancton (> 10 µm), protozooplancton et métazooplancton (> 200 µm)] et certains flux de carbone (production bactérienne et 
phytoplanctonique, consommation du protozooplancton et du métazooplancton et sédimentation des particules). Les flux estimés à partir des données de terrain ont été utilisés 

dans une analyse inverse de Monte Carlo en Chaîne de Markov (LIM-MCMC) pour calculer les flux manquants afin de construire des modèles du RTP de chaque station. Cette 

analyse inverse était suivie par une analyse des indicateurs écologiques (ENAs et ratios de typologie) afin de dégager les propriétés structurales et fonctionnelles des RTPs. Les 
résultats ont montré que la circulation hydrodynamique complexe dans le Golfe semble induire un gradient nord-sud et côte-large des concentrations nutritives conduisant à des 

variations spatiales dans la structuration en taille et la production du phytoplancton ainsi que dans les interactions trophiques. Par conséquent différentes voies trophiques ont été 

distinguées en fonction du stress nutritif. Le réseau microbien dominait à la station la moins riche en nutriments (la plus au nord) et se caractérisait par la production primaire et 
l’activité les plus faibles, mais par l’ascendance la plus élevée, reflétant une importante organisation et stabilité. Le système à la station la plus eutrophe (la plus au sud) 

fonctionnait comme un réseau herbivore et était le plus actif avec une forte production primaire et débit total de carbone, mais restait le moins organisé et le moins stable. Dans 

les deux autres stations, un réseau multivore s’est développé et était le plus organisé grâce à une importante détritivorie par rapport à l’herbivorie, un fort recycle et une ascendance 
élevée.  

Dans le Canal de Bizerte, les effets d’une marée noire, survenue en octobre 2018, sur les communautés du phytoplancton et du protozooplancton ainsi que leurs interactions 

trophiques ont été évalués dès les premiers jours suivant le déversement du pétrole et après quelques semaines. L’évolution du RTP au cours des différents jours suivant le 

déversement a été aussi décrite. Des échantillonnages et des incubations in situ ont été conduits les 1ier, 4ème, 8ème et 18ème jours après la fuite du pétrole. On a noté la présence 

d’une nappe de pétrole du 1ier au 8ème jour avec une contamination des eaux par les hydrocarbures aromatiques polycycliques (HAPs), principalement le chrysène. Le 

phytoplankton a montré des différentes réponses au fil du temps. À court terme (du 1er au 8ème jour), la croissance et la biomasse du picophytoplancton ont augmenté, alors que 
celles du nano- et du microphytoplancton ont diminué, probablement en raison de la sensibilité des certaines grandes espèces aux HAPs. À plus long terme (18ème jour), la 

dispersion du pétrole et la réduction de son effet négatif se sont accompagnées par une prolifération des grandes cellules avec un changement dans leur composition taxinomique 

et une forte accumulation de la biomasse du picophytoplancton, causée par la diminution de leur broutage par le protozooplancton. En conséquence, la structure en taille du 
phytoplancton a évolué tout au long de l'exposition au pétrole, passant d'une prédominance du microphytoplancton après quelques jours à une dominance à long terme du 

picophytoplancton. La structure de la communauté du protozooplancton a également changé au fil des jours vers une dominance des dinoflagellés mixotrophes (principalement 

Heterocapsa) au détriment d'une diminution des dinoflagellés hétérotrophes (i.e. Gyrodinium and Protoperidinium). Les ciliés (principalement Strombidium) ont montré une 
diminution à court terme mais une récupération au 18ème jour, tandis que les nanoflagellés hétérotrophes étaient plus vulnérables à la toxicité du pétrole et ont disparu à partir 

du 8ème jour. Les taux de production des différentes fractions de taille du phytoplancton ainsi que leurs taux de consommation par le protozooplancton ont largement varié entre 

les différents jours. L'intégration de ces taux modifiés par la contamination pétrolière dans des modèles linéaires inverses de flux de carbone et le calcul des indicateurs 
écologiques ont montré un changement clair dans la structure et le fonctionnement du RTP, de la voie herbivore (au 1ier jour), au réseau multivore (4ème et 8ème jour) jusqu’un 

réseau microbien spécial (au 18ème jour), ce qui implique différentes efficacités dans l'exportation du carbone tout au long de l’évolution de la marée noire.  

Cette étude met en évidence l’importance de coupler la typologie des RTPs et les indicateurs écologiques pour mieux décrire l’état écologique des écosystèmes soumis soit à 
une contamination permanente ou pulsée. Ces approches intégratives peuvent fournir des outils efficaces pour gérer et évaluer la santé des écosystèmes anthropisés.  

 

Mots clés : Structure de la taille du phytoplancton, production primaire, broutage par le zooplancton, réseau trophique  planctonique, contamination 

chronique, marée noire, ratios de typologie, indices ENAs, Sud-ouest de la mer Méditerranée. 
 

Study of the health status of anthropized southern Mediterranean coastal ecosystems by applying planktonic food web 

models and ecological indicators in situations of chronic & pulsed contamination. 
Abstract 
Mediterranean coastal ecosystems are considered to be among the most disturbed zones, as they are subject to considerable anthropogenic pressure, which has led to their 

eutrophication and contamination by various types of chemical pollutants. These disturbances have consequences for the functioning of these ecosystems, their ecological status 
and ultimately their carbon export and productivity capacities. It is against this backdrop that this study was carried out to investigate the state of health of two anthropized 

southern Mediterranean coastal ecosystems by characterizing planktonic food webs (PFWs) and applying ecological indicators. The study focused on the Gulf of Gabès, which 

is characterized by strong hydrodynamics and chronic contamination due mainly to the industries of the Gannouche-Gabès complex, and the Bizerte Channel, which was 
subjected to pulsed contamination caused by an oil spill. 

In the Gulf of Gabès, the spatial dynamics of the PFWs were studied in autumn 2017 during the MERMEX-MERITE campaign at four stations located at different distances 

from the main source of contamination. Sampling and in situ incubation were conducted at each station to determine environmental and nutrient conditions, including carbon 
biomass of food webcomponents [particulate and dissolved organic carbon, bacterioplankton, picophytoplankton (< 2 µm), nanophytoplankton (2-10 µm), microphytoplankton 

(> 10 µm), protozooplankton and metazooplankton (> 200 µm)] and certain carbon fluxes (bacterial and phytoplankton production, protozooplankton and metazooplankton 

consumption and particulate sedimentation). The fluxes estimated from the field data were used in an inverse Markov Chain Monte Carlo (LIM-MCMC) analysis to calculate 
the missing fluxes in order to build models of the PFW for each station. This inverse analysis was followed by an analysis of ecological indicators (ENAs and typology ratios) 

to identify the structural and functional properties of the PFWs. The results showed that the complex hydrodynamic circulation in the Gulf appears to induce a north-south and 

coast-offshore gradient in nutrient concentrations, leading to spatial variations in phytoplankton size structuring and production, as well as trophic interactions. As a result, 
different trophic pathways were distinguished as a function of nutrient stress. The microbial food web dominated at the least nutrient-rich station (northernmost) and was 

characterized by the lowest primary production and activity, but the highest ascendancy, reflecting a high degree of organization and stability.  The system at the most eutrophic 

station (southernmost) functioned as an herbivorous food web and was the most active with high primary production and total carbon flow, but remained the least organized and 
stable. At the other two stations, a multivorous food web developed and was the most organized thanks to high detritivory compared with herbivory, strong recycling and high 

ascendancy. 

In the Bizerte Channel, the effects of an oil spill, which occurred in October 2018, on phytoplankton and protozooplankton communities and their trophic interactions were 
assessed from the first days after the oil spill and after a few weeks. In situ sampling and incubation were carried out on days 1, 4, 8 and 18 after the oil spill. The presence of an 

oil slick was noted from days 1 to 8, with water contamination by polycyclic aromatic hydrocarbons (PAHs), mainly chrysene. Phytoplankton showed different responses over 

time. In the short term (days 1-8), picophytoplankton growth and biomass increased, while those of nano- and microphytoplankton decreased, probably due to the sensitivity of 
certain large species to PAHs. In the longer term (day 18), the dispersal of oil and the reduction of its negative effect were accompanied by a proliferation of large cells with a 

change in their taxonomic composition and a strong accumulation of picophytoplankton biomass, caused by reduced grazing by protozooplankton. As a result, the size structure 

of phytoplankton evolved throughout oil exposure, from a predominance of microphytoplankton after a few days to a long-term dominance of picophytoplankton. The structure 
of the protozooplankton community also changed over the days towards a dominance of mixotrophic dinoflagellates (mainly Heterocapsa) at the expense of a decrease in 

heterotrophic dinoflagellates (i.e. Gyrodinium and Protoperidinium). Ciliates (mainly Strombidium) showed a short-term decrease but recovery by day 18, while heterotrophic 

nanoflagellates were more vulnerable to oil toxicity and disappeared by day 8. The production rates of the various phytoplankton size fractions and their consumption rates by 
protozooplankton varied widely among days. Integrating these oil contamination-modified rates into linear inverse carbon flux models and calculating ecological indicators 

showed a clear shift in PFW structure and function, from the herbivorous pathway (at day 1), to the multivorous food web (days 4 and 8) to a special microbial food web (at day 

18), implying different carbon export efficiencies throughout the evolution of the oil spill.  
This study highlights the importance of coupling PFW typology and ecological indicators to better describe the ecological state of ecosystems subjected to either permanent or 

pulsed contamination. These integrative approaches can provide effective tools for managing and assessing the health of anthropized ecosystems. 
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