L'objectif principal de ce livre était d’'étudier la dynamique spatiale et
temporelle de la structure des communautés de poissons de la partie
aval du fleuve Mékong et du grand lac Tonlé Sap. Les deux systémes
sont fortement liés et caractérisés par les systemes d’inondation pulsés
avec un cycle de remplissage et vidange annuel. Les analyses
statistiques des séries de données piscicoles, environnementales et des
traits fonctionnels des poissons nous ont permis de mettre en évidence
des gradients longitudinaux des caractéristiques physicochimiques des
eaux et l'importance relative des facteurs environnementaux dans la
structuration des communautés de poissons a large échelle. La structure
temporelle des communautés de poissons, fortement liée aux traits
fonctionnels, est dépendante des crues occasionnées du systéme. Enfin,
la structure de base du réseau trophique ainsi que |'état écologique du
systéme d‘inondation pulsée est perturbé par la pression anthropique.
Ces résultats ont démontré de réelle valeur du potentiel de transferts
vers la compréhension écologique et la gestion durable des ressources
de péches dans le systeme d’inondation pulsé en Asie tropicale.
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AVANT - PROPOS

Ce manuscrit regroupe mes principaux travaux effectués au sein du Laboratoire
Evolution et Diversité Biologique (EDB-UMR 5174) pendant 3 ans dans le cadre du
projet TLSCC (Tonle Sap Climate Change) financé par Belmont Forum. Ces études ont
donné lieu a trois articles publiés dans les revues internationales a comité de lecture. Un
quatriéme article est en cours de préparation. Le manuscrit est composé de deux
principales parties : la synthese des articles et les publications. La synthése présente une
introduction générale et le matériel utilisé pour réaliser ce travail, ainsi que les principaux
résultats résumés en 3 chapitres autour d’une thématique scientifique commune
« structure et dynamique des communautés de poisson » dans les hydrosystemes
tropicaux en Asie du sud-est. Différent sujets relatifs a la dynamique spatiale et
temporelle de la structure des communautés de poisson et au fonctionnement de
I’écosystéme sont abordés :

e Structure spatiale de la physicochimie et des poissons a large échelle

e Structure temporelle des communautés de poissons

e Réseau trophique et état écologique de 1’écosysteme
Les zones d’études concernées sont celles du bassin du Mékong en aval et la zone humide
Tonlé Sap au Cambodge, des systemes gouvernés par les crues saisonnieres.
L’introduction générale fait la synthése des contextes et problématiques des études
abordées, ainsi que 1’état de ’art des connaissances écologiques des plaines inondables
riveraines en Asie tropicale. Le manuscrit se termine par une conclusion générale
constituant une synthése des implications des résultats et des perspectives pour de
prochaines études. Les résultats de ces études contribuent non seulement au dévelopment
durable du bassin du Mékong, mais aussi a une amélioration de la compréhension

écologique et biologique des écosystémes des plaines inondables du monde entier.
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Introduction

INTRODUCTION

Les grands fleuves tropicaux sont toujours associés a de vastes plaines inondables et zones
humides qui fournissent des services écosystémiques multiples et d'une importance
cruciale pour I’humanité et la biodiversité qu’elles soutiennent (Welcomme 1988; Coates
2001). Au-dela, la plupart des systemes d’eau douce tropicaux soutiennent les péches
extraordinaires qui assurent la sécurité alimentaire et les revenus pour des millions de
personnes dans le monde entier, souvent dans les pays pauvres (Coates et al. 2003).
Evidemment, les pécheries tropicales sont souvent composées d'assemblages d’espéces
trés divers en comparaison des pécheries tempérées, et également caractérisées par un
large éventail de pratiques de péches, e.g. de I’échelle commerciale a celle familiale. Ce
large éventail de tactiques de péche produit une péche dite "non discriminée"
(indiscriminate fisheries) ; contrairement a la péche ciblée ou sélective, ou toutes sortes
de tailles et d'especes sont récoltées (McCann et al. 2015). Cette approche possede
probablement des implications inconsidérées pour la durabilité et le maintien des
productions alimentaires dans ces écosystémes tres divers. Par ailleurs, la plupart des
écosystemes tropicaux les plus productifs sont les lacs et les fleuves d’inondation
occasionnée par les crues (flood pulse lakes and rivers) qui dépendent de 1’hydrologie du
systéme pour déclencher les processus biologiques et alimenter la productivité (Junk,

Bayley & Sparks 1989; Junk & Wantzen 2004).

1. Ecologie du systéme d’inondation pulsé (Flood pulse system)

De nombreux fleuves, lacs et plaines inondables tropicaux sont gouvernés fortement par
le cycle hydrologique (e.g. le Mékong et Tonlé Sap). Ces plaines inondables riveraines et
zones humides, par leur nature, sont des écosystémes fortement saisonniers avec des
cycles hydrologiques qui modifient souvent la taille des lacs et des plaines inondables
d’une maniére considérable au cours de ’année (Bayley 1995; Allan & Castillo 2007).
Lorsque ces systémes sont dans des conditions d’inondation, les réseaux hydrologiques
des lacs et fleuves augmentent et connectent avec les autres habitats terrestres. Ce
processus crée de nouveaux refuges pour les proies, et alimente 1’écosystéme avec des
proies terrestres et des nutriments qui sont critiques pour les recrutements larvaires
(souvent appelé le concept d’inondation pulsé ou « Flood Pulse Concept ») (Junk &

Wantzen 2004). Par conséquent, ces écosystémes sont des modeles parfaits pour étudier

1
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comment les écosystemes répondent ou s’adaptent aux fluctuations des facteurs
environnementaux (i.e., cycle hydrologique, climatique, physicochimique).

A partir de la théorie existante sur le concept d’inondation pulsé (FPC), il est prédit
que tous les processus écologiques et la productivité au sein du systeme sont contr6lés
par les dynamiques des crues saisonniéres (Junk ef al. 1989; Junk & Wantzen 2004). A
la différence du concept de continuum fluvial (River Continuum Concept) (Vannote et
al. 1980) ou la productivité et les nutriments sont contr6lés par les processus en amont,
le FPC se concentre sur 1’échange latéral de I’eau, des nutriments, et des organismes entre
les fleuves/lacs et leurs plaines inondables adjacentes, en d’autre terme, la production
autochtone (Fig. 1) (Tockner, Malard & Ward 2000; Fang 2010).

Les écologistes ont depuis longtemps reconnu que la variabilité temporelle peut étre
responsable du maintien de la diversité et de la productivité. Plus récemment, les
écologistes ont commencé a envisager la possibilité que la variabilité dans le temps peut
jouer aussi un role important dans la persistance des réseaux alimentaires complexes du
systeme d’inondation pulsé¢ (Holt 1996; Dudgeon 2000; Straile 2005; McCann et al.
2015). Effectivement, dans les systemes ou cette variation a existé pendant de longues
périodes (e.g. les plaines inondables), les espéces se sont probablement adaptées a ces
différentes conditions afin de sélectionner des niches qui favorisent leur coexistence
(Bayley 1995; Ward, Tockner & Schiemer 1999). Il est donc essentiel de comprendre
comment le cycle hydrologique affecte le maintien de la diversité, la stabilité et le
fonctionnement de ces écosystémes. De plus, il est accepté que le régime hydrologique et
la dynamique des crues sont les principaux facteurs environnementaux influencant la
structure des communautés (i.e. histoire de vie, alimentation et position trophique des
especes), le recrutement des poissons, la productivité dans le systeme (Junk & Wantzen
2004; Zeug & Winemiller 2008; Simdes et al. 2013). Par conséquent, les barrages et le
changement climatique menacent et affaiblissent 1’intensité du cycle hydrologique qui

pourrait modifier rapidement I’entiéreté de ces écosystémes.
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River Continuum
Concept

Flood Pulse
Concept

Shredders
Predators

Fig. 1 : Concept de continuum fluvial vs le concept d’inondation pulsé (modifié d'aprés

Vannote et al. 1980; Junk et al. 1989)

2. Dynamique et structure des communautés de poissons

Malgré les recherches intensives sur la structure des communautés de poissons et le
fonctionnement des écosystemes, notre capacité a expliquer comment la composition des
espeéces influence la communauté, ainsi que de quantifier la relation complexe entre la
structure taxonomique, les traits biologiques et la diversité trophique, reste insuffisante
(di Castri & Younes 1989; Olden ef al. 2010). Comment les communautés des organismes
changent a travers 1’espace et le temps ? Quelle est I’importance relative des facteurs
environnementaux structurant la communauté des organismes et la biodiversité ? Est-ce
que les compositions ou caracteres fonctionnels de la communauté convergent le long de
gradients environnementaux (e.g. les régimes de 1’écoulement) ? Toutes ces questions
demeurent d'actualité, malgré de nombreuses études des patrons spatiotemporels  travers
le globe (Berra 2001; Lévéque et al. 2007). Effectivement, il est largement reconnu que
la structure des communautés est caractérisée par la variabilité spatiale de I’habitat, de la
variabilité environnementale et des interactions entre les organismes (Olden et al. 2010;

Albert & Reis 2011; Lujan et al. 2013; Zhao et al. 2015). Par exemple, certains auteuors
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ont révélé les roles dominants des facteurs physicochimiques dans la structuration des
communautés de poissons (Tejerina-garro, Fortin & Rodriguez 1998; Pires et al. 2010),
tandis que d’autres ont signalé les effets importants des facteurs climatiques (Buisson,
Blanc & Grenouillet 2008; Guo et al. 2015). Pourtant, malgré le nombre d’études sur ces
facteurs, leur importance relative dans la distribution des communautés de poissons reste
douteuse et discutable pour les écologistes des communautés (Murdoch 1994). De plus
en plus, les écologistes sont convaincus que leurs connaissances dans la dynamique
temporelle de la structure des communautés sont encore limitées, ce qui entraine la mise
en place de nombreux programmes de surveillance de la biodiversité a long terme dans
les différent biomes (Magurran et al. 2010).

La structure des communautés résulte de 'action combinée d'un ensemble de facteurs
environnementaux et des interactions écologiques influencant des especes qui coexistent
(Fig. 2) (Junk 1997; Likens 2010). Effectivement, I’interaction entre les facteurs biotiques
et abiotiques est complexe et un certain nombre de cadres théoriques visent a expliquer
ce qui contrdle la diversité et la composition des communautés (Junk et al. 1989; Bayley
1995; Grossman et al. 1998; Guégan, Lek & Oberdoff 1998; Arrington & Winemiller
2004). Par ailleurs, a grande échelle spatiale, les études des communautés de poissons
rencontrent toujours beaucoup de difficultés, a savoir le manque de variables
environnementales a 1’échelle locale, la raret¢ de grandes bases de données sur les
compositions des espéces au lieu d’utiliser la richesse spécifique ou les données de
présence-absence, la limitation de la modélisation des relations non-linéaires entre les
facteurs biotiques et abiotiques, en particulier pour les grands fleuves transfrontaliers (e.g.
le Mékong) (Oberdoff, Guegan & Hugueny 1995; Amarasinghe & Welcomme 2002).
Dans les écosystémes des plaines inondables, il est prédit que les communautés de
poissons sont structurées par des processus stochastiques et déterministiques dont
I’amplitude varie saisonniérement (Grossman, Moyle & Whitaker 1982; Winemiller
1996; Arrington 2002). Par conséquent, une meilleure compréhension écologique est
nécessaire pour gérer et préserver efficacement la diversité biologique dans les

écosystemes des plaines inondables tropicales.



Introduction

- Channelization

“Flow Regulation

Temporal Heterogeneity
+High a diversity«

Low

Low + y diversity ——=High
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Fig. 2. Un modele conceptuel illustrant I’importance de I’hétérogénéité spatio-temporelle
dans le maintien de la biodiversité dans les écosystémes des plaines inondables. Des
modification anthropogéniques telles que la canalisation et la régulation de 1’écoulement
devraient modifier cette hétérogénéité, et leur impact sur la biodiversité est indiqué par

les lignes en pointillés (modifiée de Arrington & Winemiller, 2004).

3. Etat de I’art des connaissances écologiques et biologiques en Asie tropicale

Les fleuves tropicaux asiatiques soutiennent un riche biotope mais incomplétement
connu, y compris un grand nombre de poissons, un large éventail d’invertébrés benthiques
et un assemblage de mammiferes adaptés aux zones humides riveraines (Dudgeon 2000).
Effectivement, I’écologie du systéme est dominée par les crues saisonniéres imposées par
les pluies de mousson ayant des conséquences profondes sur les communautés
aquatiques. Néanmoins, une attention grandissante a été portée a I'étude de la biodiversité
dans les zones tempérées et néotropicales, alors qu’il y a étonnamment trés peu
d’information et d’études sur la dynamique des communautés aquatiques en Asie
tropicale; bien que cette région ait été classée comme hotspot de la biodiversité (Dudgeon
2000, 2003; Mittermeier et al. 2011). Par exemple, beaucoup d’efforts de recherche ont
¢été mobilisés, de I’Europe en Amérique, pour étudier et comprendre la dynamique des
communautés faunistiques par rapport aux structures taxonomiques, traits fonctionnels,
histoires de vie des espéces et au changement du régime hydrologique des zones humides
riveraines tempérées et néotropicales (Winemiller 1989; Merigoux & Ponton 1999;
Agostinho et al. 2000; Merigoux, Doledec & Statzner 2001; Blanck, Tedesco &
Lamouroux 2007; Tedesco ef al. 2008; Pease et al. 2012, 2015).
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En Asie tropicale, et particulierement dans le bassin du Mékong, les connaissances
des impacts des barrages hydroélectriques sur la biodiversité et la production des poissons
sont augmentées de jour en jour ; pourtant la compréhension écologique et biologique des
structures spatiales et temporelles des communautés de poissons dans la région est encore
mal décrite, ni étudiée (Dudgeon 2000, 2003; Dugan et al. 2010; Ziv et al. 2012). Au
cours des dernieres années, avec les efforts de la Commission du Mékong (MRC) en
collaboration avec les entités nationales, les connaissances bioécologiques du systeme ont
été beaucoup approfondies, surtout sur les especes de poisson commerciales. Pour le
moment, trois guildes écologiques des poissons, i.e. blanc, gris, noir, ont été établies selon
la réponse écologique des especes aux variations de I’environnement (Coates et al. 2003;
Baran et al. 2006, 2007; Baran, So & Leng 2008; Valbo-Jorgensen, Coates & Hortle
2009). Egalement, & I’aide du programme de surveillance et des enquétes auprés des
pécheurs, trois routes potentielles de migrations ont été identifiées au long du Mékong et
le patron de migration est fortement lié au régime hydrologique du bassin (Fig. 3)
(Poulsen et al. 2002, 2004; van Zalinge et al. 2004; Baran 2006; Baran et al. 2013).
Effectivement, la migration est essentielle pour les poissons du Mékong pour compléter
leurs cycles de vie, i.e. reproduction, fraie, alimentation, car la plupart de ces espéces sont
des migrants de courte a longue distance « poissons gris et blancs » (Baran 2006; Baran
et al. 2008). Cependant, ce statut migratoire est connu seulement pour 24% des espéces
de poissons (Valbo-Jorgensen et al. 2009).

Par ailleurs, sous le programme de MRC pour le suivi de la qualité de I’eau dans le
bassin au cours de 20 ans, la qualité de I’eau a été évaluée régulicrement et signalée aux
agences nationales des pays riverains (MRC 2007a, 2008, 2010b). Parallélement, des
études de transports sédimentaires ont été menées il y a des années pour quantifier le flux
de sédiments dans le Mékong et ses affluents tels que le lac Tonlé Sap. Il apparait que les
sédiments ont été réduits de presque 50% apres la construction des barrages en Chine et
les sédiments dans le Mékong sont beaucoup plus élevés que ses affluents surtouts au
cours des événements pluvieux (Campbell et al. 2006; Lu & Siew 2006; Wang, Lu &
Kummu 2011; Lu, Kummu & Oeurng 2014a; Lu et al. 2014b). Au-dela, il a été estimé
que 85% des sédiments du Mékong sont déposés dans le lac Tonlé Sap, que 15%
contribuent au delta, et que ces sédiments sont un des moteurs de la productivité du lac

(Campbell et al. 2006; Lu et al. 2014a). Néanmoins, a ce jour, le patron spatial des
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caractéristiques de 1’eau a [I’échelle du bassin, ainsi que les déterminants
physicochimiques des différents compartiments du bassin restent en question (Hart, Jones
& Pistone 2001; Campbell 2007; Abebe et al. 2010).

A ce jour, trés peu d'études ont abordé le statut écologique de I’écosystéme, e.g.
Tonlé Sap, surtout concernant les relations trophiques, les flux d’énergie et la stabilité de
I’écosysteme, du fait que les interactions biotiques dans un écosystéme sont trés
complexes (Van Zalinge, Nao & Sam 2001; Baran ef al. 2007; Baran & Myschowoda
2008). Par exemple, dans le lac Tonlé Sap, plusieurs indicateurs importants ont montré
que le systéme abritait précédemment de nombreux poisson-chat géants, des barbillons
géants et pastenagues, et est maintenant dominée par des espeéces petites et a basse valeur
commerciale (Enomoto et al. 2011; Cooperman et al. 2012), remettant en question la
durabilité de la péche dans le lac. Effectivement, la surpéche peut influencer de maniére
significative la structure du réseau trophique et modifier I’abondance des prédateurs
affectant les abondances des proies qui induisent des cascades trophiques dans
I’écosystéme (Sala, Boudouresque & Harmelin-Vivien 1998).

Ainsi, malgré les études existantes, nos connaissances écologiques et biologiques du
systtme du Mékong restent extrémement limitées (Dudgeon 2000). Robert (1993)
disait «l'ensemble du domaine de la bioécologie du Mékong, y compris la reproduction,
migration, le temps et le lieu pour le fraie, I'adaptation physiologique sous les conditions

naturelles sont largement intactes ».
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Fig. 3. Relation entre la migration et le régime hydrologique (en haut) et en bas les trois

routes de migrations identifiées dans le bassin du Mékong.

4. Défis et enjeux de la biodiversité en Asie tropicale

Il est amplement prouvé que les écosystémes d’eau douce dans le monde entier souffrent
de la surexploitation, pollution, diminution de biodiversité, ainsi que de la dégradation et
des pertes des habitats (Fang er al. 2006; de Kerckhove, Minns & Chu 2015). La gestion
des ressources naturelles et ’évaluation de la qualité de 1’écosystéme aquatique sont
actuellement des enjeux et défis pour la communauté scientifique et les gestionnaires de
I'environnement. Compte tenu de ces faits, il est largement reconnu que les approches
écosystémiques sont cruciales pour la gestion durable des ressources naturelles et le
maintien du bon état écologique des écosystemes (FAO 1995; Li et al. 2009).

A T*ére de 1’anthropocéne, la croissance rapide de la population, particuliérement en
Asie, (60% de la population mondiale), les besoins en nourmriture et la croissance
économique sont des défis pour la conservation de la biodiversité ; par conséquent, les
pertes de diversité sont inévitables (Dudgeon 2003, 2011). Spécifiquement dans le bassin

du Mékong au cours des 30 derniéres années, avec la croissance rapide de la population
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(doublement), [D’intensification agricole et le développement des barrages
hydroélectriques, il a été signalé que le bassin est confronté maintenant a une dégradation
environnementale (pollution de 1’eau, eutrophication, déforestation) qui affecte
négativement la biodiversité dans toute la région (Dudgeon 2003, 2011; Vorosmarty et
al. 2010). Par ailleurs, les ressources de péches jouent un role crucial pour la sécurité
alimentaire et représentent pour certains pays (Cambodge, Laos, Vietman) pres de 60%
des protéines animales pour la consommation humaine (Hortle 2007). Ainsi, des efforts
de gestion de la biodiversité et de conservation sont nécessaires pour atténuer les pertes,
mais ceux-ci ont besoin d’une compréhension compléte de la dynamique des
communautés et des forces motrices sous-jacentes de la structure spatiale et temporelle
des communautés aquatiques (Olden et al. 2010; Pool et al. 2010).

Le Mékong est le plus grand fleuve tropical en Asie et biologiquement tres productif,
classé 3°™ au niveau mondial en terme de diversité de poissons juste aprés I’Amazon et
le Congo (Froese & Pauly 2015). Chaque année, le Mékong fournit 2.3 millions de tonnes
de poissons d’eau douce constituant la plus grande pécherie du monde entier et permettant
l'alimentation de millions de personnes dans la région (MRC 2015). Cependant, que
savons-nous sur les interactions écologiques de 1’écosystéeme du Mékong ? Comment
pouvons-nous optimiser la gestion des ressources naturelles et maintenir 1’état écologique
de ce type d’écosystéme? Pour répondre a ces questions, une compréhension holistique
et écologique est fondamentale, contribuant a équilibrer la productivité et maintenir un
bon état écologique du systéme aux besoins actuels. La dynamique de la structure des
communautés, les réseaux trophiques, les flux d’énergies sont les éléments clés et
interconnectés pour le fonctionnement de 1’écosystéme (Ings et al. 2009). Au-dela, la
structure des réseaux trophiques joue un role décisif dans la détermination de la
dynamique d’un écosysteme, et est I'objet de nombreuses études écologiques (Kitchell ez
al. 2000; Worm & Duffy 2003). Ces connaissances contribuent non seulement a maintenir
la stabilit¢ et la durabilité du fonctionnement de 1’écosystéme, mais aussi a la
conservation et a la gestion de 1’écosystéme pour répondre aux besoins actuels et dans le

futur.

5. Problématique de I’étude
Le manque d’information sur la nature et le role des facteurs abiotiques qui structurent
naturellement les communautés de poisson en milieu tropical en Asie pose un probléme
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majeur pour le développement durable du bassin, ainsi que pour mesurer et prédire de
maniére fiable les impacts liés aux actions anthropiques (e.g. construction des barrages,
intensification agricole). Les modifications de la fréquence et de I’amplitude ou de la
durée des inondations sont susceptibles de changer les structures physiques et chimiques
dans les systemes lotiques et lentiques (Allan & Castillo 2007). Méme si les poissons sont
en général bien adaptés aux variations physiques ou chimiques naturelles, ces
modifications anthropiques peuvent affecter les communautés de poissons et avoir donc
des conséquences non négligeables a long terme sur la biodiversité dans la région (Lowe-
McConnell 1987; Welcomme 1995; Matthews 1998). Cependant, la plupart des
recherches portant sur les impacts du changement climatique, des modifications de
I’hydrologie, ou de la fragmentation des cours d’eau sur la pécherie ou la biodiversité se
concentre sur les zones tempérées et néotropicales. Des recherches en zones tropicales
sont aujourd'hui primordiales pour comprendre ces impacts sur la durabilité des péches
en eaux douces tropicales, qui different de maniére importante des systemes étudiés

auparavant.

6. Objectifs spécifiques

La dynamique spatiale et temporelle de la structure des communautés de poissons est
limitée par les conditions et ressources du milieu, particulierement dans les systémes qui
dépendent fortement les crues saisonnicres. Les objectifs spécifiques de la thése ont été
donc développés afin de décrire les patrons spatio-temporels des communautés et
I’ensemble du fonctionnement de 1’écosystéme d’inondation pulsé (Fig. 4). Quatre
objectifs spécifiques, regroupés en trois parties dans cette synthése, ont été abordés durant

la these :

PARTIE 1
— Etudier les caractéristiques physicochimiques du milieu d’étude (le bassin du
Mékong en aval) en décrivant le patron spatial de la qualité de I’eau et des
caractéristiques physicochimiques associées.
— Décrire le patron de diversité et la structure des communautés de poissons en
déterminant les facteurs environnementaux qui contrdlent la structuration des

communautés.

PARTIE 2

10
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— Investiguer la dynamique temporelle des communautés de poisson en examinant
les relations entre la variabilité temporelle des poissons (structure fonctionnelle et
traits fonctionnels) et régime hydrologique du systéme.

PARTIE 3

— Ftablir le modéle de base du réseau trophique du systdme en évaluant les

propriétés et I’état écologique de I’écosystéme d’inondation pulsé par I’approche

Ecopath with Ecosim.

| Dynamique spatiale et temporelle de la structure des communautés de poissons

Ny
A&
&
o . L. Temporelle
Physico-chimie
Conditions .
S oritiors > Gima .
. =
Habitats b=
)

- Interactions
Ressources o A
biotiques \Q’ c‘%
& w»
o
Svstéme d’inondation

DUISé Diversité et [ Dynarmques

structure des
communautés communautés

S @
\

00
w

//’-’-

Fonctionnement de
I”écosystéme

(Productivité & Energie)

Fig. 4. Représentation schématique de la structure de thése.
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MATERIELS ET METHODES

1. Zones d’études

Les zones d’études se concentrent sur le fleuve Mékong en aval et le plus grand lac d’eau
douce en Asie du sud-est « le grand lac Tonlé Sap » au Cambodge. Le Mékong, plus
grand fleuve tropical en Asie, prend sa source sur le plateau tibétain en Chine et s’écoule
sur 4 350 km en passant par la Chine, le Myanmar, le Laos, le Cambodge et le Vietnam
a la mer de Chine méridionale, ou il décharge chaque année en moyenne 475 000 million
de m* (Lu & Siew 2006). Le bassin du Mékong couvre une superficie de 795 000 km? et
est fonctionnellement divisé en 2 parties : le bassin du Mékong en amont (UMB) et le
bassin du Mékong en aval (LMB) (Lu & Siew 2006). La partie amont du fleuve, située
en Chine, est appelé Lancang Jiang et caractérisée par des gorges étroites, profondes et
une forte pente. Apres avoir chuté a environ 360 m, il passe la région nommée le Triangle
d’Or, ou les frontieres du Laos, du Myanmar et de la Thailande se rencontrent. Ceci est
le début du bassin du Mékong en aval (LMB), le fleuve Mékong en aval (LMR) s’écoule
sur 2500 km jusqu'a la mer (Fig. 5).

Fleuve Mékong en aval (LMR)

Le LMB se compose de 4 pays riverains, i.e. le Laos, la Thailande, le Cambodge et le
Vietnam, et couvre 77% de la superficie totale du bassin du Mékong avec 60 millions
d’habitants. Géographiquement, le LMR forme un trongon rectiligne d’environ 900 km
qui marque la frontiere entre le Laos et la Thailande. Le fleuve forme un delta d’eau douce
a la frontiere Lao-cambodgienne connu sous le nom de la chute de Khone (21 m de
hauteur) (Fig.5) (Robert & Baird 1995). Puis, 8 Phnom Penh, a environ 330 km de la mer,
le Mékong connecte avec le grand lac Tonlé Sap au Cambodge par le fleuve Tonlé Sap
(120 km de longueur). La, le fleuve se divise en 2 branches, i.e. le Mékong propre et le
Bassac, et forme un large delta estuarien avant de se jetter dans la mer. Sous ’influence
de la mousson tropicale, le climat du LMB est fondamentalement divisé en 2 saisons, i.e.
la saison séche (décembre-mai) et humide (juin-novembre), chacune durant 6 mois (MRC

2005).

Le grand lac Tonlé Sap (TLS)
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Fortement 1i¢ au fleuve Mékong, le lac Tonlé Sap est une des plus grandes pécheries non-
discriminées et probablement 1'écosystéme le plus productif du monde (Fig. 5). Le lac
fournit chaque année entre 289 000 et 431 000 tonnes de poissons représentant plus de
60% des captures totales au Cambodge. De plus, le lac est caractérisé par un systéme
d’inondation pulsé extraordinaire, qui souligne saisonniérement le phénoméne
hydrologique unique au Mékong, i.e. I’écoulement inverse du lac. En tant que cceur du
Mékong, le lac présente une hydrologie caractérisée par la mousson qui divise le climat
en deux saisons. Chaque année, le niveau de I’eau dans le lac varie de 1 m a 9 m,
conduisant 4 une expansion de sa surface de 3 000 km? a 15 000 km? et créant une vaste
plaine inondable autour du lac. Par ailleurs, le flux d’eau inverse du TLS est un
phénomeéne hydrologique crucial pour le Mékong car il sert d’une part a ¢élever le niveau
de I’eau dans le Mékong et d’autre part a protéger le delta de ’intrusion saline (Matsui
2005; Kummu & Sarkkula 2008; MRC 2010a). Le TLS draine 85 065 km? (11.3% de la
superficie totale du bassin du Mékong) et la précipitation annuelle moyenne va de 1300
mm a 1900 mm avec une température moyenne de 29°C. L’hydrologie du lac est
fortement dépendante du M¢ékong étant donné que plus de 60% de I’eau du TLS

proviennent du Mékong, le reste provenant des sous-bassins versants autour du lac.

2. Données

Physico-chimie

Les données physicochimiques ont été fournies par la MRC et 117 sites de surveillance
ont ¢été sélectionnés pour étudier la variation spatiale des caractéristiques
physicochimiques des eaux du LMB (Fig. 5), parmi lesquels 22 sites étaient situés au
Cambodge, 25 au Laos, 20 en Thailande et 50 au Vietnam (MRC 2008). Seize variables
physicochimiques (Tableau 1) ont été choisies sur la base de (1) I’importance
physicochimique des variables pour expliquer la qualité écologique de I’eau et (2) la
disponibilité¢ des données (i.e. variables mesurées sur tous les sites, avec moins de 30%
de valeurs manquantes). Dans I’ensemble, les données physicochimiques de cette étude
comprenaient 24 383 échantillons de 1985 a 2010 sur 117 sites a I’échelle mensuelle.

Tableau 1. Liste des parameétres physicochimiques des eaux et leurs unités.

Parameétres Unités  Parametres Unités
Température de 1’eau (T) °C Magnésium (Mg*") mgL!
Conductivité (EC) uSem  Chlore (CI) mgL!

14



Matériels et méthodes

Matiéres en suspension (TSS) mgL™! Sulfate (SO4*) mgL!
pH SU Alcalinité en HCOy" mgL!
Oxygene dissous (DO) mgL! Nitrate (NO3) mgL™!
Sodium (Na*) mgL! Phosphore total (TP) mgL!
Potassium (K*) mgL! Demande chimique en oxygéne mgL™!
(CODim)
Calcium (Ca?") mgL! Ammoniac total (NH;™+ NH,") mgL!
Poissons

Toutes les données piscicoles utilisées dans ce travail ont été dérivées du programme de
surveillance a long terme des poissons de la MRC dans le lac Tonlé Sap et le Mékong en
aval (Poulsen et al. 2002; Ngor 2012). Dans le Mékong, la surveillance journali¢re a été
effectuée uniquement le long du cours d’eau principal de décembre 2000 a novembre
2001 sur les 38 sites, parmi lesquels 8 sites étaient situés au Laos, 7 en Thailande, 12 au
Cambodge et 11 au Vietnam (Fig. 5). En principe, sur chaque site, les pécheurs
enregistraient quotidiennement leurs captures dans les logbooks, i.e. la composition des
especes, les nombres d’individus, les tailles et poids des especes capturées. En plus, les
pécheurs notaient les engins de péche utilisés, ainsi que les conditions météorologiques
de la journée de péche. Au total, environ 14 368 observations ont été enregistrées au cours
de la période d’enquéte et 5 principaux types d’engins de péches ont été recensés, i.e. les
filets maillants (47%), longue lignes et crochets (23%), pieges (10%), sennes (8%) and
filets a lancer (7%) (Sinthavong 2006). Afin de minimiser 1’effet des différents efforts de
péches qui pourraient se produire au cours de 1’enquéte, les données piscicoles du
M¢ékong ont été converties et exprimées en abondance relative. Ensuite, les moyennes
annuelles de I’abondance relative ont été calculées pour résumer I’ensemble des données.
Finalement, le tableau destiné aux analyses multivariées était composé de 38 lignes (sites)
et 182 colonnes (taxons).

Dans le lac Tonlé Sap, le programme de surveillance a porté sur cinq endroits dans
les 5 provinces autour du lac. i.e. Kampong Chhnang, Pursat, Battambang, Siem Reap
and Kamopong Thom (Fig. 5), de janvier 2012 a octobre 2015. De la méme facon, dans
chaque site, 3 pécheurs enregistraient tous les jours leurs captures dans les logbooks.
Effectivement, cette méthode a été appliquée dans tout le bassin du Mékong en aval,

surtout pour les programmes de surveillance de la MRC (FEVM 2007). Au préalable,
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tous les pécheurs ont été entrainés pour les techniques d’échantillonnages et de sous-
échantillonnages appliquées au cours des grosses captures pendant les saisons de pointe,
I’identification des poissons, ainsi que la mesure des tailles et poids des especes capturées.
Pour assurer la qualité des enquétes, toutes les données ont été vérifiées pour les erreurs
et nettoyées chaque trimestre par les spécialistes de MRC. Dans cette base de données,
seules les captures par filets (98% des données) ainsi que les espéces présentes dans plus
de 5% des observations totales (i.e. plus de 60 fois sur 1172 jours) ont été prises en
compte. Ensuite, pour minimiser les bruits et le biais dans la distribution, les abondances
de poissons des 3 pécheurs ont été moyennées pour chaque site et transformée en In(X+1).
Finalement, le tableau multivarié du lac était composé de 5 tableaux constitués de 1172

lignes (jours) et 53 colonnes (taxon).

Climat
Dix-neuf variables bioclimatiques ont été extraites de la base de données de WorldClim

(Hijmans et al. 2005), disponible a http://www.worldclim.org, décrivant les conditions

moyennes du climat pour la période 1950 & 2000 avec une résolution spatiale 1 km?

(Tableau 2).

Tableau 2. Liste des variables bioclimatiques.

Code  Unités Type de variable

biol (°C) Température moyenne annuelle

bio2 (°C) Range diurne moyenne (Moyenne de chaque mois (max temp -
min temp))

bio3 % Isothermalité (bio2/bio7) (* 100)

bio4 (°C*100) Température saisonnicre (écart-type*100)

bio5 (°C) Température max pour les mois les plus chauds

bio6 °C) Température min pour les mois les plus froids

bio7 (°C) Range annuelle de température (bio5-bio6)

bio8 (°C) Température moyenne des trimestres les plus humides

bio9 °C) Température moyenne des trimestres les plus secs

biol0 (°C) Température moyenne des trimestres les plus chauds

bioll (°C) Température moyenne des trimestres les plus froids

biol2 mm Précipitation annuelle

biol3 mm Précipitation du mois le plus humide

biol4 mm Précipitation du mois le plus sec

biol5 - Précipitation saisonniere (Coefficient de variation)

biol6 mm Précipitation du trimestre le plus humide
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biol7 mm Précipitation du trimestre le plus sec

biol8 mm Précipitation du trimestre le plus chaud

biol9 mm Précipitation du trimestre le plus froid
Hydrologie

Les données journaliéres des niveaux de 1’eau du lac ont été récupérées pour la période
(2012 a 2015) de surveillance des poissons autour du lac, a partir de la station

hydrologique de MRC située a Kampong Loung (PS, Fig. 5).

Traits fonctionnels

Neuf traits biologiques (taille, niveau trophique, habitat, habitat d’alimentation, habitat
de fraie, guilde écologique, position dans la colonne d’eau et présence de respiration
accessoire) ont été utilisés pour examiner les relations entre la variabilité temporelle des
communautés de poissons et les caracteres fonctionnels (Appendice II). La taille
maximale des poissons (cm), les niveaux trophiques et les habitats ont été récupérés a
partir de FishBase (Froese & Pauly 2015) et Lim ef al. (1999); tandis que les stratégies
de vie ont été modifi¢es suivant les modeles d’histoire de vie des poissons proposés par
Winemiller & Rose (1992) qui ont classifié I’histoire de vie des poissons en 3 catégories,
i.e. équilibre (EQU), périodique (PER) et opportuniste (OPP), sur la base du taux de
survie des juvéniles, la fécondité et ’age de reproduction (Winemiller & Rose 1992;
Winemiller 2005). Ensuite, les guildes écologiques de poissons ont été récupérées a partir
de I’étude bioécologique de I'IFReDI (Inland Fisheries Research and Development
Institute) et de la MRC, qui visaient a classer les especes de poissons du Tonlé Sap et
Mékong en 3 principales guildes différentes, i.e. noir, gris et blanc, suivant une liste de
descripteurs, e.g. la migration, 1’habitat, I’oxygénation (Poulsen et al. 2002; Baran et al.
2007). Enfin, les autres traits tels que les habitats de fraies, habitats d’alimentation, la
position du poisson dans la colonne d’eau et la présence de respiration accessoire des
taxons ont été collectés et modifié a partir des études de Winemiller & Rose (1992); Lim

et al. (1999); Poulsen et al. (2004).
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Fig. 5. Carte du bassin du Mékong en aval (a gauche) et du grand lac Tonlé Sap (4 droite).
A gauche, les points circulaires représentent les sites d’échantillonnage pour la physico-
chimie et les rectangles les sites d'échantillonnage pour les poissons. A droite, les
rectangles représentent les sites de surveillance des poissons autour du lac et les lots de

péches sont indiqués par les parcelles pointillées.

3. Approches de modélisation

Carte auto-organisairice (Self-Organizing Map)

La variation spatiale des caractéristiques physicochimiques des eaux a été quantifiée a
I'aide de I’approche des réseaux de neurones artificiels, appelée carte auto-organisatrice
(SOM). La SOM est un résean neuronal artificiel non-supervisé qui est formé au moyen
d’un processus d’apprentissage compétitif pour produire une représentation en deux
dimensions des échantillons entrainés, appelé une carte (Lek & Guégan 1999). En
général, la SOM est composée de 2 couches : couche d’entrée et couche de sortie (Fig.
6). Dans cette étude, la couche d’entrée comtenait 16 neurones connectés a 117
échantillons entrainés, qui sont respectivement les variables physicochimiques et les sites
étudiés. La couche sortie est représentée par la grille rectangulaire ou le plan avec / lignes
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et m colonnes, arrangées dans un réseau hexagonal (Fig. 6). Au cours de |’ apprentissage
(la couche cachée), le niveau d’activation correspondant 4 la distance euclidienne entre
les vecteurs d’entrée (les échantillons entrainés) et les poids des vecteurs associés aux

neurones dans la SOM ont été calculés par la formule (Lek & Guégan 1999): "wi - x" =

[ ; 2
?=1(w; —xi) ; ot x est la valenr du vecteur d’entrée décrit par des variables

physicochimiques, i varie de 1 4 117, j est le numéro de neurone et w! est le poids du
vecteur associé au neurone j de la carte. Normalement, la classification est faite par le
niveau d’activation entre ’espace d’entrée et de sortie pour trouver les neurones gagnants
ou les meillenres unités de correspondance (Best Matching Units). Enfin, une
classification hiérarchique des vecteurs de poids associés aux neurones a été effectuée
pour définir les clusters possibles dans la carte SOM et le test Kruskal-Wallis a ét¢ utilisé
pour tester la différence entre les clusters identifiés. Le modele a été exécuté par le

package de SOM dans le programme Matlab.

Carte auto-organisatrice (SOM)

Couche d'entrée Algorithme Couche de sortie
(16 variables + 117 sites) (8 x 7 neurones & 117 échantillons entrainés)
pi DO TP cop

st
$2

21 |
-v.. G
.y GO

Sir

Fig. 6. Procédure d’apprentissage de la carte auto-organisatrice (SOM) utilisée dans cette

étude.

Approches multivariées

Afin de décrire la structure spatiale des communautés de poissons, la classification
hiérarchique des sites étudiés a été effectuée selon leurs similarités en composition des
especes (Fig. 7) (Murtagh & Legendre 2014). Ensuite, la richesse spécifique, I’indice de
diversité et les especes indicatrices ont ét€ déterminés et testés pour décrire les
communautés identifiées (De Caceres, Legendre & Moretti 2010). Cette procédure a été
lancée simultanément pour les bases de données saisonnieres (séche et humide). Par

ailleurs, pour quantifier les relations entre les assemblages de poissons et les variables
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environnementales, les ordinations classiques ont été effectuées. L’analyse des
correspondances détendancées (DCA) a été effectuée pour sélectionner les méthodes
d’ordination appropriées aux études (i.e. ’analyse de redondance (RDA) vs I’analyse
canonique des correspondances (ACC)) (Legendre & Legendre 2012). ACC est décrit
comme la méthode la plus appropriée lorsque le gradient d’ordination calculé de DCA est
> 3 car elle révele des réponses unimodales des poissons aux facteurs environnementaux,
c’est le cas de cette étude (Ter Braak & Prentice 1988). L’importance des variables
environnementales a été testée par le test de permutation de Monte Carlo avec 999
permutations (Legendre & Legendre 2012). Enfin, pour examiner 'effet relatif des
facteurs environnementaux (climatiques, physicochimiques) et spatiaux contribuant 4 la
variation des communautés, une partition de variance a été effectuée et présentée sous
forme d’un diagramme de Venn (Borcard, Legendre & Drapean 1992; Legendre &
Legendre 2012). Seules les variables environnementales significatives ont ¢té
sélectionnées pour les analyses et toutes ces analyses statistiques ont été réalisées dans

R.3.2.2 (R Core Team 2015).

Espéces Environnement
1 2T RN 83T| 1 2 ER B | ek
S1
£ AT
w Y SHEOCHHGUE 3
S3 climatigue
S38
Classification Ordination

; II []
Clusters Effets des facteurs environnementaux
(physicochimique vs climatique)

Fig. 7. Illustration schématique des procédures multivariées.

Analyse de co-inertie multiple (ACOM)
La variabilité temporelle des communautés de poissons a été quantifiée a 1’aide de
I’analyse de co-inertie multiple (ACOM), qui est une des techniques de couplage entre

tableaux permettant d'étudier la variation spatiotemporelle des communautés faunistiques

20



Matériels et méthodes

basée sur le critére d’optimisation de la covariance entre les tableaux individuels et un
tableau de référence (Chessel & Hanafi 1996; Bady er al. 2004). Dans cette étude,
I’ACOM a été effectuée sur 5 tableaux individuels, i.e. cinq sites de surveillance, et la
structure de référence peut étre considérée comme la structure temporelle des
communautés a ’échelle du lac (Fig. 8). En effet, la variation temporelle des
communautés a été résumée et représentée sous forme des scores synthétiques des 3
premiers d’axes d’ACOM. Ensuite, les coefficients RV (i.e. coefficient de corrélation
entre 1’évolution temporelle des tableaux individuels et la structure de référence
temporelle) ont été calculés pour quantifier les relations entre chaque tableau individuel
et la structure commune (Robert & Escoufier 1976). Le coefficient RV est compris entre
0 et 1, une faible valeur indiquant un faible niveau de synchronie entre la structure
temporelle du tableau individuel et celle de référence. Afin d’examiner les relations entre
la variabilité temporelle des structures de communautés et les traits fonctionnels, les traits
quantitatifs ont été régressés en utilisant des modeles linéaires, alors que ceux qualitatifs
ont été testé a 1’aide du test non-paramétrique Kruskal-Wallis (p<0,05). Ensuite, la
variation temporelle de la structure taxonomique a été testée pour les 5 familles des
poissons les plus grandes (Cyprinidae, Bagridae, Siluridae, Pangasiidaec et
Osphronemidae) de la zone d’étude.

Par ailleurs, pour estimer la synchronie spatiale dans les variations temporelles des
communautés a travers les cing sites, une distribution normale multivariée a été utilisée :
Y;j~MVN (uj, Z;;); ou Y;; sont les projections du site j et au jour i sur les axes de I'ACOM,

1 sont les moyennes des sites spécifiques et 2j; est la matrice de variance-covariance sous

2
01 "t P150105
forme: 2;; = : : ; ou les élément en diagonal représentent la

2
P150105  *** 93

variance au sein de chaque site et hors diagonal la covariance entre les sites. p est le
coefficient de corrélation temporelle entre chaque site et constitue la synchronie
temporelle de la structure des communautés (Santin-Janin et al. 2014).

Enfin, le lien entre le changement des communautés et le régime hydrologique du lac
a été quantifié par la fonction de corrélation croisée (CCF), qui permet d'examiner la
relation entre deux séries temporelles (x; et y;) en fonction du temps de décalage (%) entre
deux séries, i.e. les corrélations entre les série x:+; et y, (Venables & Ripley 2002). Dans

ce cas, x; et y; étaient respectivement les scores synthétiques d’ACOM et les niveaux de
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I’eau. Le temps de décalage (h, jours), indiquant la réponse des communautés au
changement du régime hydrologique, a été estimé a partir de la valeur maximale des

coefficients de CCF. Toutes les analyses de données ont été effectuées dans R.3.2.2.
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Fig. 8. Représentation schématique de la procédure de I’analyse de co-inertie multiple

(ACOM).

4. Ecopath with Ecosim (EwE)

Au cours des derniéres années, EwE a été largement utilisé partout dans le monde pour
décrire les relations trophiques et les propriétés quantitatives des écosystémes
(Christensen, Walters & Pauly 2005). De nombreuses applications ont été recensées sur
les écosystémes aquatiques, terrestres et marins (e.g., lac Malawi, lac Tanganyika,

estuaire de la Gironde, la mer Méditerranée) (htip://www.ecopath.org/models). De plus,

EwE est une approche trés appropriée pour étudier le fonctionnement écologique de
grands écosystemes avec une source d’information limitée tels que le lac Tonlé Sap (Coll,
Bundy & Shannon 2009). Effectivement, le modele EwE fournit une représentation
quantitative des flux d’énergic dans le réseau alimentaire de I’écosystéme étudié.
L’écosystéme est représenté par différentes catégories ou groupes fonctionnels qui sont
définis par les proprictés fonctionnelles des taxons inscrits dans chaque catégorie pouvant
étre composée d’une ou de plusieurs espéces écologiquement similaires. Dans le cas du
TLS, 21 groupes fonctionnels ont été définis pour construire le modéle : 12 groupes
fonctionnels de poissons, les crabes, les crevettes, les mollusques, les autres zoobenthos,
les macrozooplanctons, les microzooplanctons, les phytoplanctons, les macrophytes et les
détritus (Appendice I). L’agrégation des groupes fonctionnels a été basée sur la
composition du régime alimentaire, les traits, les guildes écologiques, et la valeur

économique des espeéces.
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L’algorithme d’EwWE est basé sur la paramétrisation de 1’équation suivante :
B;. (g)i -EE; — Z}=1 B;. (%)j .DGj; — EX; = 0; o B; est la biomasse du groupe i; (P/B); le

ratio de la production et la biomasse du groupe i, qui est égal au coefficient de la mortalité
totale (Z) sous la condition d’état stable; EE; est I’efficacité écotrophique du groupe i; B;
est la biomasse du groupe prédateur j; (Q/B); est le ratio de la consommation et la
biomasse des prédateurs j; EX; est I’exportation du groupe i; DC est la composition des
aliments; i et j sont respectivement les nombres de groupes de proies et de prédateurs.

B, P/B, Q/B, EE et DC sont les principaux parameétres du modele Ecopath. Afin de
pouvoir lancer le modele, DC et au moins trois des quatre parametres (B, P/B, Q/B, EE)
pour chaque groupe fonctionnel sont nécessaires (un seul parameétre inconnu peut étre
estimé par le modele Ecopath au cours de la paramétrisation). La description détaillée
des sources des données pour les groupes fonctionnels et des calculs des paramétres du

modele sont décrits dans ’article 4.

Calibration et lincertitude du modéle

Le modele Ecopath a été calibré par le lancement de la premiere estimation de base dans
la paramétrisation du modele afin d’obtenir les valeurs d’EEs (EE < 1) et P/ Q (0,05 —
0,3) pour tous les groupes fonctionnels. En pratique, une modification manuelle sur les
données d’entrée a été utilisée pour calibrer le modéle en se basant sur les connaissances
écologiques plutot que de compter entiérement sur des algorithmes informatiques, i.e. la
composition des aliments de certains groupes ont été fréquemment modifiée pour calibrer
le modele (Christensen et al., 2005). Enfin, le Pedigree a été utilisé pour évaluer la
certitude du modele et décrire la qualité des données d’entrée en désignant la classe de
confiance basée sur leurs origines. La valeur de pedigree (P) varie de 0 (faible) a 1 (élevé)

indiquant la qualité du mode¢le étudié (Morissette, Hammill & Savenkoff 2006).
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CHAPITRE 1

STRUCTURE SPATIALE DE LA PHYSICO-

CHIMIE ET DES POISSONS A LARGE
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Chapitre I: Structure spatiale de la physico-chimie et des poissons a large échelle

1. Variations spatiales des caractéristiques physicochimiques des eaux

A I’échelle du bassin du Mékong en aval, la similarité des neurones m’a permis de diviser
la carte SOM en 4 clusters (Fig. 9): 2 clusters principaux 1 & 2 avec les sous-groupes (1a,
1bl, 1b2). Ce patron spatial a révél¢é le gradient longitudinal du systtme LMB, partie
amont (cluster 1) et son delta (cluster 2). Plus précisément, la majorité des sites en amont
(Laos et Thailande) et au milieu (Cambodge) du bassin LMB ont été regroupés en deux
clusters (la et 1b1) caractérisés par de faibles niveaux de nutriments (TP, NOs", NH3™ +
NH4") et une valeur élevée de DO (Fig. 9, 10). Les deux autres clusters (1b2 et 2) ont été
principalement composés de sites dans le delta au Vietnam et quelques sites des affluents
au nord-ouest Thailandais, au nord du Tonlé Sap, et a la tourbicre pres de Vientiane. Ces
derniers étaient associés aux fortes teneurs en nutriments et en ¢léments solides dissous
(Ca%*, Mg?*, Na*, CI', K" and SO42) (Fig. 9, 10). Globalement, ce patron spatial était
cohérent entre les saisons seches et pluviales et aucune différence significative n'a été
observée entre les deux saisons (Kruskal-Wallis test, p>0,05).

Le gradient physicochimique de 1’eau dans le bassin variait significativement entre
I’amont du LMB et son delta. DO diminue graduellement de 1’amont vers 1’aval, alors
que la concentration de phosphore (TP) augmente forcément dans le delta (Fig. 10). De
plus, la forte concentration de I’ammoniac total a été révélée sur presque tout le bassin,
en particulier pour les sites situés pres de Vientiane et dans le delta. La variation des
caractéristiques de 1’eau dans les clusters 1 et 2 pourrait révéler les changements de
qualité de I’eau le long du bassin, une baisse importante étant observée dans le delta du
M¢kong. Apparemment, la forte baisse de la qualité de I’eau dans le delta et ses affluents,
en particulier DO et TP, est principalement associée aux activités humaines plutdt que
des processus naturels. Cette conclusion a ét¢ marquée par le changement brutal des
caractéristiques physicochimiques au long du systéme et soulignée par plusieurs auteurs
(Ozaki et al. 2014; Wilbers et al. 2014; Chau et al. 2015; Phung et al. 2015). Par
conséquent, la croissance rapide de la production d’algues due a 1’augmentation des
¢éléments nutritifs et la pollution chimique provenant du ruissellement agricole et des
pesticides, conduisait a une eutrophication dans la région, surtout dans le delta, le lac
Tonlé Sap et ses affluents au nord-est Thailandais (Fedra, Winkelbauer & Pantulu 2004;
Snidvong & Teng 2006). En outre, I’augmentation excessive du chlorure dans le delta est

expliquée d’une part par l’effet naturel (’intrusion saline) et d’autre part par la
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perturbation humaine (agriculture, aquaculture) (Ozaki et al. 2014; Phong et al. 2014).
La croissance de la salinité due aux activités agricoles dans le platean de Khorat
Thailandais et au nord du Tonlé Sap constitue une préoccupation (Fig. 9, 10).
Néanmoins, par rapport a d’autre fleuves asiatiques (e.g., Yangtze, Jaune, Ganges),
le Mékong a été considéré comme un fleuve vierge (Dudgeon 2011). Globalement, j’ai
constaté que 1’eau dans le cours principal était moins polluée que ses affluents ;
I’eutrophication et la salinité pourraient étre des facteurs clés qui affectent la biodiversité
dans le LMB, en particulier les poissons. De plus, la variation saisonniére des
caractéristiques physicochimiques de 1’ecau semble moins marquée que la variation
spatiale se produisant an long du gradient longitudinal du Mékong. La dégradation
importante a €t¢ principalement liée aux perturbations humaines, et particulierement dans

le delta, ol la croissance de la population et le développement agricole sont intensifs.

Clusters
Ia
* 1bl
e 1b2
. 2

Fig. 9. Résultats de SOM. a). Classification des sites en fonction de leurs similarités
physicochimiques. b). Classification hiérarchique selon la similarité¢ des neurcnes de

SOM. c). Carte représentant le regroupement géographique des sites dans le bassin
Meékong en aval (LMB).
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Fig. 10. Carte des composants de SOM montrant la contribution des 16 variables dans le
modele de SOM. Les grilles sombres représentent les valeurs élevées des variables

d’entrée.

2. Patron spatial de diversité et structure d’assemblage de poisson

Au total, 182 espéces appartenant a 110 genres, 42 familles et 13 ordres ont été
enregistrées par les pécheurs pour les 38 sites de surveillance du Mékong en aval. Les
Cypriniformes (54 espéces), Siluriformes (53 espeéces) et Perciformes (39 espéces) étaient
les trois principaux ordres représentant 80% du nombre total d’espéces, tandis que les
Anguilliformes, Batrachoidiformes, Beloniformes, Clupeiformes, Mugiliformes,
Osteoglossiformes,  Pleuronectiformes, = Rajiformes,  Synbranchiformes  and
Tetraodontiformes représentaient moins de 20% des espéeces de poissons au total.

La complexité et I’hétérogénéité du systéme LMR, i.e. partie amont, milieu et delta,
refléte la différentiation longitudinale de la diversité et des structures d’assemblage du
Meékong (van Zalinge ef al. 2004). Dans le cadre de mon travail, 4 différents assemblages
(Ia, Ib, IIa, et IIb) ont été identifiés en fonction de la composition annuelle en especes
(Fig. 11a). Deux principaux assemblages de poisson ont été définis a la premiere division
(cluster I et II), révélant les caractéristiques longitudinales du Mékong entre la partie
amont du LMR et son delta. Ensuite, les deux groupes principaux ont été sous-divisés en
4 clusters différents considérés comme les quatre assemblages de poissons (lIa, Ib, Ila,
and IIb) dans le LMR (Fig. 11a).

En termes de diversité, la richesse spécifique variait de 17 espéces en téte a 82

especes a I’exutoire du LMR (Fig. 11a) et la plus élevée a été trouvée dans IIb (médiane :
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56 especes), suivie par Ila (55 especes), puis Ib (45 especes) et enfin Ia contenait la
richesse spécifique la plus basse (28 especes). Par conséquent, la partie amont du LMR
présentait la plus faible richesse spécifique, alors que la plus grande a été observée dans
le delta, avec des espéces d’eau douce, saumatres et marines. Effectivement, les
changements longitudinaux de la richesse spécifique le long des gradients physiques et
chimiques, i.e. amont-aval, sont bien connus dans les patrons spatiaux des assemblages
de poissons. De nombreuses discussions et explications sur les mécanismes responsables
de ces patrons ont mis au point le concept d’« addition » d'espéces conduisant a
I’augmentation de la richesse spécifique en aval des cours d’eau (Matthews 1998; Coates
et al. 2003; Valbo-Jorgensen et al. 2009). Contrairement a la richesse spécifique, le plus
faible indice de diversité a été présenté au IIb (mediane : 3.5) dans le delta, alors que la
valeur plus élevée était observée dans Ib (médiane : 10.5) au Cambodge (Fig. 11d). Ce
patron de diversité pourrait refléter le concept de continuum fluvial (RCC) ou la richesse
spécifique est élevée a I’exutoire du systeme et la plus grande diversité est observé au
milieu du cours d’eau (Vannote ef al. 1980; Statzner & Higler 1985). Pourtant, le RCC
est développé dans la zone tempérée et est plus applicable aux petites-moyennes rivieres.
Une autre raison de la grande diversité au Cambodge pourrait étre liée a la condition
géographique du cours d’eau, étant donné que le Mékong au Cambodge est caractérisé
par une faible topographie et 1'absence de barrieres (Fig. 5), permettant aux especes de se
déplacer aisément (Baran ef al. 2008; Valbo-Jorgensen et al. 2009).

Entre saisons, la composition des communautés différe un peu entre les sites des
saisons seche et humide, surtout dans la partie amont du LMR et au delta (Fig. 11b et Fig.
11c). Le patron spatial des communautés au cours de la saison humide était similaire au
patron annuel ; cependant pas de différences significatives de la richesse spécifique et de
la diversité ont été observées parmi les assemblages identifiés. En saison séche, les
assemblages possédaient une richesse spécifique plus grande qu'en saison humide et la
différence de la diversité entre les assemblages était également significative ce qui était
observé dans le patron annuel (Fig. 11b). Ce dernier est due au fait que les poissons
peuvent étre concentrés dans les fosses profondes, microhabitats ou au cours principal ;
alors qu’en saison humide, les poissons seraient probablement plus dispersés, sachant que
le cours d’eau principal s’étend en connectant des plaines inondables conduisant a

I’accroissement de la diversité des habitats (Junk ef al. 1989; Ferreira & Stohlgren 1999;
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Silvano, Benedito & Oyakawa 2000). Par conséquent, cette concentration permettait aux
pécheurs de capturer facilement les poissons avec une plus grande variété d'especes par
rapport a la saison humide. De plus, le patron différent dans la composition des
communautés entre les deux saisons pourrait étre lié au mouvement migratoire des
poissons dans le bassin (Baran 2006). Ainsi, le turnover saisonnier des communautés peut
étre attribué¢ a la différence de capturabilité, diversité des habitats et migration des
poissons dans le bassin. Cette conclusion a été révélée également par les précédentes
études des communautés de poissons dans les fleuves amazoniens (Winemiller 1996;
Matthews 1998; Albert & Reis 2011).

Différentes structures d’assemblage ont été observées entre la partie amont du LMR
et son delta. Par conséquent, 80 espéces indicatrices ont été identifiées a partir des 4
assemblages annuels (Tableau 3). Plus précisément, les assemblages en amont (Ia et Ib)
ont été caractérisés par les cyprinidés (Cypriniformes) et les poisson-chat (Siluriformes),
connus comme étant des espéces potamodromes qui naissent dans les habitats d’eau
douce en amont du Mékong, puis se déplacent en tant que juvéniles vers I’aval (en restant
dans I’eau douce) ou ils deviennent adultes avant de migrer vers ’amont pour frayer, i.e.,
C. harmandi, L. chrysophekadion, H. waandersii, B. yarelli, Bangana behri, (Lucas et al.
2001). Au delta du Mékong, les assemblages de poissons (Ila et IIb) ont été marqués par
une forte décroissance de 1’abondance des cyprinidés et poisson-chat, qui sont
sténohalines (Valbo-Jorgensen et al. 2009). En revanche, les Perciformes et les clupéidés
(Clupeiformes) étaient les especes les plus présentes ; ces groupes de poissons sont plus
tolérants a la salinité et a la turbidité, i.e. C. aesarnensis, Mastacembelus spp., G. giuris,
Acanthopsis sp., Cynoglossus microlepis. Globalement, cette structuration était cohérente
entre la saison séche et humide. Effectivement, la structure spatiale des communautés de
poissons pourrait étre influencée par les schémas des migrations le long du LMR, ou il a
été estimé que pres de 40% des especes du Mékong sont des migrants a longue distance
ou des poissons blancs (Poulsen et al. 2002, 2004; van Zalinge et al. 2004; Baran 2006;
Baran et al. 2013).
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assemblages de poissons dans le flenve Mékong en aval (LMR). La richesse spécifique
et I’indice inverse de Simpson de chaque cluster (Ia, Ib, Ia, IIb) sont illustrés en bas des
cartes du regroupement. Les valeurs moyennes des clusters partageant les lettres
communes ne sont pas significativement différentes au seunil p=0,05 (Tests de Tukey-
HSD).

Tableau 3. Liste des espéces indicatrices de chaque cluster du flenve Mékong en aval

(LMR).
Assthlage Ia: 11 - Siche Humide
espéces
Scientific names Eads Ve T Gl T Cwive
Sign Sign Sign
Cosmaochilus harmandi coha 0.922 Wil - - 0.905 Aok
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Bangana behri babe 0.885 kK 0.752 *K 0.845 *ox
Helicophagus waandersii  hewa  0.877 oHE - - 0.839 *
Labeo chrysophekadion moch  0.86 ok 0.826 HoHE 0.899 HAE
Bagarius yarelli baya 0.854 Hoxk 0.92 woHk 0.769 Hok
Mekongina erythrospila meer 0.844 wox 0.814 * 0.747 *E
Labeo erythropterus laer 0.788  ** 0.783 * - -
Phalacronotus apogon phap 0.787 *E 0.818 o -

Pangasius conchophilus paco 0.769 * - - 0.785 *E
Tenualosa thibaudeaui teth 0.767 * 0.79 * - -
Syncrossus helodes syhe 0.748 * - - 0.673 *
Assemblage Ib: 17

espéces

Henicorhynchus spp. hecr 0.933 ok 0.859 ** 0.945 Hokok
Thynnichthys thynnoides  thth 0.865 *x - - 0.859 *E
Wallago attu waat 0.849 ** 0.891 ** 0.785 *ok
Belodontichthys dinema bedi 0.843 wox 0.961 HoHE 0.804 HE
Puntioplites falcifer pufa 0.838 *x 0.955 xRk 0.84 *E
Micronema bleekeri mibl 0.828 ok 0.844 oHE 0.817 wE
Labiobarbus lineata lali 0.817 *x 0.909 *x 0.744 *
Osteochilus melanopleura osme  0.813 *x 0.927 woHk 0.75 Hok
Gyrinocheilus pennocki gype 0.802 * 0.873 wox 0.642 *
Cyelocheilichthys cyfu 0798 ¥ 0912 ®*x 0804  **
Sfurcatus

Pangasianodon * - "
hypophthalmus pahy 0.78 0.863 0.708
Hemibagrus nemurus hene 0.768 xRk 0.669 * 0.787 HAE
Paralaubuca typus paty 0.768 * - - 0.784 *
Hemibagrus wyckioides hewyd 0.736 * 0.775 * - -
Leptobarbus hoevenii leho 0.728 * - - - -
Brachirus harmandi brha 0.686 * 0.784 * - -
Bagrichthys macropterus  bama  0.64 * 0.679 * - -
Assemblage Ila: 21

espéces

Macrognathus siamensis ~ masi 1 oxE 0.997 ok 0.816 HAE
Acanthopsis sp. acsp 0.995 xRk 0.861 ** 0.816 *E
Puntioplites proctozysron  puprl  0.954 ok 0.948 Hokk 0.951 Hokok
Mastacembelus armatus maar 0.954 ok 0.95 ok 0.643 *
Cynoglossus microlepis cymi 0.894 *x 0.909 ** 0.927 Hokk
Hampala macrolepidota ~ hama  0.889 ok 0.721 * 0.811 HE
Plotosus canius plca 0.877 *x 0.713 * 0.869 *k
Mystus singaringan mysi 0.854 ox 0.908 wox 0.718 *
Mystus mysticetus mymy 0.843 xRk 0.735 * 0.755 *E
Osteochilus vittatus osvi 0.822  ** - - 0.794  **
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Notopterus notopterus nono 0.825 ** 0.861 ** - -
Cyclocheilichthys eyar 0.806 - 0.809 - ) )
armatus

Glossogobius giuris glgi 0.787 Hoxk 0.863 HokE 0.652 *
Brachirus orientalis bror 0.787 wox 0.855 wox 0.728 wE
Boesemania microlepis bomi 0.775 * - - - -
Oxyeleotris marmorata oxma  0.748 *E 0.862 *E - -
Bagrichthys obscurus baob 0.707 *x 0.707 *x - -
Hypsibarbus vernayi hyve 0.707 ** 0.707 ** - -
Pseudomystus siamensis ~ pssi 0.707 wox - - 0.577 *
Puntioplites sp. pupr2  0.707 ** 0.707 ** - -
Akisis sp. aksp 0.693 * 0.686  * - -
Assemblage IIb: 31

especes

Clupeichthys aesarnensis  clae 0.954  *** 0946  *** 0.987  ***
Rasbora trilineata ratr 0.927 ¥Rx 0926 ** 0.977  ***
Trichogaster trichopterus  trtr 0.821 wox - - 0.766 *x
Rasbora sp. rasp 0.8 ** 0.849 ** - -
Scomberomorus sinensis  scsp 0.755 ok 0.756 wE - -
Toxotes chatareus toch 0.755 *x 0.756 ok 0.775 HAE
Toxotes spp. tosp 0.755 *x 0.756 ok - -
Arius stormi arst 0.753 * 0.681 * - -
Liza spp. lisp 0.751 *x 0.752 ** 0.629 *
Parambassis wolffi pabwo  0.725 * 0.749 * - -
Anabas testudineus ante 0.7 * 0.782 * - -
Hemisilurus mekongensis  heme  0.686 * 0.789 *E - -
Polynemus dubius podu 0.681 * 0.69 * 0.727 HE
Lates calcarifer laca 0.674  * 0.827  ** - -
Eleutheronema clte 0.656 « 0.655 " ) )
tetradactylum

Pangasius juvernile paju 0.656 * 0.535 * 0.775 HkE
Scatophagus argus scar 0.656 * 0.655 * - -
Zenarchopterus ectuntio  zesp 0.656 * 0.655 * - -
Ellochelon vaigiensis liva 0.656  * 0534  * - -
Coilia magrognathos cosp2  0.636 * - - 0.624 *
Pseudapocryptes psel 0631 * 059 * ; ;
elongatus

Acentrogobius sp. acens  0.539 * - - 0.632 *
Allenbatrachus grunniens  algr 0.539 * 0.535 * - -
Arius spp. arsp 0.539 * 0.535 * - -
Arius thallassinus arth 0.539 * 0.535 * - -
Boleophthalmus boddarti  bobo 0.539 * - - - -
Butis butis bubu 0.539 * 0.535 * - -
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Hyporhamphus limbatus ~ hyli 0.539 * - - - -

Taenioides sp. tasp 0.539 * - - 0.632 wk
Trichogaster pectoralis trpe 0.539 * - - - -
Xenentodon cancila xeca 0539  * 0.535 * - -

3. Déterminants environnementaux des assemblages de poisson

Les deux modeles d’ACC testant 1’association entre les assemblages de poissons annuels
et les variables climatiques et physicochimiques étaient significatifs (p=0,001). Par
conséquent, la structure spatiale des communautés changeait significativement le long
des gradients physicochimiques et climatiques. Cependant, on admet qu’il y aurait
d’autres facteurs (e.g. régime hydrologique, géomorphologie du fleuve, interactions
biotiques) qui influencent probablement la structure des assemblages. Effectivement, la
variation saisonniere des précipitations (biol5), la précipitation du mois le plus humide
(biol6), la température maximale du mois le plus chaud (bio5), la précipitation du
trimestre le plus froid (bio19), ainsi que 1’isothermalité (bio3), la température minimale
du mois le plus froid (bio6), et la température moyenne des trimestres les plus secs (bio9)
étaient les facteurs climatiques clés expliquant les changements dans la structure des
assemblages des poissons. Alternativement, les TP, DO, COD et pH ont été identifiés
comme les facteurs physicochimiques clés influengant la structure spatiale des
assemblages de poisson (Fig. 12). Plus précisément, les différences entre les assemblages
en amont (Ia et Ib) et au delta (IIa et IIb) ont été expliquées par la température, les teneurs
en nutriments et la salinité causée par I’intrusion saline. Par conséquent, les espéces en
amont étaient celles adaptées aux conditions montagneuses ou en haute altitude, a basse
température, forte précipitation, et valeur élevée de DO et pH ; tandis que les espéces du
delta étaient celles adaptées aux niveaux élevés de nutriment, et pouvaient tolérer une
température et salinité élevées. Ces conclusions sont compatibles avec les études
antérieures (Valbo-Jorgensen et al. 2009). Finalement, j’ai pu montrer que les facteurs
physicochimiques et climatiques ont contribué a part égale a l'explication du patron
spatial des assemblages de poissons du LMR (Fig. 13). Malgré tout, les études
précédentes sur les déterminants environnementaux de la structure des assemblages de
poissons ont signalé dans d'autres systemes la principale contribution des facteurs
physicochimiques (Braaten & Guy 1999; Trujillo-Jiménez et al. 2009; Pires et al. 2010),
alors que d’autres ont révélé un role prépondérant des facteurs climatiques dans la

structuration spatial des poissons (Reash & Pigg 1990; Buisson ef al. 2008; Zhao et al.
35



Chapitre I: Structure spatiale de la physico-chimie et des poissons a large échelle

2015; Guo et al. 2015). Cependant, j’ai conclu que la combinaison des facteurs
environnementaux (physicochimiques, climatiques) et spatiaux fournissait une meilleure
explication de la variation des assemblages de poissons, alors que les facteurs
physicochimiques ou climatiques seuls ne seraient pas optimaux pour expliquer la

distribution des poissons (Lujan et al. 2013).
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Fig. 12. Analyses canoniques des correspondances (ACC) reliant les abondances relatives
des poissons aux (a, b) variables climatiques et (c, d) variables physicochimiques. Les
différents points de couleur & gauche représentent les especes indicatrices dans chaque
assemblage de poisson ; alors que les points gris sur le c6té droit indiquent les sites
d’échantillonnage. Les fleches bleues représentent les vecteurs des variables
environnementales (i.e., climatiques et physicochimiques) et seules les variables

significatives (p < 0,05) sont représentées.
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Fig. 13. Diagramme de Venn montrant les effets relatifs des variables physicochimiques,
climatiques, et spatiales seules et en combinaisen sur la variation des assemblages de

poisson. Les chiffres représentent le pourcentage de variation expliquée par chaque
facteur.
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Chapitre I : Structure temporelle des communautés de poissons

1. Evolution temporelle des communautés de poissons

La structure temporelle des communautés de poissons a été résumée et représentée sous
forme des scores synthétiques d’ACOM de chaque site et ceux de référence. Ici, je n’ai
présenté que la variabilité temporelle de référence des communautés de poissons (Fig.
14a), tandis que 1’évolution temporelle de chaque site individuel a été illustrée par la
variation des valeurs de coefficient RV. Les trois premiers axes d’ACOM, expliquant
53% de la variance totale, ont été gardés et les scores factoriels moyens des especes ont
été calculés pour chaque axe et représentés (Fig. 14a, b). Des scores élevés indiquent la
contribution importante de I’espéce a la structure des communautés.

L’évolution temporelle des communautés de poissons dans le lac était plutot associce
aux traits fonctionnels que la structure taxonomique et cette variabilité était fortement liée
a la variation hydrologique dans le lac (Tableau 4). Six des neuf traits étudiés étaient
significativement associés a la variation temporelle des communautés de poisson dans le
lac et les relations ont été observées principalement sur les axes F1 et F3 de ’TACOM
(Fig. 15, Tableau 4). Effectivement, de nombreux auteurs ont également mis en évidence
ce type de patron temporel dans les divers écosystémes (eau douce, estuariens, marins)
(Winemiller 1989; Sale 2004; Agostinho et al. 2005; Edna et al. 2007; Tedesco et al.
2008). Ici, la communauté a été caractérisée par des gros poissons avec des niveaux
trophiques ¢élevés pendant la période de basse eau, progressivement remplacée par des
poissons de petite taille avec des niveaux trophiques bas lorsque 1’eau dans le lac monte
(Fig. 14, 15). De maniére similaire, de nombreuses études ont révélé la corrélation
positive entre les tailles des poissons et leurs niveaux trophiques, et que la taille est
également un des parameétres biologiques importants et fortement corrélée aux autres
traits (Winemiller 1989; Romanuk, Hayward & Hutchings 2011). Pourtant, a Orinoco, il
a ét¢ montré qu'il n’y avait pas de corrélation entre la taille du poisson et sa position
trophique dans le systeme ou le réseau trophique est divers et productif (Layman et al.
2005). D’ailleurs, selon une étude récente des structures des communautés de poissons
dans la zone humide Pantanal en Amazone, une étude a montré un changement significatif
du recrutement des prédateurs et spécialistes entre les saisons humides et seches (Wantzen
et al. 2002). Cette remarque était cohérente avec ce qu’on a trouvé a TLS ou plus de
recrutement des gros poissons prédateurs, e.g. Hysibarbus sp., Pangasius spp., Nototerus

notopterus, Hemibarus nemurus, a été observé au cours de la période d’étiage.
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De plus, la variation temporelle des communautés était liée également a la stratégie
de vie, aux guildes écologiques, aux habitats d’alimentation et a la présence de respiration
accessoire. Par conséquent, les poissons noirs avec la stratégie d’équilibre (7richogaster
spp.) dominaient la communauté au cours de la période d’étiage, alors que les poissons
blancs avec la stratégie opportuniste (Paralaubuca spp., Henicorhynchus spp.)
caractérisaient la communauté pendant la période de hautes eaux (avant et apres les pics
des pulses) (Fig. 14, 15). Le turn-over au cours de la période transitoire était caractérisé
par les poissons gris et blanc avec la stratégie périodique (Mystus spp., Puntioplites
proctozystron). Apparemment, il a été montré que les espeéces opportunistes et
périodiques sont plus adaptées aux environnements variables (e.g. régime hydrologique
turbulent) que les équilibres (Winemiller 1989). Les autres traits tels que la présence de
respiration accessoire et les habitats d’alimentation sont connus pour étre fortement
corrélés aux stratégies de vie et guildes écologiques des poissons. Par exemple, la plupart
des poissons noirs, i.e. les perches (4dnanbas testudineus), poisson chats (Claria spp.),
snakeheads (Channa spp.), gourami (Trochopodus spp.), ont été décrits comme tolérants
a I’hypoxie car ils sont équipés de respiration accessoire leur permettant de respirer dans
I’air (Lamberts 2001; Baran et al. 2006). Néanmoins, les habitats, les habitats de fraies et
la position dans la colonne d’eau n'expliquaient pas 1’évolution temporelle de la
communauté (Tableau 4).

A I’échelle régionale, la variabilité temporelle des communautés pourrait étre liée
aux migrations dans le Mékong, étant donné que 1/3 des espéces du Mékong sont des
migrants a longue distance, en particulier les cyprinidés (Hypsibarbus sp., Puntioplites
sp., Cyclocheilichthys sp.), les bagrids (Hemibagrus sp.) et les poisson-chats (Pangasius
sp.) (Baran 2006; MRC 2007b).
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Fig. 14. Variabilité temporelle de référence de la structure des communautés de poisson

dans le lac Tonlé Sap. (a) Séries temporelles des scores synthétiques d’ACOM sur les 3

premiers axes du tableau de référence. Les courbes grises représentent le régime

hydrologique du lac. (b) Scores factoriels des 53 taxons sur les 3 premiers axes d’ACOM.

(c) Boxplots des scores des espéces sur les axes en fonction des 5 principales familles de

poissons (CYN: Cyprinidae, BAG: Bagridae, OSP: Osphrinemidae, PAN: Pangasiidae,

SIL: Siluridae).
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Tableau 4. Relations entre la structure taxonomique, les traits fonctionnels et les scores
factoriels des espéces de poissons sur les 3 premiers axes d’ACOM. R? et P sont
respectivement le pourcentage des variables expliquées et leurs valeurs-p associées, alors

que ns désigne la relation non-significative (Kruskal-Wallis, p<0,05).

F1 Axis F2 Axis F3 Axis

R? P R? P R? P
Family - ns - ns - ns
Size of fish 0.19 0.001 0 ns 0.08 0.02
Trophic Level 0.09 0.02 0 ns 0.12 0.01
Habitats - ns - ns - ns
Life strategy - ns - ns - 0.017
Ecological guild - ns - ns - 0.003
Spawning habitat - ns - ns - ns
Feeding habitat - ns - ns - 0.003
Water column position - ns - ns - ns
Accessory respiratory - ns - ns - 0.01

44



Chapitre Il : Structure temporelle des communautés de poissons

Size of fish Trophic level
= |F1axit ® 2| F3 axis L @4 F1 axis*® %1F3 axis ]
a
¢ " .
" s a 3 g U 2 »
- . - b L -
e i -
. . = & e
e e a s s 49 .
. ; . o §
-t . oL o u .
# P a X = ] o ;
a . " i E - i '
i g Iy
L = e e & . . = =
- 3 & . -
. . a id : B - LA -
05 0o 0s 10 08 -04 02 00 02 04 05 oo 05 12 08 04 02 00 02 04
Life strategy Ecological guild

04

=

(X}
00 02 04 06 08

00 01 02 03

* HNl
2 34
-l m - muf
2 %
] .

3 ke ,.

o 34

g 3
=

EQu oFP. FER EQU ope PER Black Grey While Black Grey White:
Feeding habitat Accessory respiratory
3 51

00 02 04 08 0B
00

’ ‘ ‘ -
e —
| | | =/ - b= .

ur OFFRLIT ur OFFEUT NO YEs NO YEs

0.
(7]

£
42

02
02

04

Fig. 15. Relations entre les traits fonctionnels et les scores factoriels des espéces de
poissons dans le lac Tonlé Sap sur les axes F1 et F3 de I’ ACOM. Seules les relations
significatives ont été présentées (Kruskal-Wallis, p<0.05, Tableau 4). La taille des
poissons est montrée en échelle logarithmique (axe-y) et les noms complets des

acronymes sont fournis dans I’appendice IL

2. Synchronie spatiale de la variation temporelle des communautés

A I’échelle du lac, les valeurs des corrélations temporelles moyennes p variaient de 0.43
20.606 et la variation temporelle de BB et KT était moins synchrone par rapport a SR, PS
et KC (Fig. 5). Par conséquent, aucune relation n’a été observée entre le niveau de
synchronie et la distance géographique des sites comme attendu. Effectivement, des
études précédentes sur la synchronie spatiale (intra et interspécifique) en Afrique et en
Europe ont aussi montré une relation non-significative entre le niveau du synchronisme
et la distance des sites étudiés (Grenouillet ef al. 2001; Tedesco et al. 2004). Par ailleurs,
en regardant les valeurs des coefficients RV, ils allaient de 0.52 (BB) & 0.75 (SR) et la
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variation temporelle des communautés a SR, PS (0.65) et KC (0.71) était corrélée a la
variabilité temporelle de référence du lac, sauf BB et KT (0.56). Les sites situés a
proximité les uns des autres (Fig. 5), i.e. BB et SR, présentaient une faible valeur de
corrélation temporelle (p). En outre, le patron temporel de BB et KT semblait moins
corrélé a la structure de référence (RV ~ 0.5), ce qui suggere 1'effet de facteurs spécifiques
liés aux caractéristiques des sites (e.g. hétérogénéité des habitats) (Daufresne, Bady &

Fruget 2007).

3. Réponse des communautés de poissons au régime hydrologique

Le modele a révélé une forte influence de la variation du régime hydrologique sur
I’évolution temporelle de la composition des communautés et des traits fonctionnels (Fig.
16). En effet, la réponse des communautés des poissons au régime hydrologique semble
décalée et le décalage était estimé entre +38 a +58 jours sur F1 (1> = 0.40), de +50 & +60
jours sur F2 (2 = 0.71), et de -20 a -30 jours (r> = 0.75) sur F3. Approximativement, le
mouvement des poissons dans le lac s’est fait 1 & 2 mois avant ou apres ’arrivée des
crues.

L’état de I’art du décalage de la réponse des communautés de poisson au régime
hydrologique est trés limité, surtout dans les écosystémes d’inondation pulsés. A partir
des études dans le néotropique, e.g. le fleuve Parana, le décalage de la réponse de la
chlorophylle-a et phytoplancton aux changements hydrologiques dans les plaines
inondables a été quantifié a 6 jours et 14 jours respectivement (Agostinho et al. 2000). En
Guyane, Merigoux & Ponton (1999) a montré que [’évolution temporelle des
communautés de juvéniles était fortement corrélée avec la condition hydrologique
pendant 30 jours. En tenant compte la surface du lac, la durée de I’inondation, le décalage
observé de 1.5 a 2 mois semblait raisonnable. Pour I’instant, la période d’inondation de
la zone humide en Amazonie Centrale a été estimée entre 50 jours a 270 jours (Ferreira

& Stohlgren 1999).
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Fig. 16. Corrélation croisée entre les séries temporelles des scores synthétiques d’ACOM
et des niveaux de 1’eau dans le lac Tonlé Sap. Les lignes pointillées en bleue indiquent
les niveaux significatifs avec 95% d’intervalle de confiance. Les rectangles de différentes

couleurs indiquent le temps de décalage pour les 3 axes d’ACOM.
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Chapitre III : Réseau trophique et état écologique de [’écosysteme

1. Réseau trophique et flux d’énergie

Le réseau trophique et les flux d’énergie sont des éléments clés qui déterminent le
fonctionnement et 1’état écologique de 1’écosysteme. Dans le lac Tonlé Sap, les niveaux
trophiques (FTL) variaient de 1 (macrophytes, phytoplancton et détritus) a 3,17
(snakehead) (Tableau 5). Le snakehead s’est trouvé au plus haut niveau trophique avec la
biomasse de 4,480 t km™ an™', suivi par plusieurs groupes de poissons carnivores, tels que
le poisson-chat (2,98), les autres carnivores (2,96), la barbe de riviére (2,77) et la perche
(2,74). Le schéma plus concis du réseau trophique a été également représenté pour
indiquer les flux d’énergie dans le réseau trophique du lac (Fig. 17). Les impacts
trophiques mixtes (MTI) présentaient des effets positifs et négatifs des groupes
fonctionnels 'un sur DP'autre (Fig. 18). Par conséquent, seuls les macrophytes,
phytoplanctons et détritus ont eu un impact positif sur la plupart des autres groupes
fonctionnels, ce qui pourrait expliquer les effets « bottom-up » du point de vue de
I’écosystéme, tandis que les autres compartiments ont montré des interactions directes
prédateur-proies, des effets en cascade (cascading effect) et de la compétition.

De plus, Les effets négatifs entre groupes des poissons nous montraient
principalement les impacts négatifs dus a leur compétition trophique. Par exemple, le
snakehead a montré des effets négatifs importants sur le poisson-chat, la perche et les
autres carnivores, surtout parce qu’ils ont des sources alimentaires similaires. Egalement,
les péches ont eu des effets négatifs sur tous les poissons commerciaux et les crustacés,
mais étaient bénéfiques pour les poissons omnivores, les crabes et les autres ressources
fourrageres.

Une des particularités du réseau trophique du TLS était observée a partir de la
variation des valeurs d’EE dans les groupes fonctionnels établis. Globalement, les valeurs
de I’EE de tous les groupes fonctionnels sont inférieures a 1, et la plupart des valeurs P/Q
sont comprises entre 0,05 et ~0,3, répondant au critere du modele équilibré. Par
conséquent, les valeurs de I’EE ont été estimées a plus de 0,5 pour presque tous les
groupes fonctionnels, sauf pour les mollusques et macrophytes (Tableau 5). Ces derniers
ont illustré la pression sur les ressources subies par les activités de péches, ainsi que la
pression de prédation pour les groupes de poissons fourragers (i.e., les mud carpes, petits
herbivores, et petits poissons). Cette remarque est compatible avec celle des études
antérieures sur la production de la péche du lac qui ont souligné la préoccupation que
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représente la surexploitation des ressources de péches dans le lac (Lamberts 2001;
Enomoto et al. 2011). En revanche, les valeurs d’EE estimées pour les mollusques et
macrophytes étaient trés faibles, cela signifiait qu’ils n’étaient pas bien utilisés dans
I’écosysteme. Certes, les macrophytes ne sont pas facilement utilisables dans
I’écosystéme quand ils sont vivants (Christensen et al. 2005). Parallélement, entant que
la source d’énergie de 1’écosystéme, j’ai trouvé que les valeurs de I’EE des
phytoplanctons et détritus approchaient 1, et étaient relativement plus élevés que ceux
observés dans d’autres grands lacs africains (e.g., Lac Victoria, Tanganyika, Malawi),
malgré parfois des biomasses similaires de phytoplanctons, macrophytes et zooplanctons
(e.g. Lac Tchad, Christensen & Pauly 1993).

Deux chaines alimentaires principales ont été trouvées dans le syst¢éme TLS, une
chaine alimentaire a base de détritus et une chaine alimentaire a base de la production
primaire (grazing food chain) (Fig. 19). Cependant, environ 77,9% de 1’ensemble de
I’énergie circule a travers la chaine alimentaire a base de détritus, alors que seulement
22,1% circule dans celle de la production primaire, malgré la biomasse tres élevée de ces
producteurs primaires (1494 t km an™) (Fig. 19). Par conséquent, la chaine alimentaire
semble essentiellement basée sur la chaine alimentaire détritique et 1’efficacité moyenne
du transfert trophique (TEs) des deux chaines alimentaires du lac était de 8,27%. En
regardant le TE global dans les deux chaines alimentaires, un faible TE a été trouvé a la
base des chaines alimentaires (de TL II a III), alors que le TE augmentait
significativement de TL III a TL supérieur (Fig. 19). Ce dernier était en contraste avec les
TEs des autres grands lacs africains (i.e., Lac Victoria, Tanganyika, Malawi), ou les TEs
diminuent de fagon dramatique de TL III a TL plus élevé (Christensen & Pauly 1993). Ce
contraste m’a permis de souligner une meilleure exploitation des ressources de péche dans
le lac pour la consommation humaine et la prédation que celle des lacs africains.
Néanmoins, la surexploitation des ressources de péche dans le TLS affectait
principalement le bas de la chaine alimentaire (fishing down the food chain). Par
conséquent, le lac est maintenant dominé par les petits poissons (van Zalinge, Nao &
Touch 1998); alors qu'une grande partie de la production primaire (macrophytes) n'est

pas pleinement utilisée dans 1’écosystéme.
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Fig. 17. Schéma du flux d’énergie représentant la structure dn résean alimentaire dans
I’écosystéme Tonlé Sap. Les lignes grises désignent les niveaux trophiques 1, 2, et 3
respectivement ; alors que les différentes tailles des cercles indiquent les différentes

biomasses (t km™) des groupes fonctionnels.
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Tableau 5. Entrée de base et parametres estimés (italique) pour les 21 groupes

fonctionnels du lac Tonlé Sap

f:::)er Group name TL B(tkm?) P/B(year™!) Q/B (year™') EE P/Q

1 Snakehead 3.17 4.48 1.22 6.20 0.598 0.196
2 Catfish 2.98 1.38 0.92 3.70 0.897 0.249
3 Soldier river barb 277 3.64 0.94 5.50 0.936 0.171
4 Perch 2.74 1.13 2.85 33.40 0.565 0.085
5 Other carnivores 2.96 5.23 0.96 7.20 0.898 0.134
6 Large herbivores 2.00 7.96 0.38 12.00 0.600 0.031
7 Small herbivores 2.00 13.09 0.68 38.70 0.952 0.018
8 Omnivorous fish 241 2.23 2.73 22.90 0.994 0.119
9 Benthivorous fish 2.56 4.89 0.35 5.00 0.934 0.070
10 Gourami fish 222 2.26 1.21 10.40 0.933 0.116
11 Mud carp 2.00 5.99 1.53 26.40 0.938 0.058
12 Small fish 2.26 6.07 1.38 18.20 0.944 0.076
13 Crabs 2.31 3.76 2.12 8.48 0.721 0.250
14 Shrimps 2.02 236 4.50 24.40 0.936 0.184
15 Molluscs 2.00 143.10 4.30 17.20 0.146 0.250
16 Other zoobenthos 2.00 1.19 5.00 25.00 0.843 0.200
17 Macrozooplankton 2.05 9.98 4.29 85.87 0.900 0.050
18 Microzooplankton 2.00 3.74 15.26 305.23 0.950 0.050
19 Phytoplankton 1.00 5.48 185.00 0.936

20 Macrophytes 1.00 1488.62 1.67 0.102

21 Detritus 1.00 2431 0.871

2. Etat écologique de I’écosystéme

Le fonctionnement et 1’état écologique du Tonlé Sap ont été quantitativement évalués en
utilisant les attributs et les indicateurs €cologiques obtenus par le modéle Ecopath.
Egalement, Xu et al. (2001) ont fourni certains indicateurs qui pourraient étre utilisés
pour évaluer I’état écologique de 1’écosystéme (i.e., la biomasse du phytoplancton, la
biomasse du zooplancton, la richesse spécifique, le ratio de P/R, le ratio de P/B et la
capacité de tampon). Généralement, un écosystéme en bonne qualité écologique est
caractérisé par une faible biomasse de phytoplancton, une biomasse élevée de
zooplancton et macrozooplancton, une grande diversité d’especes et des ratios de P/B et
P/R qui approchent 1 (Xu et al. 2001). De plus, selon la théorie de Odum (1969), les ratios

de TPP/TR et TPP/TB sont deux indicateurs importants pour mesurer la maturité de
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I’écosystéme, un écosystéme mature possédant une valeur TPP/TR proche de 1 et une
faible valeur de TPP/TB.

Dans le systeme de TLS, le débit total d’énergie du systeme a atteint 14 050,330 t
km an”!, dont 40,4% provient de la consommation, 4,65% de ’exportation, 20,3% de la
respiration et le reste (34,68%) s’écoule dans les détritus (Tableau 6). Le ratio TPP/TR
était de 1,23, beaucoup plus bas que la plupart des lacs dans le monde entier, tels que le
lac Taihu (3,85), Qiandaohu (3,725), mais plus élevé que le lac Hayq en Ethiopie (1,05).
Parallélement, le ratio TPP/TB était de 2,482, soit une valeur entre 1’écosystéme
immature Taihu (11,6) et I’écosystéme mature Gehu (1,76), et beaucoup plus faible que
le lac Awassa (5,834) ou le lac Malawi (66) (Fetahi & Mengistou 2007; Liu et al. 2007;
Darwall ef al. 2010; Li et al. 2010; Fetahi ef al. 2011; Jia et al. 2012). Dans 1’ensemble,
les valeurs des indices de flux d’énergie, i.e. CI et SOL ont été estimées a 0,253 et 0,075,
respectivement. Ces valeurs de CI et SOI sont les indices importants pour décrire les
caractéristiques de la chaine alimentaire, i.e. linéaire ou web-like. Par conséquent, la
valeur CI de TLS était presque identique a celle théorique (0,252) calculée par I’équation
de régression empirique (Christensen & Pauly 1993). Comparativement, les valeurs de
CI et SOI de TLS étaient beaucoup plus faibles que celles observées pour le lac Ayame
en Cote d’ivoire (0, 386, 0,193), le lac Annecy en France (0,258, 0,107) et légerement
supérieures a celles des lacs chinois: Taihu (0,206, 0,042) et Bao’an (0,205, 0,058)
(Traore et al. 2008; Janjua & Gerdeaux 2009; Li et al. 2009; Guo et al. 2013).
Globalement, suivant les valeurs de ces indicateurs (TPP/TR, TPP/TB, CI et SOI) et que
la chaine alimentaire était a base détritique, j’ai conclu que I’écosystéme du TLS atteint
un certain stade de maturité avec une structure du réseau trophique vulnérable due a
I’absence de complexité dans la structure des chaines alimentaires exprimée par les
faibles valeurs de CI et de SOL Egalement, en vérifiant les indices de 1’état écologique
du TLS avec ceux théoriques, le modele a suggéré que 1’écosystéme pourrait étre
considéré comme un écosysttme en bonne qualité écologique, mais souffrant de
perturbations humaines (e.g. la surpéche) (Odum 1969; Xu et al. 2001).

Tableau 6. Liste des indicateurs pour I’évaluation de 1’état écologique du lac Tonlé Sap

Parameters Value Units

Ecosystem properties
Sum of all consumption (TC) 5677.091 tkm?y!
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Sum of all exports (TE) 654.194  tkm?y!
Sum of all respiratory flows (TR) 2845.601 tkm?y!
Sum of all flows into detritus (TD) 4873.439  tkm?y'!
Total system throughput (TST) 14050.330 tkm?y!
Sum of all production (TP) 4297950 tkm?y!
Mean trophic level of the catch (TLc) 2.482 -

Gross efficiency (catch/net p.p.) 0.007 -

Calculated total net primary production (TNPP) 3499.795  tkm?y!
Net system production (NSP) 654.194  tkm?y!
Total biomass (excluding detritus) (TB) 1716.580 tkm?y"

Ecosystem maturity

Total primary production/total respiration

(TPP/TR) 1230

Total primary production/total biomass (TPP/TB) 2.039 -

Total biomass/total throughput (TB/TST) 0.122 -

Food web structure

Connectance Index (CI) 0.253 -

System Omnivory Index (SOI) 0.075 -

Finn's cycling index (FCI) 23.62 v of total
throughput

Finn's mean path length (FML) 4.015 -

Ascendancy (A) 0.274 -

System overhead (O) 0.726 -

Model reliability

Ecopath pedigree index 0.511 -

Measure of fit ( t*) 2.523 -
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CONCLUSIONS GENERALES ET PERSPECTIVES

1. Conclusions générales

La question de la dynamique spatiotemporelle des communautés de poissons comprend
une synthése de tous les facteurs climatiques, physicochimiques et les interactions
biotiques qui influencent la distribution et la coexistence des espéces, particulierement
dans le systéme fortement gouverné par les crues saisonniéres. A 1’échelle du bassin du
Me¢kong en aval (LMB), les caractéristiques physicochimiques de 1’eau variaient d’une
maniere significative au long du gradient longitudinal du fleuve Mékong et 4 clusters
associés aux différentes caractéristiques ont été identifiés. Visiblement, une dégradation
de la qualité écologique a été observée de I’amont vers I’aval et plus marquée dans le
delta du Mékong ou la densit¢ de la population et le développement agricole sont
intensifs. Par conséquent, 4 assemblages de poissons ont été déterminés au long du
gradient amont-aval de LMR selon la similarit¢é en composition des especes.
Apparemment, les assemblages en amont étaient composés des especes adaptées aux
conditions montagneuses, a basse température, forte précipitation et une valeur élevée de
DO; alors que les assemblages au delta étaient les especes tolérantes aux niveaux élevés
de nutriments et de salinité. A partir du patron spatial de la qualité de I’eau dans le bassin,
les caractéristiques physicochimiques du cours d’eau principal (LMR) ne changeaient pas
beaucoup, sauf dans le delta. Donc, les variables climatiques pourraient étre responsables
a la structuration des assemblages de poisson du LMR. Cependant, on voit que la
combinaison des facteurs environnementaux (physicochimiques, climatiques) et spatiaux
fournissait une meilleure explication de la variation des poissons du LMR, malgré
plusieurs études dans d’autres systémes qui ont révélé la contribution principale des
facteurs climatiques ou physicochimiques.

Dans le LMR, la richesse spécifique augmentait de I’amont vers son delta ; pourtant
la plus grande diversité s’est trouvée au milieu du cours d’eau au Cambodge, ce qui
pourrait refléter le concept de continuum fluvial (RCC) (Vannote et al. 1980). Pourtant,
ce concept est plus applicable aux petites-moyennes rivieres des zones tempérées ;
probablement ce n’est pas le cas du Mékong. Une meilleure explication de ce patron de
diversité pourrait étre liée a la condition géographique du fleuve, e.g. faible topographie

et absence de barriérre, et la connectivité cruciale entre le lac Tonlé Sap et le Mékong au
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Cambodge, reliant tous les habitats essentiels au cycle de vie des poissons en favorisant
leur coexistence.

Ainsi, le lac joue un réle indispensable pour le maintien de la diversité du systeme
car il fournit d’une part des habitats d’alimentation et d’autre part des habitats de fraie
pour des centaines d'espéces de poissons du Mékong. Par conséquent, la structure
temporelle des communautés de poissons du lac est fortement influencée par le
mouvement des poissons dans le LMB et son régime hydrologique. Le recrutement des
grands poissons de haut niveau trophique était plus important au cours de 1’étiage, tandis
que les petits poissons de bas niveau trophique dominaient au cours des hautes
eaux. Egalement, les poissons noirs de stratégie d’équilibre caractérisaient la
communauté pendant les basses eaux et progressivement la communauté a été remplacée
par les poissons blancs de stratégies d’opportunistes et périodiques, quand le niveau de
I’eau dans le lac monte. Globalement, la structure temporelle des communautés de
poissons dans le lac était associée plutdt aux caracteres fonctionnels que taxonomiques et
cette variation était fortement conditionnée par la dynamique des crues du Mékong.
Effectivement, dans le systeme ou la variation a existé pendant une longue période, les
especes de poissons se sont probablement adaptées a ces différentes conditions afin de
sélectionner les niches qui favorisent leur coexistence. Par conséquent, la réponse des
communautés au changement du régime hydrologique pourrait étre décalée entre 1 a 2
mois avant ou apres les pics des pulses, c’est le cas du lac Tonlé Sap. Ce temps de
décalage devait étre 1ié a plusieurs facteurs parmi lesquels le mouvement des poissons
dans le Mékong déclenché par la premicre pluie au début de la saison humide pourrait
é&tre un des facteurs clés induisant une migration en masse des poissons vers le lac, e.g.
les cyprinidés et poissons-chats.

Au dela, dans le systeme d’inondation pulsé, la variabilité temporelle imposée par
les crues saisonniere pourrait étre responsable du maintien de la productivité et de la
persistance du réseau trophique complexe dans le systéme. Concrétement, dans le lac
Tonlé Sap, malgré une exploitation intensive des ressources de péches depuis des années,
on voit que 1’état écologique du systéme restait en bonne santé et que 1’écosystéme
atteignait un certain stade de maturité avec une structure des chaines alimentaires
vulnérables. Par ailleurs, la méthode d’exploitation ancienne des ressources de péche dans

le lac « 16t de péche » pourrait avoir des implications inconsidérées concernant la
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durabilité et la productivité du systéme. Effectivment, cette pratique de péche était
caractérisée par un large éventail des engins de péche en produisant une péche
véritablement non-discriminée qui favorise la coexistance des prédateurs et de leurs
proies.

Néanmoins, plusieurs auteurs ont signalé également la dégradation des ressources
de péches dans le lac et que le lac est maintenant dominé par les petites espéces
opportunistes de basse valeur économique. Evidemment, cette conclusion doit étre suivie
par une étude a long terme des structures temporelles des communautés de poissons car
les événements extrémes, e.g. inondations ou sécheresse, pourrait bouleverser la structure
des communautés et induire plus de recrutements des petits poissons étant mieux adaptés
aux conditions variables du milieu. Cela prend du temps pour que 1’écosystéme revienne
a la condition normale, surtout dans les grands systémes comme le Tonlé Sap. Ainsi,
I’amélioration de notre compréhension sur la fagon donc les traits fonctionnels des
espéces répondent au changement du régime hydrologique pourrait améliorer
énormément notre capacité a expliquer et prédire comment les communautés aquatiques

du systéme répondent aux changements globaux.

2. Implications

Avec les défis de la croissance démographique, 1’urbanisation, la nécessité de nourrir la
population, ainsi que I’exportation, des impacts sur la biodiversité dans le bassin LMB
sont attendus. En combinaison avec cela, la construction des barrages et la vulnérabilité
au changement climatique sont les préoccupations majeurs conduisant a la dégradation
des ressources de péches dans le bassin (Vorésmarty et al. 2010; Grumbine, Dore & Xu
2012; Arias et al. 2014). Dans ce contexte, des plans de gestion et de conservation
stratégiques concrets des ressources de péches sont indispensables pour atténuer les
impacts et assurer un développement durable du bassin du Mékong dans son entier.

La zone de conservation prioritaire devrait étre la partie intermédiaire du LMR, ou la
plus grande diversité a été révélée. Cette conservation doit également tenir compte de la
partie amont du LMR, entre la chute de Khone et Vientiane, ou des niveaux élevés
d’endémisme ont été décrits (Coates 2001). De plus, le maintien de la connectivité entre
le lac Tonlé Sap et le Mékong est crucial pour la plupart des especes du Mékong ; donc
j’appuie fermement les préoccupations des pertes de biodiversité due a la construction
des barrages a travers le long du cours d’eau principal (Hortle 2009; Valbo-Jorgensen et
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al. 2009; Ziv et al. 2012). Dans le delta du Mékong, la surveillance et I’amélioration de
la qualité de 1’eau doivent étre abordées rigoureusement (MRC 2008; Dudgeon 2011;
Chea, Grenouillet & Lek 2016). Par exemple, la diminution des diversités de poisson au
delta pourrait refléter les effets de la pollution de 1’eau sur la communauté des poissons.
Par conséquent, les cyprinidés et les poisson-chats de type Pangasius, qui sont les
principales sources de protéines dans la région (Hortle 2007), seraient fortement affectés
car ils sont incapables de résister au changement brutal de la condition des eaux.
Cependant, 1’étude a montré que la combinaison des deux facteurs physico-chimiques et
climatiques contribue significativement a la structuration des communautés le long du
LMR. Prendre en compte simultanément ces facteurs apparait donc crucial si nous
voulons initier des stratégies de gestion pour assurer I’utilisation durable et la
conservation des ressources dans le fleuve Mékong.

L’évolution temporelle des communautés de poissons a été associée principalement
aux traits fonctionnels et la structure des communautés était fortement liée a la dynamique
de l’inondation pulsée. Donc toute modification hydrologique induite par les
perturbations humaines, e.g. les barrages ou le changement climatique, pourrait modifier
fortement la structure des communautés de poissons. En outre, j’ai constaté que les
réponses des communautés de poissons aux changements du régime hydrologique étaient
décalées entre 1 a 2 mois. Par conséquent, prendre en compte ce temps de décalage serait
bénéfique pour les pratiques de conservation et la gestion des péches dans le systéme
lentique tropical.

La surexploitation des ressources aquatiques est fréquente dans les pécheries
d’aujourd’hui du monde entier (Mchich ef al. 2006). Pour répondre a la surexploitation
et renforcer la structure des chaines alimentaires du systéme, les piscivores et omnivores
tels que le poisson-chat, snakehead, et les autres omnivores devraient étre privilégiés pour
le stockage, car ces espéces sont connues pour renforcer le fonctionnement de
I’écosysteme et la structure des chaines alimentaires, ainsi que pour améliorer I’efficacité
des transferts de I’énergie (Petchey et al. 2004; Bruno & O’Connor 2005; Carey & Wahl
2011). De plus, plus d’attention devrait également étre accordée a I’utilisation de la
production primaire et des détritus, non seulement pour améliorer 1’écoulement de

I’énergie dans 1’écosystéme, mais aussi pour améliorer la qualité de 1’eau, surtout pendant
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la saison seche ou la dégradation de la qualité de I’eau est sévere due a ’exces de la

production algale et de la végétation terrestre submergée.

3. Perspectives

Les études de la réponse des communautés face aux perturbations anthropiques et au
changement climatique pourraient étre essentielles pour la prédiction de la stabilité de
I’écosystéme en état actuel et dans le futur (Fig. 20). Effectivement, le fonctionnement et
I’état écologique de I’écosystéme sont fortement liés a la stabilité des chaines
alimentaires. Cette stabilité est décrite par la résilience et la résistance du réseau trophique
face aux perturbations. Tandis que le modéle d’Ecopath décrit tout simplement 1’état
statique de 1’écosysteme, le modele ECOSIM pourrait étre utilisé pour quantifier la
dynamique des réseaux trophiques du systéme, et donc pouvoir évaluer la stabilité de
I’écosystéme sous différents scénarios. Par exemple, qu’est ce qui se passe avec la
modification des biomasses des prédateurs de 10% a 20% dans un contexte de
surexploitation ou de stockage ? Parallelement, dans un contexte de constructions de
barrages et de pollution trophique, comment répond 1’écosystéme a une modification des
producteurs primaires ? Un scénario intéressant du modele pourrait porter sur la politique
de péche du gouvernement cambodgien pour évaluer si la suppression des 16ts de péches
autour du lac Tonlé Sap est avantageuse.

En Asie du Sud-est, I’agriculture est le moteur de I’économie nationale.
L’augmentation des éléments nutritifs dans les cours d’eau apparait presque partout dans
le bassin. Dans le Mékong, la concentration de N est moins importante que celle de P.
Donc, 1’étude du comportement des communautés face a des phénomenes
d’eutrophication est importante pour atténuer les impacts dans le futur. Par exemple,
comment est la réponse des communautés aux environnements N-limités (e.g. Tonle Sap)
et P-limités (e.g. le delta du Mékong) ? Cette réponse est-elle conditionnée également par
les autres facteurs hydrologiques tels que 1’intensité des pulses, la durée et la fréquence
de I’inondation ? Et si oui, dans quelle mesure ?

Pour répondre a ces questions, 1’évolution temporelle et spatiale des formes des
courbes ABC nous permettrait de décrire le comportement des communautés face a des
perturbations (Fig. 20) (Warwick 1986; Magurran 2004). Afin d’illustrer les milieux N
ou P limités, le lac Tonlé Sap (N-limité) et le fleuve Mékong (P-limité) sont de bons
modeles pour tester ces questions. Effectivement, la forme des courbes ABC est
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synthétisée par un indice, appelé I’indice de Warwick (Warwick 1986; Clarke 1990) :

S A
= % Ou B; est la biomasse de ’espéce i, Ai est I’abondance relative de

I’espece i et S est le nombre des espéces. Donc, 1’évolution spatiotemporelle de cet indice
en fonction des conditions des milieux pourrait nous aider a montrer la stabilité des
communautés a travers le temps et ’espace. Par conséquent, avec ces études, nous
pourrions établir un plan stratégique plus concret et robuste pour compenser la
dégradation des ressources de péche.

{a) {b) (c)
100

o Biomass

0

Cumulative %
ES

Abundance

1 5 10 1 5 10 1 5 10
Species rank {log scale)
Fig. 20. Diagramme conceptuel des courbes ABC (4bundance-Biomass-Curve) montrant

les conditions non-perturbées (a), modérément perturbées (b), et fortement perturbées des

milieux (Warwick 1986).
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Abstract

To reach a better understanding of the spatial variability of water quality in the Lower
Mekong Basin (LMB), the Self-Organizing Map (SOM) was used to classify 117 monitoring
sites and hotspots of pollution within the basin identified according to water quality indica-
tors and US-EPA guidelines. Four different clusters were identified based on their similar
physicochemical characteristics. The majority of sites in upper (Laos and Thailand) and
middle part (Cambodia) of the basin were grouped in two clusters, considered as good
quality water with high DO and low nutrient levels. The other two clusters were mostly com-
posed of sites in Mekong delta (Vietnam) and few sites in upstream tributaries (i.e., north-
western Thailand, Tonle Sap Lake, and swamps close to Vientiane), known for moderate
to poor quality of water and characterized by high nutrient and dissolved solid levels, Over-
all, we found that the water in the mainstream was less polluted than its tributaries; eutro-
phication and salinity could be key factors affecting water quality in LMB. Moreover, the
seasonal variation of water quality seemed to be less marked than spatial variation occur-
ring along the longitudinal gradient of Mekong River. Significant degradations were mainly
associated with human disturbance and particularly apparent n sites distributed along the
man-made canals in Vietnam delta where population growth and agricultural development
are intensive.

Introduction

Globally, water resources are significantly threatened by various anthropogenic activities,
including climate change which is particularly intense in tropical regions, and notably Asia
[1,2]. As a result, many rivers in the region are grossly polluted and huge portions of their
drainage basins and floodplains have been deforested or otherwise degraded [3].

The Lower Mekong Basin (LMB) water resources are extremely important for the four
ripatian countries downstream of China and Myanmar, i.e. Thailand, Laos, Cambodia,
and Vietnam. Today, the basin serves for a variety of water-related activities—watershed
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management, agriculture, fisheries, navigation and transport, hydropower development,
tourism and recreation, which support the livelihood of more than 60 million people living in
the basin [4]. Apparently, among the largest great rivers around the world, the Mekong River
is probably the largest river to feed vast numbers of people relying on it for nutritional needs
(e.g. fish and other aquatic organisms) [5]. However, over the last 30 years, the Mekong River
has been faced with environmental degradation due to the multiple sources of pressure, ie.
rapid population growth, industrialization, intensive agricultural development. These have
left natural resource managers with a number of serious challenges regarding the preserva-
tion of biodiversity and ecosystem health. Consequently, water quality is becoming dramati-
cally degraded from upstream to downstream in many part of the basin and evidence
indicates that the diversity and productivity of freshwater species and ecosystems is also
adversely affected [2,6,7]. This is of serious concern to all riparian countries since their liveli-
hood depend mainly on the environment health and ecosystem services provided by the
Mekong river and its tributaries [4]. Thus, water quality is the key factor determining the
environmental health and quality of the ecosystem [8].

Recent studies on Mekong mainstream have addressed hydrological issues, sediment fluxes,
climate change, and the impact of upstream dams on the Mekong's floodplains [9-11]. How-
ever, the global perspectives on water quality patterns across the whole catchment are still
questionable. Of coutse, under the water quality monitoring program of Mekong River Com-
mission (MRC), the annual water quality assessment has been reported for monitoring sites
along the main river and tributaries, yet the secondary sites were not well assessed. So far, there
is no substantial scientific study to quantify the physicochemical characteristics of water at the
whole basin scale, let alone the water quality studies conducted at local scale by each member
country.

In the Mekong delta, many studies have shown surface water pollution in the man-made
canals and some densely populated cities such as Chau Doc, Can Tho, My Thaun, that could
threaten human, animal and ecosystem health given the fact that this water source is inten-
sively used for drinking, irrigation and domestic services [12-14]. In Thailand, water quality
monitoring by the Pollution Control Department (PCD) revealed that 68% of water bodies
were suitable for use by agriculture and for general consumption being of good and moderate
quality but no surface water was categorized as being of very good quality [15]. Compared to
Thailand, water quality monitoring in Laos, Cambodia and Vietnam i very limited and moni-
toring complicated, in particular the unclear definition of responsibilities and competences
among different ministries and agencies at national and regional levels [16-19]. In Laos, recent
studies into water quality have shown high concentrations of nutrients (NO; and P), nitroge-
nous matter and TSS at Vientiane city and in upstream Mekong located in northern of Laos
[20,21]. In Cambodia, some concerns have been raised regarding the degradation of water
quality in Tonle Sap lake and the 3§ river system (Sesan, Sekong, Sraepork) [22,23]. Although
multiple pressures affect the water quality in the LMB; the Mekong River Commission (MRC)
reported that water quality in the main channel is still good, except for some local degradation
[24-26]. As an example of water quality assessment in 2008, at least 50 monitoring sites in the
basin were assessed for human health and aquatic life using dissolved oxygen, ammonium,
total phosphorus, chemical oxygen demand, pH and nitrate as pollution indicators. The results
indicated that 31% of all samples were rated as B (good), while 38% were rated as C (moderate)
and 25% as D (poor); only 6% of samples were categorized as A (high quality) [4,26]. However,
these previous studies were limited to describe and to discuss further variation of water quality
‘patterns across the whole basin. Specifically, the parameters that could reflect the physico-
chemical characteristics in each compartment of the basin (i.e., upper, middle, lower part) were
not well addressed, nor informed. Thus, water quality status, as well as ecological health of the
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basin were somehow over or underestimated. Besides, most of regular assessments were located
in the main channel, while many tributaries were overlooked. Accordingly, with the challenges
of population growth, urbanization, waste management and the need to feed, it is expected that
the degradation of water quality in both the main channel and the tributaries of the LMB will
oceur.

In this context, the objective of the present work was to assess the spatial variation of water
quality in the LMB based on physicochemical characteristics of the surface water. More specifi-
cally we used a Self-Organizing Map to characterize the surface water status and to identify the
hotspots of pollution within the 4 riparian countries, generating a whole picture of water qual-
ity variation at the basin scale, The water quality status is helpful for defining the environmen-
tal situation and detecting the anthropogenic impact on biodiversity. This information is
essential not only for people living in the basin and for the governments of the 4 countries to
prioritize the management plan and action in order to reduce environmental and human
health risks, but also it could help to improve the effectiveness of existing water quality moni-
toring programs in river basins worldwide.

Materials and Methods
Study area: Lower Mekong Basin

‘The Mekong River is the world's 12" longest river and the 7 longest in Asia, Its estimated
length is 4,350 km and it drains an area of 795,000 km”, discharging 457 km” of water annually.
From the Tibetan Plateau this river runs through China's Yunnan province, Burma (Myan-
mat), Laos, Thailand, Cambodia and Vietnam. The Mekong river basin is functionally divided
into two parts: the Upper Mekong basin (UMB) and the Lower Mekong basin (LMB) [27]. The
UMB, located in the temperate and high altitude semi-tropical zone of China (Lancang Jiang),
is covered by alpine and mountainous areas with a low population density while the LMB,
located in the tropical zone of South-East Asia, drains more than 76% (60 000 km?) of the
Mekong basin and is characterized by a low, flat topography with a high population density
[20]. The LMB is well known for its rich freshwater biodiversity; particularly fish which pro-
vides a livelihood for million people [28]. The hydrology of the LMB is characterized by two
monsoons, from May to October and from November to March, with the former bringing
most of the annual rain. The water level begins rising in May and peaks in September reaching
an average flow of 45 000 m'fs [27].

In Cambodia, Tonle Sap Lake, which is the largest freshwater lake in Southeast Asia [23], is
connected to the Mekong through the Tonle Sap River. This creates an exceptional hydrologi-
cal cycle; during the rainy seasons the excess water from Mekong river enters the Tonle Sap
lake, expanding the area it covers from 2 500 km® to 15 000 km? and creating an extensive wet-
land around the entire lake. When the rain ceases and water levels drop in the Mekong, reverse
flow drains the lake which flows into the Mekong delta [29]. The Mekong delta is known for its
‘high density of artificial canals which are for domestic and agricultural utilization, connected
to Bassac and Mekong rivers [30]. During the wet season, 35-50% of the total surface area of
the delta is flooded [31]. Sea-water intrusion dominates the hydrology along the coastal areas
with water level fluctuations of more than 3 m due to the tidal regime [14]. The reverse flow
from Tonle Sap is very important to balance the Mekong delta in Vietnam during the dry sea-
son ensuring freshwater flow into the Mekong delta and protecting against sea water intrusion.

Monitoring sites

The data used were provided by the Mekong River Commission (MRC), under the Water
Quality Monitoring Network Program. The monitoting program has begun in 1985 in Laos-
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Vietnam-Thailand and in 1995 in Cambodia [4]. So far there are a total of 132 monitoring sites
including 33 newer sites established in the 2000s and 99 older sites established before 1995, To
study the spatial variation of water quality in the LMB, we focused on 117 monitoring sites (Fig
1), among which 22 were located in Cambodia, 25 in Laos, 20 in Thailand, and 50 in Vietnam,
Sixteen physicochemical variables (Table 1) were selected from the 46 variables in the dataset
for water quality analysis, The selection was based also on the physicochemical importance of
variables in explaining the water quality status and data completeness criteria (i.e. variables
measured at all sites, with less than 30% missing values). The water quality data used in this
study included 24,383 samples monitored from 1985 to 2010 at 117 sites with a monthly time
scale base.

Data analysis and modelling approach

Overview. First, annual averages of each variable were calculated at each site. Then the
medians of the annual means were computed to describe the physicochemical characteristics at
each site over the study period. Only median values were used for the analysis as they are con-
sidered as a robust statistical indicator minimizing the effects of noise in the dataset that can
influence analysis [32]. Unsupervised artificial neural networks (Self-Organizing Maps) were
then used to classify the monitoring sites into different clusters based on the similarities of sam-
ples defined by the 16 physicochemical variables. Last, water quality assessment was compiled
to identify pollution hotspots within the basin according to the selected water quality indicators
and US-EPA guideline [33].

Self-Organizing Map (SOM). The SOM is a non-supervised artificial neural network that
is trained using a competitive learning process to produce a two-dimensional representation of
the training samples, called a map [34]. The SOM is a powerful method to classify complex
data ruled by non-linear relationships. Recent applications of SOM in water quality and aquatic
ecology have yielded very good results in patterning and prediction [35-38]. Mostly, the SOM
consists of 2 main types of layers: the input layer and the output layer. In the present case, the
input layer contained 16 neurons connected to 117 training samples and the output layer is
represented by the rectangular grid or map with [ rows and m columns of neurons, laid out ina
hexagonal lattice. During the training process, the activation level, which is the Buclidean dis-
tance between the input vectors of the 117 training samples and weight vector of each neuron

on the map was calculated as follows [34]: || w! —x [|= /2, (wi — x,)', where xis the input

vector o training samples described by a set of descriptors known as the physicochemical vari-
ables, i is the number of training samples from 1 to 117, is the neuron number and ' is the
weight vector associated to neuron j on the map. With the different magnitudes of the input
vector x, the activation level was calculated once the logarithmic normalization of median val-
ues of each of the 16 physicochemical variables for the studied sites was computed, and the cal-
culation was done for each input pattern and all the neurons presented on the map.

After all sample vectors have been trained, the algorithm automatically classifies the trained
samples on the map in what is known as the mapping process. The map consists of several neu-
rons which store the weight vector as mentioned above. Normally, the classification is done
through activation levels between the input and output spaces to find the winning neurons or
best matching units (BMU). The neuron whose weight vector closely matches the input vector
will have a small activation level, while the neuron with a weight vector very different from the
input vector will exhibit the large activation level. The neuron with the smallest activation level
is considered to be the winner or the BMU for the current input vector. The mapping process
is continued until a stopping criterion is met, usually when the BMU is determined with the
cortesponding neurons of the map after completing a certain number of iterations. The
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Fig 1. Lower Mekong Basin and monitoring site localities (grey dots for tributaries and big black dots
for Main River).

doi.10.1371fjounal pene.0145527 6001

algorithm was run through the SOM package in Matlab program (http://www.cis hut.fi/
somtoolbox/).

Different map sizes were tested during the training process based on a formula:c = 5,/n
proposed by the Laboratory of Computer and Information Science (CIS)—University of Hel-
sinki, where ¢ is the number of neurons and i is the number of training samples, according to
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Table 1. Physicochemical variables and unit of selected variables for water quality
analysis.

Parameters Units Parameters Units
Water temperature (T) e Magnesium (Mg®) mgL!
Conductivity (EC) uSem’”! Chloride (CI) mgl”
Total suspended solids (TSS) moL! Sulphate (S0,%) mgL!
oH su Akalinity as HCO mgl!
Dissolved oxygen (DO) mgL”" Nitrate (NO5) mgL”’!
Sodium (Na’) mgL! Total phosphorus (TP) mgl!
Potassium (K*) mgL! Chemical oxygen demand (COD ) mgL”
Calcium (Ca*") mgL’ Total ammonia (NHy” + NH,") mgL”

doi10.1371/journal pone.0143527 1001

the optimal values of quantization and topographic errors. Therefore, the input layer was com-
posed of 16 neurons connected to 117 training samples and the output layer comprised 56
neurons organized in an array with § rows and 7 columns. Moreover, in order to define the
boundaries of possible clusters in the SOM map, a hierarchical clustering on the final SOM
weight vectors was used to classify SOM neurons according to Ward’s method. Kruskal-Wallis
analysis was used to test the significance of the clusters identified.

Water quality assessment

In the LMB, no specific or standard guidelines have been found in particular besides the guide-
lines used by MRC [4,26,39]. In 2007, MRC conducted a diagnostic study in LMB by using
SEQ-Eau, i.e. Water quality evaluation system for surface water [40], evaluation system to
quantify the quality status of water in main sub-basins [26]. SEQ-Eau was developed for Euro-
pean rivers; thus the criteria of certain parameters seem far-reaching the standards of tropical
ones. Consequently, most of the evaluated sites were graded to good and very good for many
parameters. Subsequently, MRC adopted new water quality guidelines based on the data set
from 1985 to 2000 by using 6 indicators to evaluate the impacts of water quality on aquatic life
(i.e., DO, pH, total ammonia, conductivity, total nitrate and total phosphorus) and 2 indicators
for human impact (i.e., ammonium and COD) [4].

In our study, water quality assessment was undertaken based on the Environmental Protec-
tion Agency of United States (US-EPAY’ guidelines for the impact on aquatic life [33]. These
guidelines were developed under the Water Clean Act 1972 and known as the foundation of
water quality-based pollution control program to protect the human health and aquaticlife.
The guidelines consist of many criteria with specific uses (i, aquaticlife, human, recreation,
reuse, irrigation) and are potentially applicable to any kinds of water bodies (e.g., cold, cool
and warm water) [41]. On the other hand, the threshold values were matched to MRC's guide-
lines for the impact on aquatic life [4]. Dissolved oxygen, total phosphorus, total ammonia and
chloride were used as water quality indicators to detect the surface water pollution in the LMB
that could affect the river health. Numerous studies have confirmed that DO, TP, nitrates and
total ammonia are the primary important parameters revealing the ecological health of the
surface water [42]. Low DO can affect aquatic communities, while excessive amounts of TP,
nitrates and ammonia are likely to cause significant changes in ecosystem functioning since
they are very toxic and have adverse effects on human health and organisms [43]. In neutral
pH values most of the ammonia in river water is in the form of NH, " [26]. Additionally, chlo-
ride is recommended by US-EPA for salinity assessment instead of conductivity since the diur-
nal fluctuation of CI™ is less significant [44]. Therefore, the four selected indicators could be
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optimal to quantify the quality status of water and pollution hotspots in the basin. Accordingly,
the assessment was done through these 4 criteria (Table 2), if the assessed site meets all criteria
it would get 4 points and would be classified as Very Good water quality, as Good for 3 points,
as Fair for 2 points and as Poor for 1 or 0 point.

Results
Water quality patterns

Cluster identification. The monitoring sites were first classified on the SOM map accord-
ing to the similarity of their physicochemical characteristics (Fig 2a). Different map sizes were
tested and the optimum map size compromised 56 neurons [8 x 7] with the minimum value of
quantisation (0.34) and topographic errors (0.009).

The similarity of neurons allowed us to divide the SOM map into 4 clusters (Fig 2b): 2 main
clusters 1 & 2 with sub-groups (1a, 1b1, 1b2). This distribution pattern revealed the longitudi-
nal water system of the Mekong in the LMB between upstream LMB (cluster 1) and Mekong
delta (cluster 2). Cluster 1a included 25 sites extending through the floodplain of the Mekong
River, in the middle part of the LMB between Cambodia and the southern part of Thailand.
This group of sites was distributed along the larger Mekong tributaries such as the 3 Rivers
(Sraepork, Sesan, Sekong) and Tonle Sap River connecting the Tonle Sap Lake to the Mekong
(Fig 2c). Cluster 1b1 was defined by 26 sites mostly in the Mekong main channel from the head
in Laos to the delta at the border between Cambodia and Vietnam. Some sites in this group
were located in tributaries of the Mekong in Laos (Fig 2c). Cluster 1b2 was determined by 26
sites located in the transitional zone between the Lower Mekong River and its delta. Most of
the sites were distributed along the 2 main branches of the Mekong (Mekong and Bassac rivers)
closed to the border of Cambodia and Vietnam. Only a few sites of this cluster were found in
the delta (i.e,, Chau Doc, Can Tho, My Thuan) and upstream of Mun river in Thailand (Fig
2¢). Cluster 2 grouped 40 sites, the majority of which were located in the Vietnam delta, along
the artificial canals that connect to Bassac and Mekong rivers next to the outlet of the river,
known to be brackish zones (Fig 2c). The sites in this group were generally affected by the
tides with an average depth of 0.3 to 0.7 m [45]. A few sites in this cluster were found in Laos’
swamps and tributaries close to Vientiane and in the upstream part of the 38 rivers located in
Vietnam.

Cluster interpretation, The SOM component map was constructed to visualise the contri-
bution of each physicochemical parameter to the map (Fig 3). The weight vectors of the SOM
neurons revealed the influence of each physicochemical variable in the characterization of the
identified clusters (Fig 4). Cluster 1a was mainly characterized by high water temperature, rela-
tively high dissolved oxygen and pH, comparatively low levels of TSS and all cations and anions
(ie. Ca®, Mg“, Na*, €I, K" and SO, %) i.e. dissolved solids in the water, Cluster 1b1 was deter-
mined by high levels of oxygen and high pH, followed by low water temperature and TSS val-
ues, and high level of alkalinity and calcium, Cluster 1b2 had similar characteristics to cluster

Table2. Criteria of water quality indi used for water quality with values
(US-EPA, 1976).

Parameter Threshold value
Dissolved oxygen >5mgl’

Total phosphorus <50 gL

Total ammonia <20 gL
Chloride <250 mgL"

doi:40.1374foumnal pone 0145527 1002
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river, MT: M y, VO: Vietnam delta, DC: Delta canal, TS: Tonle Saplake, WL: Swamp).
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la, it was categorized by high temperature, slightly reduced oxygen and pH values, and rela-
tively increased TSS, calcium and alkalinity. Completely different from the previous clusters,
cluster 2 was primarily determined by high values of nutrients (nitrates, total phosphorus and
total ammonia) and all dissolved solids. Moreover, the strong variations were noted in nutri-
ents and ions between the monitoring sites of cluster 2.

Waler quality assessment

In cluster la, 13 sites were categorized as being of good quality while 12 were fair (Table 3).
Fourteen sites of cluster 1b1 were graded as good quality and the rest were assessed as fair qual-
ity. In both, clusters 1aand 1b1 more than half the sites were ordered as good. In cluster 1b2,
most of the sites (23 sites) were classified as fair, while 2 sites were good and 1 was poor. The
water quality ranged from poor to fair in cluster 2, more than 60% of sites (24 sites) were typed
as poor and 16 considered as fair. In the whole basin, 29, 63 and 25 sites were found as good,
fair, and poor quality, respectively, while no sites were categorized as very good quality

(Table 3).

Spatial patterns in water quality in LMB were observed in the geographic representation of
annual concentration variation of the four water quality indicators at each site in the basin (Fig
5). The gradient of water quality was seen to vary significantly between upstream of the LMB
and its delta. Indeed, the DO started to decline in the delta while the phosphorus concentration
increased. The same patterns of DO and TP were also observed around Tonle Sap Lake in
Cambodia. Regarding chloride, high concentrations were found for all coastal sites in the

100



G'PLOS |oxe

Water Quality Degradation in Lower Mekong Basin

cop

Fig 3. SOM component map showing the contribution of 16 variables on the SOM model. Dark areas represent high values of each input variable,

doi:10.137joumnal pone 01455279003

Vietnam delta and moderately high concentrations at the head of Mun river (Khorat plateau)
in Thailand. Meanwhile, the high concentration of total ammonia was patterned particularly in
swamps located close to Vientiane city in Laos and relatively for many sites close to the Cam-
bodian border and the head of the 38 Rivers in Vietnam. Overall, these spatial patterns were
consistent among dry and rainy seasons, since no differences were observed between the two
seasons (Kruskal-Wallis test, p>0.05) (Fig 6).

Discussion
Spatial patterns in water characteristics in LMB

Variability of water characteristics in LMB was defined by different physical and chemical
characteristics in clusters 1a, 1b1, 1b2 and 2. In our study, cluster 2 was completely different
from other clusters; it characterized the Mekong delta, which was mainly affected by multiple
point and non-point sources of pollutions. Recent studies of waler quality in the Mekong
delta have shown high levels of pollution in terms of organic pollutants, salts, metals and
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microorganisms that could threaten human, animal and ecosystem health [14,46]. Our study
revealed that the nutrient concentration was highest mainly along the delta canals, especially
the concentration of TP which ranged from 0.13 mgL" in cluster 1b2 10 0.56 mgL" in cluster
2. Previous studied have concluded that the pollution from Can Tho city could affect human
health within the delta [12,47]. Besides, pH and DO were depleted for most of the sites due to
the decomposition of organic matter and storm runoff affected by land use in acid sulfate soils
[48,49]. Furthermore, the increase of acid in the water could result from the intensive aquacul-
turein the delta canals and chemical fertilizers from agriculture. Among the adverse effects of
shrimp farming are low pH values and acidification due to the release of feed chemical ele-
ments [50], Associated with many chemical reactions in the water (.g, the relationship
between total ammeonia and ammonium), acidification could thus be one of main issues in
the delta likely to affect biodiversity. In parallel, our study illustrated the degradation of water
quality in swamps close to Vientiane ity in Laos. Gerrard (2004) reported the effect of Vien-
tiane municipal waste on the swamps (That Luang basin connecting to Mekong) aftecting

Table 3. Water quality. based onthe 4

AVery Good BGood CFair DPoor
Cluster 1a 0 13 12 0
Cluster 1b1 0 14 12 0
Cluster 1b2 0 2 23 1
Cluster 2 0 0 16 24

d0i:10.1371/joumal pane. 0145527 1003
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environmental health [51,52]. In Vientiane, direct discharge of municipal waste into the
swamps can be one of the reasons leading to excess concentrations of total ammonia. The con-
centration of total ammonia ranged from 0.013 mgL'I to 1.3 mgL’ ! with maximum values (i.e.
greater than 1 mgLL ") for all the sites in the swamps of Laos. In the delta, stream farming and
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calfish aquaculture also contributed to the excess levels of ammonium in the water body [53].
Apart from this, the daily effects of sea water intrusion drive the salinity increase in the delta,
especially in the coastal zone of Mekong delta (Bassac river) the concentration of salt at certain
sites attaining 1400 mgl. " chloride with similar patterns for conductivity (22 000 pScm ).
Moreover, TSS were found to be high for most of the sites in the delta, and could be accounted
for firstly by the accumulated sediments from the upstream Mekong and secondly by erosion
within the delta zone due to the intensive agricultural activities. Therefore, domestic waste
from the municipalities, agriculture, and seawater intrusion remain the main sources of pollu-
tion in the delta.

In freshwater systems, dissolved solids consist of inorganic salts, small amounts of organic
matter and other dissolved material [54] are CO; , Ca™, Mg™*, Na*, CI', K* and S0, 2. Strong
correlations between conductivity and dissolved solids were found for all monitored sites in the
LMB. In contrast to cluster 2 and 1b2, alkalinity and concentrations of dissolved solids were
found to be low in cluster 1a and 1b1, In the transitional zone between the Mekong and its
delta (cluster 1b2), the nutrients started to increase and reached a maximum for certain sites
along the delta canals, especially phosphorus which is a toxic element and subject to bioaccu-
mulation. Excess concentrations of TP can cause biological disturbances such as eutrophica-
tion. These could result from the direct municipal discharges and urban storm water runoff
from the densely populated cities (i.e. Vientiane, Phnom Penh, Can Tho, Chau Doc) and also
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agricultural activities (i. shrimp farming, catfish farming in Vietnam delta) which are the
main source of pollution [55]. On the other hand, the concentration of TP in the main channel
was lower than in the swamps and delta canals.

In Mekong mainstream (cluster 1b1), the water temperature increased from 20°C to 30°C
from upstream to downstream. The lowest temperature was found in a few high altitude sites
located in Laos and Thailand, while high temperatures were observed in the middle of the
basin (cluster 1a), particularly around Tonle Sap Lake and along the Bassac river where the
mean temperature was about 30°C. Moreover, the sediment load in Mekong mainstream
seems to be much greater than in its tributaries and floodplains [4]. As a result, the annual
median concentration of TSS in main channel reached maximum for certain upstream sites in
Laos and Thailand, from Loung Prahban to Nakhon Phnom, comparatively 10 to 20 times
higher than in tributaries and floodplains (e.g., Tonle Sap Lake and 3$ rivers). This could be a
cause for concern since the sediment has important implications in the river system and is a
crucial element in aquatic systems, fisheries, agriculture, water supply and navigation [56].
Recent studies on sediment transport showed that 84% of sediments from the Mekong are
retained in the lake and less than 15% contribute to Vietnam delta sediment [57]. This could
explain the siltation at the bottom of the lake and in the floodplains, Downstream of Phnom
Penh, capitals of Cambodia, oxygen levels started to decline and were found to be limited on
arriving in the delta, potentially affected by agricultural, domestic and industrial disposal. This
could also result from accumulation of organic matter from discharge from Phnom Penh city
and two other big cities in the delta (Chau Doc and Can Tho), excessive algae growth caused
by phosphorus and decomposition of submerged plants. In the main channel, total ammonia
was found to be less than in its tributaries.

Water quality degradation

The variation in water characteristics in clusters 1 and 2 could reveal the water quality changes
along the basin, a significant decline observed in the Mekong delta and its transitional zone.
From Laos to Thailand (cluster 1b1, upstream), the water quality was found to be good except
the degradation in some sections of the mainstream such as in Chiang Sean, Vientiane and
Nakhon Phanom. After connecting with Mun river in Thailand, the water quality declined to
fair, continuously in Khong Chiam, Pakse, Stung Treng. After leaving the Khone falls and
before connecting with Tonle Sap river, the water quality was found to be good at Kratie. In
Cambodia, the water quality started to decline again, especially below the capital Phnom Penh.
The water quality was degraded across the border along the densely populated cities of Viet-
nam delta Chau Doc, Than Chau, Can Tho, My Tho, and Dai Ngai. In the delta, the water qual-
ity became dramatically degraded, particularly in the coastal zone sites,

The spatial trends in water quality degradation can be clearly observed on the maps of water
quality indicators in Fig 5. Apparently, the sharp decline of DO and significant increase of TP
in delta region, north Tonle Sap and tributaries below Vientiane were associated mainly to
anthropogenic activities rather than natural processes, as illustrated in 1 Fig. Upstream (above
Vientiane), the trends of DO and TP varied gradually, while significant shifts were noticed for
sites below the densely populated cities (i.e., Vientiane, Phnom Penh, Chau Doc, Tan Chau)

(S1 Fig). The condition was drastic for tributaries sites below Vientiane, as well as below
Phnom Penh city and along the man-made canals in delta, where TP and DO showed rough
shifts. The peak of TP and drop of DO indicated clearly significant impacts on water quality
due to human activities. According to recent study on nutrient dynamics, 75% of TP in LMB
originate from intensive agricultural activities, particularly the uses of fertilizers [24]. Besides,
we found very high concentrations of total ammonia in most of the monitoring sites, especially
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ammonium and the increase of phosphorus in some areas of the basin (e.g, north of Tonle Sap
Lake in Cambodia and the Khorat plateau upstream of the Mun river in Thailand) could also
be a concern with organic pollution leading to eutrophication and salinity increase. So far, Sdi-
vongand Teng (2006) have drawn their concerns on the increase of nutrients in Mekong, as
well as the chemical pollution originating from agricultural run-off and pesticides, affecting
Mekong delta, Tonle Sap Lake and north-eastern tributaries of Thailand [58]. Feda et al. (2004)
confirmed the rapid growth of algal production leading to eutrophication in these regions,
potentially during dry season when the input of TP is excessive [59]. Furthermore, the salinity
increase in the basin would be also the concern in LMB. Apparently, chloride seems to be stable
in main channel and suddenly increased at delta canals (S1 Fig). In northwestern part of Thai-
land (Khorat plateau), salinity increase was noticed as well, as reported in MRC (2008) (Fig 5)
[4]. Mainly, the effects of salinity in the basin were linked to both natural process (i.e., sea
water intrusion in the delta region) and human activities (i.., agriculture, shrimp farming, fish
aquaculture),

Nevertheless, compared to other Asian rivers (e.g., Yangtze, Yellow, Ganges), Mekong was
considered as pristine river [60]. According to our assessment, the water quality in the LMB
ranged from fair to good, apart from the delta, and Mekong mainstream was considered to be

in the Laos’s swamps and delta canals (Fig 5; 1 Fig). Otherwise, the excess concentration of

less polluted than its tributaries. Overall, we found good agreement between our assessment
and MRC water quality monitoring reports; the differences could result from the water quality
indicators and the guidelines used for the assessment [4,15]. According to our understanding,
the degradation of water quality in main channel for some sections can be caused by the low
quality inputs from tributaries. Consequently, the self-cleaning mechanisms of running water
in the mainstream may control cross-border pollution transfer [61].

Under the influence of Monsoon, the significant seasonal changes of flow could induce the
variation in water quality. However, according to our result, there was no significant difference
of water quality between the 2 seasons at the basin scale (Fig 6). So far, Liljestrom et al. (2012)
showed that TP slightly increased during rainy season and peak in July-September; while Hart
etal. (2001) reported the lowest DO and highest TP values in lower part of the basin during
dry season [24,62]. Indeed, the seasonal change reported would mainly reflect the nutrient
dynamics within the main channel; while at the basin scale, the seasonal effect seem to be less
important than the spatial variation occurring among compartments of the basin (i.c., tributar-
ies, wetland and main river). Consequently, we found that the spatial variations of water quality
along the longitudinal gradient of LMB significantly exceeded the seasonal variations. Previous
study has also demonstrated the weak negative relationship between water discharge and phys-
icochemical parameters in LMB, except for TSS and conductivity which were positively corre-
lated to river discharge [63]. Such seasonal effects of hydrological regimes could be more
apparent for local impacts on water quality in tributaries rather than in mainstream, and could
reflect different water quality dynamics between main channel and tributaries.

Pollution hotspots in LMB

In LMB, nitrates seem to be less harmful than phosphorus, with concentrations below or
slightly above the thresholds. Mekong delta, Tonle Sap Lake, the swamps close to Vientiane,
Khorat plateau could be considered as pollution hotspots. The sharp degradation of water qual-
ity in these regions was associated mainly to agricultural development, urbanization and indus-
trial waste. In the coastal area of the Mekong delta in Vietnam, the water quality was very poor
due to the multiple impacts from upstream in combination with the effect of sea water intru-
sion. Many studies have identified the degradation of water quality in the canals built in the
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Mekong delta [13,14,64,65]. Consequently, the pollution will become exacerbated in these
areas under the intensive stress of population growth, industrialization, agriculture and tour-
ism, which require food production and economic growth. These would be the major concerns
for the riparian countries [6,24,58,66]. Moreover, these impacts could be also associated with
the hydropower development in upstream Mekong [67]. Yet, our study was limited to conclude
on the impacts of dams on water quality. To date, there is no dam across the main channel in
LMB; while 5 of 8 planned dams were operating in upper Mekong basin in China, Previous
studies on the impacts of Chinese dams on LMB have raised major issues concerning sediment
trapping in dam reservoirs, flow regime regulation, habitat and biodiversity losses and food
security in the basin [66,68]. Yet, there is no evidence of these impacts on water quality in
LMB, as well as impacts of tributary dams [69]. While the contamination of heavy metals (Zn,
Cr, Cu, Pb, As) in upstream basin has been related to the impacts of Chinese dams [70], further
studies are clearly needed. In this context, we could expect that in the coming years, the effect
of water quality might intensify since Laos, Thailand, and Cambodia propose to construct
more dams across the main channel (g, 11 planned dams) and across large tributaries for
electricity and agriculture purposes [71].

Conclusion

With the challenges of population growth, urbanization, wastewater management, the need to
feed of people, and the need for exports, changes in water quality in the LMB are expected.
However, in spite of the multiple pressures from point and non-point sources of pollution, this
study showed that the Mekong mainstream was less polluted than its tributaries. Potentially,
the degradation of water quality in the mainstream was caused by the low quality of water dis-
charged from tributaries. Eutrophication and salinity increases in many tributaries could repre-
sent the main water quality issues in the LMB, particularly in arcas identified as pollution
hotspots.

To date, few studics have quantified the impact of eutrophication on aquatic life (e.g. fish
and fisheries resources) in LMB, although this concern has been evoked. Consistently, we raise
the major concern on eutrophication and salinity increase in pollution hotspots, where urgent
effective management is needed to mitigate these impacts. Indeed, as in the delta, to feed the
population and enable economic growth, agriculture and aquaculture are prioritized for people
living there. In the meantime, positive signs can be seen at national and regional levels as water
quality monitoring programs and basin management plans have been implemented to improve
the water quality and biodiversity. Improving water quality is another challenge for riparian
countries; they would have strong support and participation from the people and governments
of the four nations living in the basin.

To conclude, our study suggests that the monitoring efforts should be consolidated more for
the group of sites in clusters 1b2 and 2, and particularly all pollution hotspot zones. Biological
parameters such as Chlorophyll as well as heavy metals should also be monitored regularly. In
perspective, the study of temporal dynamics of water quality associated with the influence of
dams under different scenarios could be substantial to enhance the effectiveness of the existing
monitoring programs and future management plans in the basin.

Supporting Information

§1 Fig. Variations in dissolved oxygen (DO), total phosphorus (TP), total ammonia
(NH;+NH,") and chloride (CI) along the longitudinal gradient (i.e., distance from

the sea in km) for Mekong River (Circle lines) and its tributaries (dot lines). Vertical axis
indicates the annual median values of concentration of DO, TP, total ammonia and Cl in
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logarithmic scale (mgL™).
(TIF)
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1 | INTRODUCTION

Abstract

Although the Mekong River is one of the world's 35 biodiversity hot spots, the large-
scale patterns of fish diversity and assemblage structure remain poorly addressed. This
study aimed to investigate the fish distribution patterns in the Lower Mekong River
(LMR} and to identify their environmental determinants. Daily fish catch data (i.e. from
December 2000 to November 2001} at 38 sites distributed along the LMR were related
to 15 physicochemical and 19 climatic variables. As a result, four different clusters
were defined according to the similarity in assemblage composition and 80 indicator
species were identified. While fish species richness was highest in the Mekong delta
and lowest in the upper part of the LMR, the diversity index was highest in the middle
part of the LMR and lowest in the delta. We found that fish assemblages changed along
the environmental gradients and that the main drivers affecting the fish assemblage
structure were the seasonal variation of temperature, precipitation, dissolved oxygen,
pH and total phesphorus. Specifically, upstream assemblages were characterised by
cyprinids and Pangasius catfish, well suited to low temperature, high dissolved oxygen
and high pH. Fish assemblages in the delta were dominated by perch-like fish and ¢lu-
peids, more tolerant to high temperatures, and high levels of nutrients (nitrates and
total phosphorus) and salinity. Overall, the patterns were consistent between seasons.
Our study contributes to establishing the first holistic fish community study in the LMR.

KEYWORDS
distribution patterns, environmental gradient, fish assemblage, fishery, Lower Mekong River

the richest. Annually, Mekong harvests 2.3 million tonnes of wild fish
supporting the world's largest inland fishery and providing essential

Large tropical rivers represent ecosystems of historically immense val-
ue for humanity, both in terms of the high biodiversity they support
and of the number of pecple whose livelihoods depend directly upen
that biodiversity [Coates, 2001). Mekong River, the largest tropical riv-
er in Asia, is known as one of the world's 35 bicdiversity hot spots
(Mittermeier, Turner, Larsen, Brooks, & Gascon, 2011). It is a biclogi-
cally diverse and highly productive ecosystem, ranked 3rd in terms of
fish diversity (877 species, Ziv, Baran, So, Rodriguez-lturbe, & Levin,
2012), just after the Amazon River Basin (3,000 species, Rainboth,
1996) and the Congo River Basin (991 species, Froese & Pauly, 2015}
yet, on a perunit area basis and fish family diversity Mekong is indeed

livelihoods, nutrition and food security for millions of people within
the region (MRC 2015). The economic values of fisheries in Lower
Mekeng alone were estimated to be worth around 17 billion USD a
year generating employments and constituting a safety net for more
than 60 million people within the region, especially the poor house-
holds in rural communities (MRC 2015). More importantly, in combina-
tion with its socio-economic values, the Mekeng River Basin accounts
for high levels of endemism, for example among the known species,
219 are endemic to the basin (762% are cyprinids and 12% catfishes;
Dudgeon, 2011). However, compared to other riverine ecosystems,
that is temperate, neotropical and subtropical, still very little effort has
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been mobilised to study th ! | and biological rtments of
this extremely productive system, for example fish, invertebrates and
other primary producers (Coates, 2001; Dudgeon, 2003; Kottelat &
Whitten, 1996). While previous studies have focused on the relation-
ship between hydrology and fish production, the impact of dams as

well as the migration patterns of certain common species, the spatial

structure of the fish community as a whole has not been investigat-
ed (Baran, 200&; Dugan et al, 2010; Lucas, Baras, Thom, Duncan, &
Slavik, 2001; Poulsen, Cuch, Sinthavong, Ubolratana, & Nguyen, 2002;
Ziv et al, 2012) and the relative importance of environmental factors
in structuring fish communities along the river remains to be studied.
Accordingly, the large-scale distribution patterns of the fish communi-
ty have neither been described nor documented, except some ecolog-
ical and biological descriptions of single species (see Rainboth, 1996).
To date, the determination of factors structuring communities
remains one of the major objectives in fish ecological studies and it is
widely accepted that the structure of communities results from spatial
variability of habitat, environmental variability and interactions among
the organisms (Albert & Reis, 2011; Lujan etal, 2013; Olden etal,
2010; Zhao, Grenouillet, Pool, Tudesque, & Cucherousset, 2015).
For instance, some authors revealed the prevailing roles of physico-
chemical factors in structuring fish communities (Pires, Pires, Collares-
Pereira, & Magalhdes, 2010; Tejerina-Garro, Fortin, & Rodriguez,
1998), while others reported the dominant effects of climatic factors
(Buisson, Blanc, & Grenouillet, 2008; Guo et al, 2015). Considering
large-scale patterns, the study of fish communities is always challeng-
ing, for example lack of environmental variables at the local scale, rarity
of large data sets of fish composition, which are much more informa-
tive than simple presence-ahsence data, and limitation of modelling
the nonlinear relationship between biotic and abiotic factors, espe-
cially for cross-border river basins (e.g. the Mekong; Amarasinghe &
Welcemme, 2002; Oberdoff, Guegan, & Hugueny, 1995).
Furthermore, over the last 30 years, with the rapid growth of pop-
ulation, industrialisation, agriculture intensification and hydropower
development in the basin, in both Upper and Lower Mekang Basins,
it was reported that the basin is now facing increasing environmen-
tal degradation, that is water pollution, eutrophication, deforesta-
tion, which are adversely affecting the biodiversity within the whole
region (Dudgeon, 2003, 2011; Vorosmarty et al, 2010). Therefore,
biodiversity management and conservation efforts are needed to mit-
igate these impacts. Consequently, this requires an understanding
of how environmental and anthropogenic factors shape the present
biogeography of organisms (Olden et al, 2010; Pool, Olden, Whittier,
& Paukert, 2010). In this context, the main objectives of the present
work were: (i) to describe the fish diversity and assemblage structure
in the Lower Mekong River (LMR) by examining the relative abundance
of fish composition and the associated distribution patterns and (i) to
identify the physicochemical and climatic factors driving fish assem-
blage patterns. More specifically, our study contributes to establishing
a baseline holistic fish community study in the LMR and to identifying
the drivers controlling the fish assemblage patterns. These findings

for ity and

could have i

conservation in the large river basins worldwide.

2 | MATERIALS AND METHODS

2.1 | Study area: The Lower Mekong River

The Mekong rises on the Tibetan plateau and runs for 4,350 km
through six countries to the South China Sea, where it discharges
annually on average 475,000 million m (Lu & Siew, 2008). The
Mekong River Basin covers an area of 795,000 km? and is function-
ally divided into two parts: the Upper Mekong Basin (UMB) and the
Lower Mekong Basin (LMB; Lu & Siew, 2006). The upper part of
the river, in China, is called the Lancang Jiang and is characterised
by deep gorges and steep declines. At the Golden Triangle, where
the borders of Laos, Myanmar and Thailand meet, the LMB starts,
and the river (Lower Mekeng River) runs for another 2,500 km to
the sea (Fig. 1). The LMB consists of four riparian countries, that is
Laos, Thailand, Cambodia and Vietnam and covers 77% of the total
basin area with &0 million inhabitants. Geographically, the Lower
Mekong River (LMR) forms a stretch of about 900 km, which marks.

the border between Laos and Thailand, and creates an inland delta

at the Lao-Cambodian border known as Khone Falls (21 m high;
Fig. 1; Roberts & Baird, 1995). Then, at Phnom Penh, the Mekong

T
100°00E

FIGURE 1 Lower Mekong Basin. Black dots represent the fish
monitoring sites along the mainstream Lower Mekong River
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TABLE 1 List of bioclimatic variables used in the study with the
average and standard deviation

Variable Unit Variable type Mean SD

Biol ey Annual Mean Temperature 26,76 0.90

Bio2 (e} Mean Diumal Range 215 71
{Mean of manthly (max
temp - min temp)}

Biod % Isothermality (bio2/bio7}; 58.54 53%
*100}

Bio4 (°C*100) Temperature Seasomality  1,569.82 73645
(standard deviation *100})

Bio5 °c} Maximum Temperature of 34.23 098
Warmest Month

Biot (e} Minimum Temperature of 16.39 357
Coldest Month

Bio7 (ec} Temperature Annual 15.84 420
Range (bio5-bias)

Biod (°C} Mean Temperature of 27.20 031
Wettest Quarter

Bio% {ec} Mean Temperature of 24.83 219
Driest Quarter

Bio10 (°C) Mean Temperature of 2853 055
Warmest Quarter

Bio11 (°c) Mean Temperature of 24.50 203
Coldest Quarter

Biol2  mm Annual Precipitation 163526 32478

Bio13 mm Precipitation of Wettest 329.85 A5
Maonth

Bio14 mm Precipitation of Driest 418 327
Manth

Bio15 - Precipitation Seasonality 8382 1042
{Coefficient of Varfation)

Biol6  mm Precipitation of Wettest B69.21 25189
Quarter

Bio17 mm Precipitation of Driest 2531 12.84
Quarter

Bio18 mm Precipitation of Warmest ~ 407.79  1B4.73
Quarter

Bio19 mm Precipitation of Coldest 63.51 46.40
Quarter

Isathermality (bio3) is defined as the ratio of the diurnal range of tempera
ture to the annual range.

connects with Tonle Sap Lake through Tonle Sap River. There, the
river splits into two hranches, that is Mekong proper and Bassac
River, and forms a large estuarine delta before it empties in the
sea. Under the influence of tropical Monsoon, the LMB's climate
is basically divided into two seasons, that is dry (December-May)
and wet (June-November) seasons, each lasting 6 months (Lu, Li,
Kummu, Padawangi, & Wang, 2014). One of the important fea-
tures of the Mekong's hydrological regime is the flow regulation by
the Great Lake in Cambodia, that is the vast lake draining into the
Mekong in the dry season and raising the water level in the delta for
5-6 months (Lu et al., 2014).
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2.2 | Fishcatch monltoring

The fish data used in this study were derived from the Mekong River
Commission (MRC), under the Assessment of Mekong Fisheries
Component of the MRC Fisheries Programme. The daily fish catch-
es were monitored at 38 sites along the Lower Mekong mainstream
from November 2000 to December 2001; the project was funded by
the government of Denmark through DANIDA (Danish International
Development Agency; Poulsen et al,, 2002). Indeed, the fish survey
was carried out along the main channel and consisted of eight sites
located in Laos, seven in Thailand, 12 in Cambedia and 11 in Vietnam.
Basically, at each location, fishermen recorded their daily catches
in the loghooks, the maximum length of each species in every sam-
ple, the type of fishing gears used as well as the weather condition
of the fishing day (e.g. high/low water level, rainy/sunny day). The
catch monitoring methods were derived from the MRC's regional
monitoring programme on Fish abundance and diversity in Lower
Mekong Basin (FEVM 2007). Indeed, all fishermen were trained to
use logbooks, sampling and subsampling techniques applied for the
large catch during the peak seasons, identify the fish species, as well
as measure length and weight of fish species. The taxenomic identifi-
cation was performed to species level and to help with fish identifica-
tion, the photograph flipcharts of more than 170 fish common species
were provided to fishermen. Moreover, to ensure the quality of moni-
toring, all data were checked for errors and cleaned quarterly within
the monitoring period by MRC's specialists. In total, about 14,368
observations have been recorded over the survey period and five
main types of fishing gear were recorded, that is gilinets (47%), long
lines and hooks (23%), traps (10%), bag nets (8%) and cast nets (7%;
Sinthaveng, 2006). The fishing efforts ranged from 1 to 24 hr depend-
ing on the seasons and type of the gear; nevertheless, the average
efforts over the record period were between & to 7 hr/day. We used
the whole data set for the statistical analyses.

2.3 | Climatic variables

Nineteen bioclimatic variables were derived from the WordClim data-
base (Hijmans, Cameron, Parra, Jones, & Jarvis, 2005), available at
http://www.worldclim.org, describing the climate conditions for the
period 1950-2000 with a spatial resolution of about 1 kmé (Table 1).

24 | Physicochemical variables

Fifteen physicochemical variables were obtained from the MRC's
water quality monitoring programme (Chea, Grenouillet, & Lek, 2016)
and used to examine the link between physicochemical factors and
fish assemblages (Table 2). The monitoring programme started in
1985 in Lacs-Vietnam-Thailand and 1995 in Cambodia. At the basin
scale, 117 sites were monitored monthly. The vahies of physicochemi-
cal variables of each fish site were attributed from the closest water
quality monitoring sites (Table $1). In total, 22 of the whole number
of monitoring sites were used for the analyses and the values of each

parameter were expressed as annual median values (Table S1). The
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TABLE 2 List of physicochemical variables used

Variables Unit Mean S0

pH - 7.38 0.33
Total suspended solids (TSS) mg/L 12447 84.70
Conductivity (EC} pS/em 20219 105.07
Calcium {€a*?) mg/L 19.30 621
Magnesium (Mg*%) mg/L 5.36 229
Sodium (Na*) mg/L 12.56 17.22
Potassium (K} mg/L 1.85 1.01
Alkalinity (Alk) mg/L 76.07 2000
Chloride (CI7} mg/L 15.69 3000
Sulphate LSD;l] mg/L 14.22 599
Nitrate 'NO;;) mg/L 0.23 0.07
Ammonium (NH) mg/L 0.05 0.02
Total phosphorus (TP) mg/L 0.09 0.06
Dissolved oxygen (DO} mg/L 7.09 0.69
Chemical oxygen demand (COD) mg/L 2,59 113

average distance between fish and physicochemical sites was 27.36
(+27.08 5D} km.

2.5 | Statistical analysis

Here, we focused on patterns of community in terms of composition
rather than abundance. Therefore, all fish catches were transformed
into relative abundance to reduce the effect of varying fishing efforts
between sites and averaged to annual mean relative abundance to
summarise the data set. Next, we performed Ward hierarchical clus-
tering based on the annual mean relative abundance to classify the
fish sites into different groups according to their similarity in species
composition (Murtagh & Legendre, 2014). Species richness and diver-
sity index (i.e. inverse Simpson index) were computed to describe the
clusters identified, and significant differences (p < .05) among clusters
were tested using Tukey's HSD (Honest Significant Difference) tests.

Afterwards, the indicator species of each group of sites were
determined using the “indicspecies” package to describe the differenc-
es in the clusters identified (De Caceres, Legendre, & Moretti, 2010).
Fara given cluster, the indicator value of the species is the square root
ofthe product of two quantities called A and B, that is predictive value
and sensitivity. Quantity A is the probability of the target group of
sites given that an individual species has been found and was defined
as the mean abundance of the species in the target site group divided
by the sum of the mean abundance value over all groups. Quantity
B is the average relative abundance of individuals of the species at
a site that belongs to the target site group and was determined as
the relative frequency of occurrence of the species inside the target
site group (De Ciceres et al., 2010). Hence, species with high indicator
values were used as characteristic members of the cluster. The same
procedure was performed simultaneously for dry and wet seasons of
fish data sets.

118

To study the relationship between fish assemblages and environ-
mental variables, methods were
fish data. First, detrended correspendence analysis (DCA) was per-
formed to select the appropriate ordination method for our study (i.e.
redundancy analysis (RDA) versus canonical correspondence analysis
(CCA; Legendre & Legendre, 2012). CCA was described as the most
appropriate method as the calculated DCA ordination gradient was

dinati d on annual mean

> 3 (i.e. 4.22 for our study), revealing that unimodal responses to envi-
ronmental factors predominated (Ter Braak & Prentice, 1988). CCAisa
constraint ordination method which reveals the relationships between
community structure, sites and environmental variables (Legendre &
Legendre, 2012). In the biplot of CCA, the importance of envirenmen-
tal variables is depicted by the length of the vectors, while the cor-
relation between them is exhibited by the angle between the vectors.
We used Monte Carlo permutation tests with 999 permutations to
test whether the variables sjj (p < .05) explained the fish data
(Legendre & Legendre, 2012).

Lastly, to examine the contribution of the two sets of environmen-

tal factors in explaining the variation in fish assemblages, variance par-
titioning was performed to see how the physicochemical and climatic
variables contributed to explain fish assemblages (Borcard, Legendre,
& Drapeau, 1992; Legendre & Legendre, 2012). Spatial vectors were
also included in the variance partitioning to disentangle the influence
of environmental and spatial factors on fish distribution. The geograph-
ic coordinates of the sites were modelled following the Asymmetric
Eigenvectors Map (AEM) procedure proposed by Blanchet, Legendre,
and Borcard (2008). Forward selection was performed on AEM vec-
tors, and only significant environmental and AEM variables were kept
for the analysis. The partitioning was performed through the *vegan”
package and displayed in the form of a Venn diagram (Borcard et al,,
1992). All statistical analyses were conducted in R 3.2.2 (R Core Team
2015).

3 | RESULTS

3.1 | Fishdiversity and assemblage structure

A total of 182 species belonging to 110 genera, 42 families and 13
different orders were recorded by the fishermen at 38 monitor-
ing sites. Three main orders accounted for 80% of the total num-
ber of species, that is Cypriniformes (54 species), Siluriformes
(53 species) and Perciformes (39 species), while Anguiliformes,
Batrachoidiformes, Beloniformes, Clupeiformes, Mugiliformes,
QOsteoglossiformes, Pleuronectiformes, Rajiformes, Synbranchiformes
and Tetraodontiformes represented each of them < 5% of the total
fish species richness.

The 38 monitoring sites were patterned into four different com-
munity assemblage clusters based on the similarity of their species
composition (Fig. 2a). Two main community clusters were defined at
the first split (clusters | and I1), revealing the longitudinal character-
istics of the Mekong system between the upper LMR and its delta.
Subsequently, the main clusters were subdivided into four different
groups considered as four different fish assemblages (1a, Ib, 1la and
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FIGURE 2 Fish distribution and assemblage patterns in Lower Mekong River. Annual (a), dry season (b) and wet season (c) clustering
associated with species richness and Inverse Simpson index of each cluster(la, Ib, 113, 11b). For each box plot, the dark line inside the box
represents the median value, while the lines below and above indicate the 25 and 75 percentiles respectively. The whisker marks represent the
minimum and maximum values. Mean values among clusters with a common letter are not significantly different at p = .05 (Tukey's HSD tests)

1Ib) in the LMR (Fig. 2a). Indeed, cluster la was composed of 10 sites,
stretching down in the upper part of the LMR, along the border
between Laos and Thailand. Only one site of this cluster was found
at the head of the LMB. Cluster |b was composed of 17 sites, main-
ly located in Cambodia and four sites were found in upstream of the
LMR, above Vientiane city. The smallest cluster lla was made up of
four sites, that is two sites located at the border of Cambodia and
Mekang delta and other two sites in the middle part of the delta.
Finally, the cluster Ilb was characterised by seven sites in the lower

part of the Mekong delta, known as the brackish zone; only one site
of Iib was found in the middle part of the delta. Fish species richness
of each assemblage ranged from 17 species at the head of the LMR to
82 at the mouth of the river (Fig. 2a). The highest species richness was
found in IIb (median: 56 species), followed by la (55 species) and then
1h (45 species), and la contained the lowest species richness (28 spe-
cies; Fig. 2a). Indeed, cluster Ia presented significantly lower species
richness than the other three clusters, while no significant differences
were observed between clusters Ib, lla and Ilb. Moreaver, important

119



CHES ET AL

6 Ecology of
in ¥\ & FRESHWATER FISH

wvariations in species richness were noticed hetween clusters 1b and
Ilb. In contrast, the diversity index was highest {median: 10.5) in Ib
and lowest (median: 3.5) in IIb (Fig. 2a). Accordingly, the diversity in Ib
was significantly different frem Ilb, while the others exhibited similar
diversity indices (Fig. 2a).

The seasonal patterns were consistent between dry and wet sea-
son (Fig. 2b,c). During the dry season, fish assemblages were charac-
terised by higher species richness than in wet season and the patterns
of diversity were pronounced, especially between clusters [b and Ilb
{Fig. 2h). By contrast, during the wet season, fish assemblage patterns
were more similar to the annual patterns; and no significant differ-
ences in species richness and diversity were observed between the
identified clusters (Fig. 2c).

Furthermere, the relative abundance of fish orders varied greatly
along the longitudinal gradient of the LMR system, and this pattern
was consistent between seasons for all except one fish order (ie.
Clugiformes, Fig. 3, Wilcoxon test, p < .05). Apart from the Mekong
delta, that is particularly in Iz and Ib, Cyprinifermes and Siluriformes
dominated and occurred almost in every site, while their abundanc-
es decline dramatically in the delta. Additionally, Osteoglosiformes
and Perciformes were found in some sites of Ib, that is the sites in
Cambodia. In the delta (lla and 1Ib), the fish composition was diverse
and characterised by many species from different orders such as
Clupeiformes, Perciformes, Pleuronectiformes, Synbranchiformes,
Tetracdontiformes; among these, Perciformes and Clupeiformes were

the mast abundant (Fig. 3).

3.2 | Indicator species of clusters

A total of 80 indicator species were identified from the four annual
clusters (Table 52). The highest number of indicator species was found

in I1b (31 species), while the lowest was observed in la (11 species).

Upstream

The clusters in the delta (llz and I1b) accounted for 66% of the total
indicator species. The indicator species in la and Ib were mostly spe-
cies from Cyprinidae, Pangasiidae, Siluridae and Bagridae families, that
is Cosmochilus harmandi, Bagnana behri, Helicophagus waandersii, Labeo
chrysophekadion, Bagerius yarell, Henicorhynchus spp., Micronema
bleekeri and Hemibagrus nemurus, which are known as potamodro-
mous fish and indigenous to the LMB. Assemblage lla contained 21
indicator species. Among them, many are kncwn as freshwater and
secondary freshwater fish such as Glossogobius giuris, Macrognathus
siamensis, Acanthopsis sp., Puntioplites proctozysron, Mastacembelus
armatus and Mystus mysticetus. Similarly, the main indicator species
of Ilb were mostly characterised by secondary freshwater fish and
marine species, known as amphidremous and anadromeus fish, that
is Clupeichthys aesarnensis, Rashora trilineata, Scomberomorus sinen-
sis. Eleotris spp., Liza spp., Arius stormi, Toxotes spp., Lates calcarifer.
Meost of indicator species during the dry season were also identified
as indicator species using annual assemblage compositions. Overall,
dry season assemblages contained more indicator species (73 species)
compared to wet season assemblages (51 species), while many indi-
cators species from annual lla and I1b were absent in the wet season
(Tahle 52).

3.3  Environmental determinants of the fish
assemblages

The CCA model testing the asscciation between annual fish assem-
blages and climatic variables was significant {F = 1.55, p =.001) and
the first two axes explained 15.8% and 7.2% of the variation in fish
composition respectively. Ameng the climatic variables tested, 18 had
& significant (p < .05) effect on fish assemblage (Fig. 4a,b, Tables 1 and
3). Indeed, cluster la was mainly characterised by high values of hio13,

bhio16 and biol3 respectively the seascnal variation of precipitation,

Dovnstream

Synb

Raji
Pleu

Order

Mugi

Clup*
Belo
Batr

Angu @?ﬁ @ory Ower

w] §900GR390R0: 922 : 18

= 3% . §%
8888"89989‘2 TR

3384382882280 93330 408885350009 %222;%

FIGURE 3 Relative abundances of fish order along the Lower Mekang River. Open and close circles denote the wet and dry season
respectively. The acronyms in the vertical axis denote the species order: angu {Anguilliformes), batr (Batrachoidiformes), belo {Beloniformes),

clup (Clupeiformes), cypr (Cypriniformes), mugi (Mugiliformes), oste (Ostecglossiformes), perc (Perciformes), pleu (Pleuronectiformes), raji
(Rajiformes), silu (Siluriformes), synb (Synbranchiformes), tetr (Tetraodontiformes). The acronyms in the horizontal axis indicate the location of
the sites: TH (Thailand), LA (Laos), CA {Cambodia) and VN (Vietnam). *denotes significant differences in fish relative abundance between seasons

{Wilcoxon test, V = 313 and p = .04)
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the precipitation of the wettest month and wettest quarter. Similar
climatic patterns were associated to Ib, except that high values of bio5
(maximal temperature of warmest month) and bio19 (precipitation
of coldest quarter) were strongly associated with this cluster. In the
Mekong delta, clusters lla and |lb were characterised by high values
of the isothermality (bio3), minimal temperature of the coldest month
(bio), the mean temperature of the driest quarter (bio) and coldest
quarter (bio11). Qverall, in the upper part of the LMR, the clusters la
and Ib were associated with high values of precipitation, while the
delta clusters (lla and 11b) were strongly characterised by high values
of temperature.

In parallel, the CCA model testing the effect of physicechemi-
cal variables on annual fish assemblage composition was significant
(F = 1.77,p = .001). The first two axes explained 22.5% of the variation
in fish assemblage (15.5% and 7.0% respectively). Among the phys-
icochemical variables tested, 14 had a significant effect on the fish
assemblages (p < .05; Fig. 4c,d, Tables 2 and 3). Clusters la and b were
strongly characterised by high values of DO, pH, Ca, alk and TSS; while
the lla and Ilb were positively associated with high values of TP, COD
and NH:. In addition, cluster IIb was found to be associated with high

levels of NOZ and CI” as well, especially for the sites close to the sea.

34 | Effects of environmental and spatial factors
on the fish assemblages

Variance partitioning in fish assemblage composition indicated that
both environmental (physicochemical and climatic) and spatial vari-

ables contributed significantly to explain patterns in fish assemblages
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(Fig. 5). The pure physicochemical factors explained 8.0% of variation
in fish assemblages, while 10.9% and 4.0% were explained uniquely by
climatic and spatial factors respectively. Physicochemical and climatic
factors jointly explained 5.3% of the total variance, while the compo-
nent shared by the three factors (physicochemical, climatic and spa-
tial) explained 20.1% of the variation in fish assemblages. The adjusted
#2 from the model was 46.7%.

4 | DISCUSSION

41 | Fishdiversity and assemblage structure

To our knowledge, this study is the first holistic fish community study
to investigate the large-scale patterns of fish distribution and their
environmental determinants in the lower Mekong river. In terms of
fish diversity, the upstream part of the LMR exhibited the lowest spe-
cies richness, while the highest richness was ohserved in the delta
where fish species were composed of freshwater, brackish and marine
species. Indeed, the longitudinal changes of species richness along the
physical and chemical gradients, that is upstream-downstream, are
well known in large-scale patterns of fish assemblages. Many discus-
sions and explanations of the mechanisms responsible for such pat-
terns have come up with the concept of *addition” leading to the
increase in species richness from the headwaters to lower part of the
river (see Matthews, 1998).

In contrast to species richness, cluster b exhibited the low-
est diversity index, while the highest value was observed in Ib in
Cambodia. Consequently, these patterns of diversity could reflect
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TABLE 3 Canonical carrelation coefficients of climatic and
physicochemical variables with the first two cancnical
correspondence analysis axes (CCAL and CCA2). The correlation of \ N
the explanatery variables to the final ordination (rz) determines their / . X / \\ o
importance in explaining fish assemblage composition, with their [ Physicochemical X Climatic \
associated p-values computed from permutation tests. Variable
codes are in Tables 1 and 2 ( 8.0% 53% 10.9%
Parameters ccal ccaz A ? \ \aoagg N / f
Cimatic varfables \/ \\
Biol -.664 -748 393 001 \
Bio2 937 349 676 001
Bio3 -870 -£493 820 061 ' 4.0%
Biot 861 509 658 001 \
Bio5 1.000 -010 727 001 \ Spatial /
Bioé -.838 -.546 656 001 \
Bio7 901 L34 743 001 b
Biog 272 -962 013 756 . "
Bio9 -803 595 518 001 Residiaki=53.3%
Bio10 458 -753 191 025 Vilies R0 tiotshow
Bio11 -783 622 516 001 " 5 - .
B:’le 736 77 336 001 FIGURE 5 Venn diagram of variance partitioning results showing
Bio13 '750 '662 '561 '001 the relative effects of physicochemical, climatic and spatial factors
Biol4 '83() ;557 '197 '020 alene and in combination with the variation of the fish assemblages.
Bio15 613 790 788 001 Numbers represent % variation explained by each factor. All pure
Biol6 714 700 566 oot factors were statistically significant (p-value < .05)
Bio17 538 -.843 360 002
Bio18 £63 886 .382 001
Bio19 016 ~1.000 500 001 grounds, while many deep pools below Khone Falls and at large trib-
Physicochemical var ables utaries (3S river system) are essential for spawning and dry season
pH ~918 57 721 001 refuge.
S8 ~789 615 236 014 Dry season fish assemblages were characterised by significant
2
(E:;: 7'7‘;‘(‘; igz gz 82?1) changes in species richness and diversity along the LMR, similar to
Mg :637 :771 :213 :()16 ohserved annual patterns. It can be due to the fact that fish may be
Na 876 482 199 023 concentrated in deep pools, microhabitats or main river course during
K 877 £80 -202 021 the dry season, while fish would probably disperse more as the river
. 2 ;
é‘k ;‘23 igz 23 gii expands with increased inundated floodplains and habitat diversity
S04 ,:294 :956 :154 :()66 during wet season (Ferreira & Stohlgren, 1999; Junk, Barley, & Sparks,
NO3 707 708 377 001 1989; Silvano, do Amaral, & Oyakawa, 2000). Consequently, this con-
NH4 985 174 .334 005 centration would lead fishermen to catch easily the fish with variety
-[r)z zzg 221 Z(S)g ggi of species compared to wet season. Moreover, different patterns in
oD '984 ;180 '703 '001 community composition between seasons could be explained by the

the river continuum concept (RCC) where the species richness is high
at the lower part of the river and highest diversity is cbserved in the
middle reach (Statzner & Higler, 1985; Vannote, Minshall, Cummins,
Sedell, & Cushing, 1980). However, RCC is more applicable to small-
to medium-sized rivers, that is probably not the case for the lower
Mekeng. Another reascn for the high diversity in Cambodia could be
the geographical conditions of the region, where many species cannot
migrate up the Khone Falls (Valbo-Jorgensen, Coates, & Hortle, 2009).
In Camhbodia, the river is characterised by low land and nc barriers;
thus, many species could move easily up and down this part (Baran,
So, & Leng, 2008). Besides, the vital connectivity between the Tonle
Sap Lake and Mekeng provides favourable conditiens for many species

to complete their life cycle as the lake provides feeding and nursing

migratory fish movement in the basin (Baran, 2006). Therefore, the
seascnal turnover may he attributed to the different catchability, habi-
tat diversity and migration of fish within the basin. Similar conclusions
have been previously reported from fish community studies in tropical
Amazonian rivers (Albert & Reis, 2011; Matthews, 1998; Winenmiller,
1996).

Atthe upper part of LMR, the different patterns in laand Ib between
dry and wet seasons revealed the association of community structure
with migration patterns (Fig. 2a,c). For instance, many wet season indi-
cator species from la and Ib, that is C. harmandi, Henicothynchus spp.,
Pangasianodon hypophthalmus, H. nemurus, are long-distance migrants,
and their spawning ground was identified at uppermost parts of LMR
(Baran, 2006; Poulsen et al., 2004). Similarly, to many Amazonian fish,
some of the Mekong species were reported to migrate upwards for
repreduction, while others migrate downwards for feeding and nurs-
ing (Poulsen et al., 2004). Accordingly, in the middle part of LMR, most
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of the migrants feed in Tonle Sap Lake and spawn below Khone Falls;
‘while at upper part, the river serves both, that is spawning and feeding,
forall migrants (Poulsen et al, 2004; Rainboth, 1996). Nevertheless, as
a result of fish movement, no significant difference in diversity was
observed during the wet season, revealing that diversity patterns were
more homogenous compared to dry season and annual patterns.

Clear patterns of the assemblage structure were observed
between the upper LMR and its delta. Specifically, assemblages 1a and
Ib were characterised by cyprinids and catfish, species known to be
potamodromous, which frequently occur in a large-sized river, specif-
ically in the Mekong mainstream, that is C. harmandi, L. chrysopheka-
dion, H. waandersii, B. yarelli and Bangana behri (Lucas etal., 2001).
Below Khone Falls, the cyprinids in Ib were dominated by opportun-
ist species, that is Henicorhynchus spp., Thynnichthys thynnoides and
Poralaubucca typus; these species are known as fast growing with
short lifespan and are reported to do the long-distance migration as
well, commonly between Tonle Sap Lake and upstream Cambodian
Mekong (Baran et al., 2008).

In the Mekong delta, the fish assemblages changed significantly,
‘with sharp declines in fish abundances observed for cyprinids and cat-
fish, known as stenchaline species with low tolerance to salinity (Valbo-
Jorgensen etal, 2009). Obviously, the perch-like fish (Perciformes)
and clupeids (Clupeiformes) were common species in lla and Ilb; these
groups of fish are tolerant to salinity and turbid water (Albert & Reis,
2011). Mevertheless, in lla, many species were known as stenoha-
line species, that is C. aesarnensis, Mastacembelus spp., Acanthopsis
sp., which are less tolerant to the brackish conditions of the delta.
However, some of them need the marine environment to complete
their life cycle, for example Cynoglossus microlepis, while others were
believed to reside permanently in the estuary, for example G. giuris
(Froese & Pauly, 2015; Valbo-Jorgensen et al., 2009). In llb, we found
mostly marine species, that is Lize spp., Scomberomorus sp., Toxotes
spp., All baddarti, which are well
suited to the marine environment with less light penetration (Moyle
& Cech, 1988). Of course, these sp

fish and some of them are catadromous fish, for example Anguilla sp.,

grunniens,

ies are known as amphidromous

Ellochelon vaigiensis, Mugil cephalus, which inhabit fresh-brackish water
and live permanently in the estuary like the small anchovies (Coilia sp.
and Tenualosa tolf; Froese & Pauly, 2015; Motomura, lwatsuki, Kimura,
& Yoshing, 2002).

So far, the difference in fish assemblage patterns could result from
the different migration routes of fish within the basin, where it was
estimated that about 40% of lower Mekong species are "white fish®
that conduct long-distance migrations (Baran, 2006; Poulsen et al.,
2004).

4.2 | Relative importance of environmental and
spatial factors structuring the fish assemblages

QOverall, our study showed that the seasonal variation of precipitation
(bio15), the precipitation of the wettest month (bie18), the maximal
temperature of warmest meonth (bic5), the precipitation of cold-

est quarter (bio19), as well as the isothermality (bio3), the minimal
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temperature of the coldest month (bioé) and the mean temperature

of the driest quarter (bio%) were the key climatic factors driving the
changes in fish assemblage structure. Obviously, the seasonal varia-
tions of temperature and precipitation have proved to be important
factors affecting the distribution of organisms in ecosystems (Buisson
et al., 2008; Cheung et al, 2009). Alternatively, TP, DO, COD and pH
significantly influenced the spatial structure of the fish assemblages
as well. Indeed, many studies have revealed the link between phys-
icochemical factors, particularly nutrients and DO, and the patterns of
fish assemblages along river systems (Fialho, Oliveira, Tejerina-Garro,
& de Mérona, 2007; Trujillo-Jiménez, Lépez-Lépez, Diaz-Pardo, &
Camargo, 2009).

According to the results of our study, the differences between
upstream (la and Ib) and delta assemblages (Ila and I1b) were mainly
explained by temperature as well as nutrients and the natural effects
of seawater intrusion. Consequently, the upstream species were spe-
cialised for upstream conditions with high altitude, lower temperature,
high rainfall, DO and pH, particularly in cluster la. By contrast, the del-
ta species were suited to high levels of nutrients and could tolerate
high temperature and salinity. These conclusions were also consistent
with previous studies which reported that the upper Mekong fish were
dominated by Cyprinidae, Balitoridae, Cobitidae and Siseridae that all
prefer cold, oxygen-rich water bodies (Valbo-Jorgensen et al,, 2009),
while Gobiidae, Polynemidae, Toxotidae, Eleotridae, Clupeidae and
Engraulidae dominated in the delta, with species known to tolerate
estuarine conditions, that is low oxygen, high nutrient, eutrophication
and salinity.

So far, many studies on the environmental determinants of fish
assemblage structure have reported the main contribution of physi-
cochemical factors (Braaten & Guy, 1999; Pires et al, 2010; Trujillo-
Jiménez etal., 2009), while others revealed a predominant role of
climatic factors in structuring the spatial distribution of fish (Buisson
et al, 2008; Guo et al., 2015; Reash & Pigg, 1990; Zhao et al., 2015).
However, in our study, the combination of environmental and spatial
factors provided a better explanation of the variation in fish assem-
blages. Thus, the physicochemical or climatic factors alone would not
optimally explain the distribution patterns of fish assemblages (Lujan
etal, 2013).

4.3 | Fish diversity management and conservation

Qur results provide the current baseline information on fish assem-
blage structure in the LMR system. According to our results, fish con-
servation zones should be prioritised in the middle part of the LMR,
that is mainly cluster Ib, where the highest diversity was exhibited.
Moreover, conservation planning should also consider the upstream
part of the LMR (Cluster Ia), between Khone Falls and Vientiane
city, where high levels of endemism to the LMR system are recorded
(Coates, 2001). Accordingly, it was reported that the construction of
natural reserves would be an effective approach to protect fish bio-
diversity (Park, Chang, Lek, & Brosse, 2003). Besides, the conserva-
tion strategies should be prioritised to specialist groups of fish as they
are endangered and vulnerable to environmental changes (Kang et al.,
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2009). Alternatively, conservation practices should be carried outin a
networked region rather than in single reserve and different conserva-
tien strategies should be proposed according to the different objec-
tives and eco-regicns, for example upstream LV R and Mekong delta.

Furthermore, the maintaining of the cconnectivity between
upstream-downstream habitats (including deep pools as dry refugel
and major tributaries (35 river systems, Tonle Sap River, the Great
Lake and its floodplains) is essential for many short- and long-distance
migrants such as Pangasianoden gigas and Pangesius kremfi to com-
plete their life cycle. Therefore, we strongly support the concerns of
biodiversity losses due to the construction of dams acress the main
channel (Hortle, 2007; Valbo-Jorgensen et al., 2009; Ziv et al, 2012).
Meanwhile, water quality monitoring and improvement need to be
addressed rigorously within the region (Chez et al, 2016; Dudgeon,
2011). For instance, our study exhibited the lowest fish diversity in the
delta, likely to reflect water pollution effects on the fish community.
Thus, the cyprinids and Pangosius catfish, which are the main sources of
proteins (Hortle, 2007), would be strongly affected as they are unable
o withstand significant changes in water condition. Nevertheless, our
study revealed that the combination of both environmental and spatial
factors contributes significantly in structuring the fish community along
the LMR. Taking these factors into account appears therefore crucial if
we are to initiate management strategies to ensure the conservation

and sustainable use of fisheries resources in the Lower Mekeng River.
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Abstract

1. Weinvestigated the temporal change of fish community in relations to the taxonomic
structure, functional traits, and hydrologic regime in a tropical flood pulse lake
ecosystem, Tonle Sap Lake in Cambodia, where biological and ecological knowledge are
very limited.

2. Daily fish catch and water levels were collected from five locations around the lake
between 2012 and 2015. Nine functional traits (size of fish, trophic level, habitats, life
history, ecological guild, spawning habitat, feeding habitat, water column position, and
accessory respiratory) of the 53 taxa were collected from different sources. Temporal
change of fish community were summarized and analysed using multiple co-inertia
analysis (MCOA) procedure. Cross-correlation function (CCF) was performed to
quantify the response of fish community to hydrological changes.

3. We found that the temporal changes of fish community were associated to functional
traits, i.e. size of fish, trophic position, life history strategy, ecological guild, feeding
habitat and accessory respiratory, than taxonomic structure. Indeed, the community were
characterized by large fish with high trophic level during the low water, while it was
gradually replaced by small fish with low trophic position with the arrival of pulses.

4. Inparallel, more black fish with equilibrium strategy were observed in the low water
period, while the community was dominated by white fish with the opportunistic/periodic
strategy when the water level goes up. Besides, the temporal variation of community
structure in individual sites were matched to the reference structure; however the spatial
synchrony was not related to the geographic distance of sampling locations as expected.
5. Furthermore, the responses of fish community to the hydrological changes were
estimated to lag between 1.5 to 2 months. Therefore, taking account for the time lags

would be crucial for fisheries management and conservation practice in the lake.

Key words: fish community, dynamics, flood pulse system, functional traits, spatial

synchrony
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Introduction

Despite intensive research on fish community structure and ecosystem functioning for the
last decades, our ability to explain how the species composition influences the
community, as well as to quantify the complex relationship between taxonomic structure,
biological traits and trophic diversity, remains insufficient (di Castri & Younes 1989;
Olden et al. 2010). Starting with the simple questions, how the community of organisms
change through space and time? Do the functional compositions of community converge
along the changing environment, e.g. flow regime? If so, that means the fish community
response similarly across the different locations within the ecosystem? These questions
remained central goals for ecological studies, given that numbers of spatiotemporal
patterns of diversity studies across the globe (Berra 2001; Lévéque et al. 2007).
Increasingly, ecologist are believed their knowledge in temporal dynamics of community
structure are still limited, resulting the implementation of many long-term biodiversity
monitoring programs in biomes (Magurran et al. 2010). Nevertheless, the knowledge and
monitoring programs are not well distributed across the different regions, i.e. tropics, sub-
tropics, neotropics and temperate zones (Dudgeon 2000). For instance, more research
attentions have attempted to study the biodiversity in temperate and neotropical zones,
while there is surprisingly very little information and work to assess the dynamics of
aquatic community in the Oriental region/Tropical Asia (Dudgeon 2003). Though, this
region was classified as hotspot of biodiversity. Obviously, large tropical rivers (e.g. the
Mekong) are always associated with huge floodplains and extensive wetlands (e.g. Tonle
Sap Lake) which provide multiple ecosystem services representing the immense values
for humanity and biodiversity they support (Coates 2001). More importantly, tropical
ecosystems are often characterized by an extremely diverse fish community compared to
the temperate fisheries and many of them are flood pulse lakes that rely mainly on the
hydrology of the system (Junk ef al. 1989; Junk & Wantzen 2004).

By its nature, the flood pulsed systems are highly productive and strongly governed
by the hydrological cycles that are often change the size of the floodplain dramatically
over the year, e.g. Tonle Sap Lake. From the existing theory on flood pulsed system —
flood pulse concept (FPC), all ecological process and productivity within the systems are
predicted to regulate by the seasonal flood pulses (Junk ef al. 1989; Junk & Wantzen
2004). Different from the early river continuum concept (RCC) (Vannote et al. 1980),
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where the productivity and nutrients were driven from the upstream process, FPC focuses
on lateral exchange of water, nutrients and organisms between rivers/lakes and its
connected floodplains, in other word, the autochthonous production. Thus, it was believed
that the hydrologic regime and flood dynamics are the primary environmental factor
influencing the structure of community (i.e. life history, feeding and trophic), fish
recruitment and productivity in the system (Junk & Wantzen 2004; Zeug & Winemiller
2008; Simoes et al. 2013). Therefore, more intensive research work should be allocated
to quantify the influence of hydrology, climate changes on the sustainability of tropical
freshwater systems which would be quite different in many ways from what we have
learned in the temperate ecosystems.

Obviously, many previous studies have been conducted in neotropics, north America
and Africa to understand the dynamics of fauna community in relation to the taxonomic
structure, functional traits, life history and hydrological shifts (Winemiller 1989;
Merigoux & Ponton 1999; Agostinho et al. 2000; Merigoux et al. 2001; Tedesco et al.
2008; Pease et al. 2012, 2015). As an example from Pantanal wetland in Central
Amazonia, it was showed that the feeding of fish community were shifted from high to
low trophic level between dry and wet seasons; thus more specialist recruitments were
observed in the dry season (Wantzen et al. 2002). In French Guiana, Merigoux & Ponton
(1999) reported the spatiotemporal variations of juvenile fish community in river
floodplains and quantified its relationship to life history traits of taxa, habitat variability
and flow regimes (Merigoux & Ponton 1999; Merigoux et al. 2001). Accordingly,
Agostinho et al. (2005) came up with conclusion that the flood regime is the most
important factor determining the structure of community, i.e. attribute of assemblage,
reproduction and recruitment, in Upper Parana River floodplains (Agostinho & Zalewski
1995; Agostinho et al. 2000, 2005). In addition, from the river networks in West Africa,
Tedesco et al. (2008) reported the association of temporal structure of fish community to
the life history strategy and hydrological condition. How about the temporal dynamics of
fish community structure in flood pulsed lake ecosystem in Tropical Asia? The temporal
changes of fish community are also associated to the life history strategy, seasonality
gradient of hydrological condition?

In the era of anthropocene, the fast growing of population especially in Asia (60% of

world population), the needs for feeding and economic growth are challenging for
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biodiversity conservation; consequently the loss of diversity is insurmountable (Dudgeon
2003, 2011). Additionally, fisheries play a crucial role in food security and represent
nearly 80% of the entire animal proteins for human consumption, especially in the third
world countries such as Cambodia, Lao PDR, Vietnam (Hortle 2007). Hence, biodiversity
management and conservation is really needed to mitigate and minimize the losses;
however these require a full understanding of the community structure and the driving
forces underlining the spatial and temporal structure of community (Olden et al. 2010;
Pool et al. 2010). In Oriental region, the knowledge on impact of hydropower dams on
biodiversity and fish production are being increased day by day (Dugan et al. 2010; Ziv
et al. 2012). However, the temporal patterns of fish community structure within the region
are still poorly described, nor investigated, e.g. Tonle Sap Lake (Dudgeon 2000, 2003).
The present paper aimed at investigating the temporal structure of fish community in
a large tropical flood pulse lake ecosystem. First, we constructed the temporal patterns of
fish community in the lake using multivariate techniques. Then we tested the association
of the variability to the taxonomic structure and functional traits. Last, we examined the
link between the temporal changes of fish community to hydrologic regimes. We would
like to address the following question: How the fish community in the lake changes
through the time? These temporal variations are associated to the taxonomic structure or
functional traits? The fish community evolve synchronously across the different parts of
the lake? Is the temporal evolution of fish community linked to the change of hydrologic
regime? We anticipated that the temporal structures of fish community are strongly
characterized by the period flood pulse, both in taxonomic structure and functional traits.
Besides, the spatial synchrony of the fish community would be correlated to the
geographical distance of the community as reported from the previous authors that the
synchrony between populations decreases with the increase of distance between
populations (Ranta, Kaitala & Lundberg 1997; Liebhold, Koenig & Bjernstad 2004). To
the best of our knowledge, this is the first holistic fish community studies to examine the
temporal change in taxonomic structure and functional traits of fish community in the
flood pulse lake ecosystem within the Oriental Region. Furthermore, the paper was
finished with some conclusions and perspectives on the fisheries management and
conservation that would contribute to enhance the ecological knowledge on the flood

pulse lake ecosystem worldwide.
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Materials and methods

Study system: Tonle Sap Lake

One of the largest indiscriminate fisheries in the world, Tonle Sap Lake (TSL) is unique
for many ways (Fig. 1). The lake is biologically diverse and also perhaps the most
productive lake ecosystem in the world. TSL harvests annually between 289 000 and 431
000 tons of catch representing more than 60% of Cambodian inland fisheries. Strongly
connected to the Mekong River through Tonle Sap River (120 KM long) (Fig. 1), the TSL
is also known for its extraordinary flood-pulse system which underlines seasonally the
unique hydrological features to the Mekong, the reverse flow from the lake. Indeed, under
the tropical monsoon climate, the hydrology of the lake is characterized by two seasons,
i.e. wet (May-October) and dry (November-April) seasons, and the water level fluctuates
from 1 m to 9 m, causing an expansion of the area of the lake from 3 000 km? to 15 000
km? and creating an extensive floodplains around the entire lake. Besides, the reverse
flow form TLS is a crucial hydrological phenomenon raising the water levels and
protecting the Mekong delta from the natural sea water intrusion (Matsui 2005; Kummu
& Sarkkula 2008; MRC 2010a).

TSL drains 85 065 km?, ca. 11.3% of the total drainage area of the Mekong River
Basin (MRB), and the averages annual rainfall ranges from 1 300 mm to 1 900 mm with
the average temperature 29 °C (max: 33 °C, min: 25 °C). The hydrology of the lake is
strongly dependent to the Mekong since more than 60% of TSL’ s water come from the
Mekong and the rest is drained from the 12 sub-basins around the lake, among that Stung
Sen, Sangke, Pursat, Chinet rivers are the main contributors (Fig. 1). The lake is
surrounded by 5 provinces respectively Battambang (BB), Siem Reap (SR), Pursat (PS),
Kampong Thmom (KT), Kampong Chhnang (CK) (Fig. 1) and its floodplains are mainly
covered by shrubland, flooded forest, grass land, rice and lotus fields, which are the key
habitats for flora and fauna (Lamberts 2001; MRC 2010a).
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Fig. 1. Tonle Sap Lake and geographic locations of fish monitoring sites (star).

Fish data
The fish data used in this study were derived from the “Fish abundance and diversity
monitoring in the Tonle Sap Lake” program of Mekong River Commission (MRC)’s
Fisheries programs (Ngor 2012). The monitoring program covered five locations in five
provinces surrounded the lake, i.e. Kampong Chhnang, Pursat, Battambang, Siem Reap
and Kamopong Thom (Fig. 1), from January 2012 to October 2015. Basically, in each
location, 3 fishermen were asked to record daily in the Logbooks their catches, maximum
length of each species in every sample, type and dimension of fishing gears used. The
catch monitoring methods were implied from the MRC’s regional monitoring program
on Fish abundance and diversity in Lower Mekong Basin (FEVM 2007). Indeed, all
fishermen were trained to use logbooks, sampling and sub-sampling techniques applied
for the large catch during the peak seasons, identify the fish species, as well as measure
length and weight of caught species. The taxonomic identification was done to species
level and to help with fish identification, the photo flipcharts of more than 170 fish
common species were provided to fishermen. Moreover, to ensure the quality of
monitoring, all data were checked for errors and cleaned quarterly within the monitoring
period from MRC's specialist.

For our study, only fish catches from gillnets were selected for multivariate table.

From the records, gillnets represented 98% of the total fishing gears used during the
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monitoring and the mesh sizes ranged from 2 to 6.5 cm with an average dimension of 850
m in length and 1.5 m in depth. The catch was expressed in total number of individual per
species and about 209 species were recorded in the Logbooks during the monitoring
program. Only the species present > 5% of the total observation, i.e. 60 times over 1172
days, were kept for the analysis. To minimize the range and skew of distribution, the fish
abundances from the 3 fishermen were averaged at each site and In(X+1)-transformed.
Finally, our multivariate tables were composed of 5 tables with dimension of 1172 (days)

and 53 columns (taxa).

Hydrological data

Daily water levels were taken for the same period (2012-2015) of fish data from the
primary hydrological station of MRC located in Kampong Loung (PS, Fig. 1). The water
levels fluctuate seasonally with the lowest levels in April-May and peak in September-
October. In September 2013, the MRB was undergone the intense seasonal monsoon
induced a catastrophic flood in the lake affecting more than 1.7 million of people around

the lake and along the Cambodian Mekong (OCHA 2013).

Functional traits

Nine functional traits (size, trophic level, habitats, life strategy, ecological guilds, feeding
habitats, spawning habitats, water column position and accessory respiratory) of the 53
studied species were used to examine the relationship of the community structure to the
traits. All functional traits were collected and modified from different sources as
following description (see Table S1). The size, i.e. the total length of fish (cm), the trophic
levels and habitats were collected from FishBase (Froese & Pauly 2015) and Lim et al.
(1999). The size and trophic level of fish range from 13 cm to 158 cm and from 2 to 4.5
respectively, while the habitats were categorized into 3 types, i.e. pelagic (PEL),
benthopelagic (BEN) and demarsal (DEM). The life history strategies were modified to
follow the life history models suggested by Winemiller & Rose (1992), which attempt to
classify the life history of fish into 3 different categories, i.e. equilibrium (EQU), periodic
(PER) and opportunistic (OPP), based on the juvenile survivorship, fecundity and the age
of reproduction (Winemiller & Rose 1992; Winemiller 2005). Then the ecological guilds
of fish were collected from the long-time bio-ecological study of Inland Fisheries

Research and Development Institute (IFREDI) and MRC, which aimed at classifying the
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Tonle Sap and Mekong fish species into 3 main different guilds, i.e. black, grey and white,
based on a set of descriptors, e.g. migration, habitat, oxygenation (Poulsen ez al. 2002;
Baran et al. 2007). Among the studied species, 3 were unknown and 1 was classified in
the estuarine group. Spawning and feeding habitat traits were collected and modified from
Poulsen et al. (2004) and Lim ef al. (1999). Indeed, for the spawning habitats, species
were categorized between spawning in floodplains (FLP) and in river channels (RV),
while in littoral (LIT) and in offshore and littoral (OFF&LIT) zones for feeding habitats.
Last, the water column position and accessory respiratory traits were modified from
(Winemiller & Rose 1992). Basically, all studied species were classified to locate
between the bottom-middle (B-M) and middle-surface (M-S) of the water column, as well

as to equip (YES) or not (NO) the accessory for respiratory.

Statistical analyses

The multi-time series of fish tables were analysed using multiple co-inertia analysis
(MCOA) procedure, which is one of multi-table ordination methods used to assess the
ecological patterns in space and time based on the covariance optimisation criterion
between the individual table ordinations and reference ordination (Chessel & Hanafi
1996; Bady et al. 2004). Indeed, MCOA produces the reference ordination which is the
common structure or patterns shared by the individual tables. However, despite its ability
to quantify the spatiotemporal patterns of biological community, MCOA was found rarely
to be used in ecological studies compared to others ordination methods, e.g. principle
component analysis (PCA), redundancy analysis (RDA), canonical correspondence
analysis (CCA).

In our study, the MCOA was performed on the 5 individual tables, i.e. five
monitoring sites, and the reference structure can be viewed as the temporal patterns of the
lake. The temporal change of fish community were summarized and represented as
MCOA synthetic scores, which are the optimized covariance from the individual tables.
In addition to that, the coefficient RV, which is known as the classical correlation
coefficient between the temporal evolution of individual tables and temporal reference
structure, was generated to quantify the strength of the relationship between individual
table and common structure (Robert & Escoufier 1976). RV coefficient ranges from 0 to
1; low value indicates the low level of synchronism between the temporal patterns of

individual table and reference structure. Besides, to estimate spatial synchrony in
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temporal variations of community structure across the five sites, we used a multivariate
normal distribution: Y;;~MVN (u;, X;;); where Y;; are the coordinates of site j and time i

along a given MCOA axis, y; are the site-specific means and Zj; is a variance-covariance

2
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matrix of the form: X;; = : : ; where diagonal elements represent

2
P150105  “* 93

the variance within each site and off-diagonal elements represent the covariance between
sites. p is the temporal correlation coefficient between each site and represent the
temporal synchrony of community structure (Santin-Janin ez al. 2014).

Apart from that, to examine the relationships between the variability of the
community structure and the functional traits, the quantitative traits were regressed using
linear model, while the qualitative traits were tested using the non-parametric Kruskal-
Wallis test (p<0.05). All the relationships were tested for the three first axes of MCOA.
The tests were performed only for the categories containing the comparable numbers of
species, while the taxonomic structure was tested only for the five main families of the

taxa.

Linking community change to hydrologic regimes
In order to assess the link between the temporal variability of the fish community and
hydrologic regimes of the lake, we performed the cross-correlation function (CCF). CCF
is used to quantify the relationship of two time-series (x; and y;) as a function of time lag
(h) between one to another, i.e. the correlation between series x.+, and y, for h=0, £1, £2
and so on (Venables & Ripley 2002). In our case, x; and y: were respectively the synthetic
scores of MCOA and water level and the time lags (h, days) indicating the response of
fish community to the hydrological changes were estimated from the maximum value of
CCF coefficients. Indeed, when the time lags / is negative (-4), it shows the correlation
between x at a time before 7 and the y at time #; in other word x leads y. On the other hand,
x lags y when time lags /4 is positive (Shumway & Stoffer 2015).

All data analyses were conducted in R.3.2.2 using “Base” and “ADE4” packages
(Dray, Dufour & Chessel 2007; R Core Team 2015b).

Results

Overview on fish composition
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The studied species belonged to 40 genera, 16 families and 7 orders. Indeed,
Cypriniformes, Siluriformes and Perciformes represented 90% of the whole species,
while the others, i.e. Clupeiformes, Beloniformes, Osteoglossifornes, Synbranchiformes,
accounted for 10% (Table S1). In addition, Cyprinidae was the largest family (45% of the
total species), followed by Bagridae (13%), Siluridae (8%), Pangasiidae (6%) and
Osphronemidae (6%); while other 11 families represented less than 20% of the whole
studied species.

Temporal change in fish community structure
The temporal structure of fish community in the lake were summarized and represented
by the time series of multivariate scores at each site and reference. Here, we presented
only the reference temporal variability of fish community (Fig. 2a), while the temporal
patterns of the individual site were elucidated by the fluctuation of the correlation
coefficient RV. As a result, the first three axes of MCOA explained 53% of the total
variance from the fish abundance data set (25.28% on F1 axis, 17.09% on F2 axis and
10.87% on F3 axis) (Fig. 2a). The average species factorial scores were calculated from
each axis and represented on the arrow bar (Fig. 2b). High scores indicate the important
contribution of the species to the community structure, in other words, the species
characterized the community. Basically, the values of the species factorial scores were
read according to the values of MCAO score curves. For instance, the species with high
positive value would expect to dominate the community during the high positive value of
MCOA scores, and vice versa (Fig. 2a, b). Additionally, the temporal changes of fish
community were observed to follow the fluctuation of hydrology in the lake; though the
variability on F1 was less cyclic compared to F2 and F3 (Fig. 2a). Besides, the temporal
variation of community on F1 was marked by the rough shift of community structure
during the wet season in 2013. The values of RV coefficients ranged from 0.52 (BB) to
0.75 (SR) and the temporal variation of fish community in SR, PS (0.65) and KC (0.71)
were matched to the temporal structure of the lake except in BB and KT (0.56).
Moreover, we found little temporal trends on F2 and F3 for the temporal changes in
the taxonomic structures, while no such trend was observed on F1 (Fig. 2¢). Indeed, the
community seems to change seasonally from bagrids (Bagridae) and cyprinids
(Cyprindiae) to gourami fish (Osphronemidae); however, the changes were not

significant (Table 1). In terms of functional traits, six out of nine traits were strongly
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associated to the temporal changes of fish community in the lake and the relationships
were observed only the first and third axes of MCOA (Fig. 3, Table 1). On F1, the size of
fish was negatively correlated with the temporal changes of community (R*= 19%,
p=0.001), while positive correlation was observed on F3 (R?>= 8%, p=0.045). The same
association were observed on F1 (R?= 9%, p=0.02) and F3 (R?= 12%, p=0.01) for trophic
position (Tablel, Fig. 3). Therefore, we would expect the community structure changed
from the large fish with high trophic level to small fish with low trophic position on F1
and vice versa on F3. Besides, the temporal changes of community structure were related
to the life history strategy and ecological guilds of fish (Table 1, Fig. 3). However, these
relationships were found only on F3. Indeed, the community were first dominated by the
black fish with equilibrium strategy in low water and gradually the community was
replaced by grey and white fish with opportunistic strategy when the wet season starts.
We found also on F3 the significant relationships between the community structure and
feeding habitats, as well as accessory respiratory traits. Accordingly, the community
changed from the species feeding on littoral to offshore and littoral. Similarly, more
species with the accessory respiratory were found in dry season, while the taxa without
equipping accessory were observed during the wet season. Nevertheless, no significant
relationships were observed on F2. Apart from the above traits, habitats, spawning
habitats, water column position were found to have no influence on the temporal change
of community structure (Table 1). Overall, the temporal changes of community structure
were explained by the changes in size and trophic position on F1 and in life history
strategies on F3.

The spatial synchrony of community variation between the different monitoring
locations across the lake was quantified on the 3 axes of MCOA. As a result, the mean
temporal correlation p ranged from 0.43 to 0.66 and the temporal variation of BB and KT
were less synchronous compared to SR, PS and KC. Accordingly, no relationships were

observed between the level of synchronism and geographical distance of sites as expected.
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Fig. 2. Reference temporal change of fish community structure in Tonle Sap Lake. (a)
Time series of MCOA synthetic scores on the first 3 axes from the reference fish
abundance table. Grey line represents the daily water level fluctuation in the lake. (b)
Mean factorial scores of the 53 taxa on the first 3 axes of MCOA reference structure. (c)
Boxplots between MCOA scores and the five main fish families (CYN: Cyprinidae,

BAG: Bagridae, OSP: Osphrinemidae, PAN: Pangasiidae, SIL: Siluridae).
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Table 1. Relationships between the taxonomic structure, functional traits and reference

temporal structure of fish community in Tonle Sap Lake. R? and P are % of variable

explained and associated p-value, while ns denotes the non-significant relationship

(Kruskal-Wallis, p<0.05).

F1 Axis 2 Axis F3 Axis
R2 P R2 P R? P
Family - ns - ns - ns
Size of fish 0.19 0.001 0 ns 0.08 0.02
Trophic Level 0.09 0.02 0 ns 0.12 0.01
Habitats - ns - ns - ns
Life strategy - ns - ns - 0.017
Ecological guild - ns - ns - 0.003
Spawning habitat - ns - ns - ns
Feeding habitat - ns - ns - 0.003
Water column position - ns - ns - ns
Accessory respiratory - ns - ns - 0.01
Size of fish Trophic level
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Fig. 3. Relationships between functional traits and temporal variability of fish community
structure in Tonle Sap Lake on F1 and F3 axes of MCOA. Only significant relationships
were presented (Kruskal-Wallis, p<0.05, Table 1). The size of fish (y-axis) is showed in

log scale and the full names of acronyms were provided in Table S1.

Linking the temporal changes of fish community to hydrologic regimes

The CCF exhibited the significant relationship between the temporal variability of fish
community and hydrologic regime (Fig. S1). As a result, the response of fish community
seems to lag behind the hydrologic regime except the variability on F3. Thus, the time
lags were estimated between 38 to 58 days on F1 (12 = 0.40), while 50 to 60 days on F2
(> = 0.71). On F3, the response of fish community leads the hydrologic regime between
20 to 30 days (r*> = 0.75). Therefore, the fish movement in lake was done 1 to 2 months

before or after the arrival of floods.

Discussion

Temporal change in fish community structure

From the fish table, cyprinids represented about 45% of the studied species, followed by
bagrids, silurids, pangasius and gourami fish. Of course, Cyprinidae (39%), Bagridae
(8%), Siluridae (7%), Pangasiidae (7%) were the largest families and contained the most
common species in the lake (Lim ef al. 1999; Campbell et al. 2006). Besides, similar
statistics were reported from the one year daily catch monitoring around the lake (2012-
2013), cyprinids (Henicorhynchus spp., Osteochilus sp.) , gourami fish (Trichogaster
spp.) , bagrids (Mystus spp., Hemibagrus spp.), pangasius (Pangasius spp.) and
featherbreak (Notopterus sp.) were the most abundant and accounted more than 90% of
abundance in the whole recorded species (Ngor 2012). Therefore, the temporal changes
of community structure in the TSL could be mainly influenced by the changes in
composition or characteristics of the above assemblages.

According to our results, the temporal changes of fish community structure in TSL
were associated to functional traits than to taxonomic structure and this variability was
strongly linked to the hydrological variation in the lake. So far, many authors have also
come up such temporal patterns from various ecosystems, i.e. freshwater, estuarine and
marine. For instance, the community was characterized by the large fish with high trophic

levels during the low water and was gradually replaced by the small-sized fish with low
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trophic level when the water in the lake goes up. Indeed, many studies revealed the
positive correlation between body size of fish and its trophic level (Romanuk ez al. 2011).
Besides, the body size of fish is the important trait and strongly correlated with other
biological traits of fish (Winemiller 1989). However, from the Orinoco river basin, it was
showed that there was no correlation between the body size and trophic position across
different taxa in the diverse food web and productive ecosystem (Layman ef al. 2005).
Consistently, recent study on seasonal isotopic shift in fish community of the Pantanal
wetland in Brazil has demonstrated the significant change of trophic level from low
trophic to high trophic between wet season to dry season, more herbivorous fish in the
high water and omnivorous and carnivorous fish during the low water period (Wantzen
et al. 2002). Accordingly, more predator and specialist would be expected to dominate
the community in TLS during low water and most of them are medium-large fish, e.g.
Hysibarbus sp., Pangasius spp., Nototerus notopterus, Hemibarus nemurus.
Furthermore, we found also the temporal structure of fish community was associated
to the life history strategy, ecological guilds, feeding habitats and accessory respiratory.
Consequently, the black fish with equilibrium strategy (Trichogaster spp.) dominated the
community during the low water period, while the white fish with opportunistic strategy
(Paralaubuca spp., Henicorhynchus spp.) characterized the community during the high
water (before and after the peak of pulses). The turn-overs within the transitional periods
(dry and wet seasons) were the grey and white fish with periodic strategy (Mystus spp.,
Puntioplites proctozystron). Indeed, it was showed that the periodic and opportunistic
species are more suited to variable environment, e.g. hydrological fluctuation, than
equilibrium species (Winemiller 1989). As an example from South American fish, the
community was dominated by the equilibrium in the dry season and gradually changed
to opportunist with the beginning of rainy season (Winemiller 1989). Another explanation
in accordance to the migration study in Lower Mekong Basin, one third of Mekong
species, e.g. cyprinids and river catfish, are known as white fish who conduct the long
distant migration between the lake and upstream Cambodian Mekong (Baran 2006; MRC
2007b). It was reported that at the beginning of wet season or late dry season, many of
large and medium sized-cyprinid (Hypsibarbus sp., Puntioplites sp., Cyclocheilichthys
sp.), catfish (Pangasius sp.) and bagrids (Hemibagrus sp.) start to migrate from

Mekong/tributaries to Tonle Sap for spawning and feeding. Then with the arrival of pulses
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more small-sized opportunistic cyprinids (Henicorhynchus spp., Labiobarbus spp.,
Paralaubuca spp.) were dominant and the catch is peak in December when the water
starts to empty from the lake. Indeed, black fish, e.g. Trochopodus spp, Ananbas
testudineus, Channa spp., was described to stay permanently in the lake or flood plains
and some were reported to conduct the lateral migration between the tributaries,
floodplains and lake (Lamberts 2001; Baran et al. 2006). Hence, the temporal structure
of fish community could be explained partly by the migration patterns of fish.

Moreover, most of black fish, i.e. climbing perch (Ananbas testudineus), walking
catfish (Claria spp.), snakehead (Channa spp.), gourami fish (Trochopodus spp.), were
described to tolerate the hypoxia environment since they are equipped with accessory
respiratory allowing them to breath in the air, and most of them are carnivorous fish
(Lamberts 2001; Baran et al. 2006). Generally, the food resource is limited during the dry
season; thus most of the resident fish, i.e. black and grey fish, feed mostly in littoral zone.
With the input of nutrients from Mekong‘s pulse, the feeding habitats are expanded and
more food is available on the offshore. Therefore, we found that the accessory respiratory
and feeding habitat traits were strongly correlated to the life history and ecological guild
of fish.

One remarkable feature was observed on F1 (Fig. 2a) was the rough shift in
community structure. This phenomenon has provoked the changes in the abundance of
large/medium-sized cyprinids, bagrids and catfish to small cyprinid and gourami fish.
Basically, this rough shift could be explained by the extreme pulse disturbance or
hydrological shift in the mid of 2013 due to the intense monsoon within the LMB.
Previous study in Parana river on the rough shift of community due to the pulse
disturbance has been illustrated the dramatic reduction in biomass of large predators and
a significant increase in abundance of the small prey (Agostinho & Zalewski 1995).
Moreover, Matthews (1986) has demonstrated that the extreme pulse event could change
in rank order abundance of numerically dominant fish and composition of the entire fauna
and the response of community to this event would take several years to get back to the
original assemblages. Additionally, as mentioned earlier, more environments are variable,
more the opportunistic species, e.g. mud carp or gourami fish, are beneficial.

Apart from the community structure, no significant relationships between the level

of synchronism and geographical distance of sites were observed as hypothesized. Thus,

144



the spatial variation of community structure was independent across the lake. Previous
studies on spatial synchrony (intra and interspecific) in Africa and Europe have come up
as well with no significant relationship between the level of synchronism and
geographical distance between the studied sites (Grenouillet et al. 2001; Tedesco et al.
2004). For instance, the sites located close to each other (Fig.1), i.e. BB and SR, exhibited
low value of temporal correlation (p). Besides, the temporal patterns of BB and KT seem
less matched to the reference structure (RV ~ 0.5), indicating the influence of site-specific
factors on the community dynamics (Daufresne et al. 2007). Habitat characteristics of
studied sites and influence of the large tributaries, i.e. Stung Sangke and Sen could explain
these differences (Fig. S2). Probably, the dynamics of fish community in BB and KT were
characterized by the flood pulse dynamics of tributaries. Nevertheless, we acknowledged

also that it would derive from the sampling efforts of fishermen.

Linking the temporal structure of fish community to hydrologic regime

Our results revealed the strong influence of the hydrological variation in the lake to the
temporal changes in community composition and functional traits. Indeed, the response
of fish community to the changes in hydrologic regime seems to lag within 1.5 months
before and after the arrival of pulse (Fig. S1). Very limited literatures on time lags
between the fish community and hydrologic regime could be found, particularly in flood
pulse lake ecosystem. Our work could probably be the first study to quantify the time lag
between fish community and hydrological condition. Previous study in neotropic, e.g.
Parana river floodplains, was reported the time lags of chlorophyll-a (6 days) and
phytoplankton (14 days) to the change of water levels in the floodplains (Agostinho et al.
2000). Thus, we could expect that the lags between water level and fish in TSL would be
greater than 2 weeks. From French Guiana river, Merigoux & Ponton (1999) showed that
the temporal changes in juvenile fish community were strongly correlated to the past 30
days’ hydrological conditions. Therefore, the estimation of time lags between 1.5 to 2
months in TSL could be reasonable. Given that Tonle Sap floodplains are huge and the
seasonal inundations would last longer than river floodplains. For instance, the flooding
periods of wetlands in the Central Amazonia were estimated to range from 50 days to 270
days (Ferreira & Stohlgren 1999). Besides, recent study on fish migration in the LMB
showed that flow regime and the first rainfall, which takes place about 2 month before

the peak season, were the key factors trigged the movement of the fish within the basin
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such as cyprinids (e.g. Cyclocheilichthys enoplus), pangaius (e.g. Pangasius larnaudii)
and silurids, which are the most sensitive species to the first rainfall (Baran 2006; MRC

2007b).

Conclusions and perspectives

In summary, we found that the temporal changes of fish community in TLS were
associated mainly to the functional traits. Besides, evidence from the rough shift of fish
community structure in the mid of 2013 caused by the extreme flood condition, we
implied that temporal changes of fish community structure in TLS were strongly related
to the flood pulse dynamics. Thus, any hydrological alterations induced by human
disturbance, e.g. dam fragmentation in the Mekong, or climate change could modify the
whole fish community structure. Moreover, based on the results of our study we suggested
that the temporal dynamics of fish community study should link to the functional traits
rather than taxonomic groups since it provides more general ecological patterns across
different taxa and regions compared to the taxonomic structure (Poff & Allan 1995; Olden
et al. 2010).

Apart from that, the decreased trend in size of fish could be a concern as we observed
more small fish (opportunist) dominated the community after some flood disturbance.
Partly, this mechanism could be linked to fishing pressures and overexploitation of
fisheries resources within the lake as illustrated in the previous study on food web
structure and ecosystem health assessment in TLS (Chea ef al. 2016b). Accordingly, in
the context of climate change, it was showed that the climate warming benefits the small
fish than large fish in aquatic ecosystems (Daufresne ef al. 2009).

In addition, we found that the responses of fish community to the hydrological
changes were lagged between 1.5 to 2 months. Therefore, accounting for these time lags
would be beneficial for fisheries conservation and management practices in the lake.
Finally, improving our knowledge on how functional traits of fish respond to hydrologic
regime will greatly enhance our ability to explain and predict how the local fish

assemblages will respond to global changes.
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Fig. S1. Cross-correlation between the time series of MCOA synthetic scores and daily
water levels in Tonle Sap Lake. The blue dot-lines indicate the significant levels with
95% of confident interval.

159



160



ARTICLE 4

Toward an ecological understanding of a flood-pulse system
lake in a tropical ecosystem: Food web structure and
ecosystem health.

R. Chea, C. Guo, G. Grenouillet and S. Lek (2016)

Ecological Modelling 323:1-11.

161



162



Eeological Modelling 323 (2016111

2 cowoaion

-

Contents lists available at ScienceDirect

Ecological Modelling

journal homepage: www .elsevier.com/locate/ecolmodel

Toward an ecological understanding of a flood-pulse system lake
in a tropical ecosystem: Food web structure and ecosystem health

@ CrossMark

Ratha Chea®®, Chuanho Guo®“+, Gaél Grenouillet?, Sovan Lek?

2 Université de Toulouse, Labo Evolution & Diversité Biziogique, UMRS174 EDB CNRS - Université Paul Sabatier-ENFA, F-31062 Toulouse, France
t Faculty of Agricuiture and Food Processing, University of Battambang, Raod 5. Battanbeng city, Cambodic
¢ Stare Key Laboratory of Fresitwater Ecology and Bictechnology, Instimze of Hydrobiology, Chinese Academy of Sciences, Wuhan 430072, China.

ARTICLE INFO ABSTRACT

Article history:

Received 29 August 2015
Received inrevised form

24 November 2015
Accepted 25 November 2015

Tonle Sap Great Lake (TSL) is the largest freshwater lake ecosystem in Southeast Asia and receptacle of
impressive biodiversity. However, there is surprisingly little knowledge of its ecosystem structure and
functioning. The main objective of the current work was to quantify the food web structure and assess
the ecosystem health status of the TSL system by constructing the first holistic food web model using Eco-
path with Ecosim (EwE ). The results indicate that the ecatrophic efficiency (EE) values were very high for
most of functional groups (EE > 0.5) except melluscs (0.146) and macrophytes [0.102). The high EE values

Ky st' =y together with the MTI (Mixed Trophic Impact) analysis indicated the overexploitation and degradation
Ecological indicators

Ecosystem management of fishery resources in the TSL system. The discrete trophic levels varied from 1 (phytoplankton, macro-
Ecopath with Ecosim phytes and detritus to 3.17 (snakehead). The energy transfer in the TSL food web was based mostly on the
Food web detrital food chain (77.9%) rather than the grazing food chain (22.1%), with an average transfer effidiency
Trophic interaction 0f8.27%. The ratios of total primary production torespiration (TPP;TR) and to biomass (TPP{TB) were 1.23
Tonle Sap Great Lake and 2.04, respectively, while the Ascendency and Finn cycling index (FCL of the system were estimared

at 27.4% and 23.62%. Nevertheless, the connectance index ((I: 0.253] and system omnivory index (SOI:
0.073)were in-between compared to other lake ecosystems, whichindicated that the food web structure
was characterized by linear, rather than web-like features. Systematic analysis and indicators suggested
that the ecosystem was a relatively healthy ecosystem achieving a certain stage of maturity, albeit with
avulnerable food web structure. Accordingly, some ecosystem-based strategies are presented for the
improvement of fishery management and ecosystem conservation in TSL.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

There is ample evidence that freshwater ecosystems globally
suffer from overexploitation, environmental pollution, biodiver-
sity decrease and habitat loss and/or degradation (De Kerckhove
et al., 2015; Fang et al., 2006). Natural resource management and
aquatic ecosystem assessment currently challenge both scientific
communities and environmental managers. In view of these facts,
itis widely recognized that an ecosystem-based approach is impor-
tant for managing sustainable natural resoutces and maintaining
ecosystem health in freshwater systems (FAO, 1995; Lietal,, 2009).

Tonle Sap Lake (TSL)is acknowledged as being the largest fresh-
water ecosystemn in Southeast Asia and is an ecological hotspot

* Corresponding author at: State Key Laboratory of Freshwater Ecology and
Biotectnclogy, Institute of Hydrobiology, Chinese Academy of Sciences, Wuhan
430072, China. Tel.: +36 27 65 78 07 17.

E-mail address: guochuanbo@gmail.com (C Gua)

http:/fds.doi.org/10.1015 ecolmodel. 2015.11.014
0304-3800/€ 2015 Elsevier B.V. All tights reserved.
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zoned as biosphere reserve in 1997 by UNESCO (United Nations
Educational, Scientific and Cultural Organization)(Lamberts, 2006;
UNESCO, 1997 ). The lake s characterized by the flood-pulse system,
interconnected with the Great Mekong River through the Tonle Sap
River (120 km long), creating hydrological processes unigue world-
wide with the reversed flow from the lake into the Mekong in the
dry season when water in the Mekong starts to recede (Arias et al.,
2013). Moreover, Tonle Sap Lake is one of the largest contributors
to freshwater fish which include more than 296 species ranking
the 3rd in the world just after 2 African Great Lakes: Malawi (433
species) and Tanganyika {309 species) (Baran et al.. 2007). Fishes
are the main sources of nutrition representing 80% of Cambodians
dietary proteins (Hort|e, 2007). Therefore, TSLis notonly important
due to its large area but it has also played a crucial role in ecolog-
ical, economic and socio-cultural values to sustain the livelihoods
of millions of people for centuries (Lamberts, 2006). Indeed, Tonle
Sap fisheries represent more than 60% of Cambodia’s inland fish-
eries captures — estimated between 289,000 and 431,000 tons of
carch annually (Van Zalinge et al., 2001). The average annual catch
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from TSL was reported to be between 179,500 and 246,000 tons
(Baran and Myschowoda, 2008).

In contrast to its importance, little effort has been focused on
understanding its aquatic communities, fishes and fisheries, bio-
logical status and primary production, let alone holistic studies as
such as that investigating food web and ecosystem properties in
TSLsystem { Lamberts, 2006). It was shown that among the world’s
largest tropical lakes and floodplains, TSL is the one where hydrol-
ogyand ecology has been studied the least (Junk et al., 2006a). Sofar,
most of the previous studies in TSL have [ocused mainly on fishery
production and its relationship with hydrological and environmen
tal factors (Baran and Myschowoda, 2008; Baran et al., 2001). For
instance, Lake George in Uganda which is 60 times smaller than TSL
and supports the livelihood of about 1700 households, has probably
received 100 times more research attention (Keizire and Muhwezi,
2008)

Due to the limited studies and related ecosystem approaches,
up until now, little is known about the ecosystem status and food
webstructure of TSL, since the interactions of biodiversitywithin an
ecosystem are very complex ( Baran and Myschowoda, 2008; Baran
et al,, 2007; Van Zalinge et al., 2001). Recent studies have shown
that TSL fisheries exert over exploitation. Subsequently, multiple
significantindicators have shown that the system, previously home
to many giant catfishes, giant barbs and stingrays, is now dom-
inated by small and low value species (Cooperman et al., 2012;
Enomoto et al., 2011), questioning the sustainability of the fish
eries in the lake. As a matter of fact, overfishing can impact the
food web structure and change the abundance of predators that
can alter the prey abundance leading to a cascade of trophic effects
(Sala et al., 1998). It is believed that the more an ecosystem is large
and complex, the greater its vulnerability (MacDougall et al., 2013).

Nevertheless, what do we know about the ecological interac-
tons of the TSL ecosystem, how can we optimise management
of the natural resources and maintain a healthy ecosystem? To
address these issues, a holistic ecological understanding is funda-
mental contributing to balancing productivity and maintaining the
health of ecosystems in response to present needs. The food web
is one of the key components in an ecosystem and ecologists have
been struggling for centuries to understand the real trophic inter-
actions among its living organisms (Ings et al., 2009). Food web
structure and interactions play a decisive role
dynamics of an ecosystem, and are of interest in many ecologi
cal studies (Kitchell et al,, 2000). This knowledge contributes not
only to maintaining the stability and sustainability of ecosystem
functioning, but also to the conservation and management of the
ecosystem to mitigate the present and future needs for feeding (Van
Worm and Duffy, 2003),

In recent years, Ecopath with Ecosim (EwE) has been widely
used all over the world to describe the trophic relationship and
the quantitative ecosystem properties (Christensen et al, 2005).
Many applications have been constructed on the largest and most
productive aquatic, terrestrial and coastal ecosystems (i.e., Lake
Malawi, lake Tanganyika, Gironde estuary, Mediterranean Sea)
(http:f jwww.ecopath.org/models). Moreover, EwE is a very suit-
ahle approach to study the ecological functioning of the large
ecosystern with limited availability of information and data, such
as Tonle Sap Lake (Coll et al., 2009).

This study aims to establish the first systematic model of trophic
interactions and ecosystem properties for the important, yet poorly
studied TSL ecosystem. Our main objectives are to(1) quantify the
food web structure and trophic interactions in TSL; (2) assess the
TSL ecosystem properties and health status based on the ecological
indicators attributed by the model: and (3) propose ecosystem-
based strategies for the improvement of fisheries management
in TSL The results are critically important for effective decision
making and policy development in terms of conservation and

sustainability of fishery resources and ecosystemn health in large
freshwater lakes worldwide.

2, Materials and methods
2.1 Tonle Sap Lake

Tonle Sap Great Lake (Fig. 1) is the most important wetland
within the Lower Mekong Basin and characterized by tropical mon-
soon climate (Arias et al., 2013). The water level in the lake varies
from 0.8m in the dry season to 9m in the rainy season causing
an expansion of the lake's area from 2500 km?-3000 km? to reach
10,000 km?-16,000km?when full (Matsui et al, 2005). More than
60% of the lake's water originally comes from the Mekong River
through the Tonle Sap River (120 km) with just 40% being drained
within the TSL lake basin and its tributaries (Matsui et al., 2005).
Since the area of the lake varies greatly between the dry and rainy
seasons, only 10,500 km? were taken in account for our study area
by assuming 2500 km? of permanent water and 8000 km? for the
average productive area of the floodplains within 3 months of flood -
ing periods (Koponen et al., 2010). Under the tropical wet and
dry monsoon regime, the annual rainfall within the lake area is
between 1300mm and 1900 mm, with the mean water tempera-
ture about 30°C(MRC, 2010). The TSL has been described as a meso
to eutrophic lake (Junk et al., 2006a) the average nutrient concen-
trations of 0.17mg L~ for total nitrogen, and 0.06mg ™" for total
phosphorus, with pH remaining almost neutral (Table 1),

2.2, Modelling approach

Ecopath with Ecosim (EwE) is free ecological modelling software
developed by Christensen and Pauly ( 1993), which creates a static
mass-balanced snapshot of the resourcesin an ecosystem and their
interactions, represented by trophically linked biomass “pools” or
ecological guilds (Christensen et al,, 2005). In recent years, EWE has
been widely used to address ecological questions, evaluate ecosys-
tem properties, study trophic relationships, explore the fisheries
management and restoration policies; and evaluate the effect of
environmental changes in cc | and coastal ecosy Coll
and Libralato, 2012; Kao et al., 2014; Rogers and Allen, 2012). The
algorithm of EwE is based on parameterization of the two mas
ter equations known as: (1) Production= catch + predation t net
migration + biomass accumulation + other mortality; (2) Con
sumption = production+ respiration + unassimilated food, can be
simplified and expressed as follows (Christensen et al., 2005):

nf,(g)i. By gaj.(%)j DGy -G =0 1

where B; is the biomass of group i; (P[B); the production biomass
ratio of group i, which is equal to the coefficient of total mortality
(Zyunder the steady state condition; EE; s the ecotrophic efficiency
of group 1; B;is the biomass of predator group j; ((L’E)j is the con-

Table 1

Physicochemical parameters of water quality in Tonle Sap Lake during 1995-2010.
Parameters Unit Mean+SD
Water temperature L 304045
oM S 7:007
Dissolved oxygen mgL 61089
Specific conductivity pScm-! 834139
Total suspended solids mgl’ 109462
Total phosphorus mgL? 006+ 009
Total nitrogen mgL? 017+ 004
Secchi depth m 1072026
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Fig. 1. Geographic location of Tonle Sap Great Lake.

sumption biomass ratio of the predators; EX; is the export of group
iz iand j are respectively numbers of prey and predator groups.

Biomass (B), productionfbiomass ratio (P/B), consump-
tion/biomass ratio (Q/B), ecotrophic efficiency (EE) and diet
composition (DC) are the main parameters of the Ecopath model.
To construct the model, the composition of the diet and at least
three of the four parameters (B, P[B, EE, and Q/B) are needed for
the basic input of the madel for each functional group (detailed
in Section 2.2.1). Additionally, the one unknown parameter can
Dbe estimated by the model through the Ecopath parameterization
algorithm.

2.2.1. Functional groups

EwE model provides a quantitative representation of the energy
flows in the food web of the ecosystem studied, This ecosystem
is represented by different categories, defined by the functional
properties of taxa included in each category and considered as
functional groups, which can be composed of one or many eco-
logically similar species (Coll et al., 2009). In TSL, 21 functional
groups have been defined to construct the mass balance model in
order to study the trophic relationship of this ecosystem (Table 2).
There were 12 fish functional groups, crabs, shrimps, molluscs,
other zoobenthos, macrozooplankton, microzooplankton, phyto-
plankton, macrophytes and detritus. The aggregation of the fish
functional groups was based mostly on the composition of diet,
traits (size), ecological guilds and commercial landing statistics
(Poulsen et al, 2004),

2.2.2. Data collection and preparation

2.22.1. Fish. Seventy common fish species with an important eco-
nomic value were selected for the study and were aggregated into
12 functional groups according to their ecological similarity. The
Dbiomass (B) and production/biomass ratio (PfB) of each fish func-
tional group were calculated by the empirical relationship of Pauly
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(1980) and Beverton and Holt (1957) as follows (Christensen et al.,
2005):

a=t;

B @

where B, Y, E Z and M represent the biomass (t km ), the annual
catch yield (tkm— year-'), the fishing mortality (year'), total
mortality (year'), and natural mortality (year~1); K, Ly, L, L' rep-
resent the growth rate of VBFV, asymptotic length of fish (cm),
mean length of fish (cm), cut off length of fish (cm). K, L, L, I’
were derived from the FishBase website (www.fishbase.org) and
previously published studies,

Annual fish yields of TSL were derived from the fish catch statis-
tic survey 1994-1997 of the fishing lots and fishermen in the
fishing lot zones around the lakes (Fig. 1) conducted by Mekong
River Commission (MRC) under the support of DANIDA (Danish
International Development Agency) in collaboration with Fisheries
Administration of Cambodia (Ly and van Zalinge, 1998), Fishing
lots (Fig. 1) are the commercial fishing zones around the lakes
auctioned by Cambodian government to the highest bidder for
exclusive exploration, so it is one of the government’s main instru-
ments for extracting fisheries resources from the lake (Van Zalinge
et al, 1998). There were about 125 fishing lots located around the
TSL, its floodplains, and Tonle Sap River. After the fisheries reform
in 2012, the fishing lots were completely removed from the lake
leaving 65% of the lake open to family fishing activities under the
management of community fisheries (CFi) and 35% for conserva-
tion purposes (CDRI, 2013). In our study, the average catch of the
TSL was assumed to be 235,000 tons per year, and the total fish
yield/landing was computed at 2238t km 2 by Van Zalinge et al.
(2001) and Ly and van Zalinge (1998).

The consumption biomass ratio (Q/B) was estimated from Fish-
Base website (www.fishbase.org). The diet composition of each fish
functional group was based on the literature reviews and report
from the previous studies Guo et al. (2013), Jia et al. (2012) and Lim
et al. (1999),
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Tahle2
Main species composition of each category for the Tonle Sap lake ecosystem.

No  Categoryname Main species compasition

1 Snakehead Channamicropeltes, Channa striata, Chenna gachua, Channa fudus
2 Catfish Pangosiuzs sp. ilis), Pangasius larnaudii
3 Soldier river barb Cydocheilichthys enoplos

4 Perch Anabas testudineus, Pristolepis fasciata, Parambassis wolffii

5 Other camnivores Hampalasp., B ia microlepis, ¢ i Wallag

Lycothrissa crocodius, Notopterus notopterus, Chitola

ornato, Kryptopterus cheveyi, Ompok siluroides, Cephatocassis bomeensis, Mastacembelus armuatus, Pholacrenotss apagon,

is, Ot

Belodontichtiys tuncatus, Colia Hndnani
Labea chr Cirrhi i

6 Large herbivores d
thibaudenui, Borbichtys loevis

ochil Catlocarpio siomensis, Cosmochilus hormandi, Tenualoso

o Small herbivores Labinborbus micracenthus, Gyrinocheilus penmacki, Labioborbus siomensis
§  Omni fish P imi, Osteachilus vittatus, Puntioplites proctozysron, i opii Systomus orpitoides,
Albulichthys albuloides
9 i fish Hemiby i us, L Tubripinna, Clarias sp., Hemib filamentus, M hi is, Cynoglossus
cymoglosss . Cyclocheili pogon, Pangosit Toneme. Toxotes sp.. Hyps phus fimbarus,
Thryssocypri i i i Probarbus fabeamajor
10 Gourami fish Trichopoduss sp., Trichopodas pectoralis
1 Mudcamp Henicorhyndhus sp.
12 Small fish Parolaebuwcn typus, Resbora tornieri, Rashora dusonersis, Parambossis apogonoides, Coricn lnciniotn, Puntins brevis, Porachela
‘sinmensis, Mystus sp. fatrifasciaus, abolineams)
13 Crabs. Swmnmanmiothelophusa lncuvita
14 Shrimps Mucrobrachim imchesteri
15 Molluscs Corbicula sp., limnoperna sp.

16 Other zoobenthos
17 Macrozoopankton
18 Microzooplankton
19 Phytoplankton

20 Macrophytes Barringtonia acurengulo, Efchhernia crassipes
21 Detritus -

Oligochaeta, Insecta (chironomidae), others.
Copedoda, Cladocera
Protozoa, Rotifera

(Chlorophyta, Cyanobacteria, Badllariophyta, Euglenophyta

2.2.2.2. Crabs and shrimps. The biomass of crabs and shrimps was
estimated from the field survey conducted by MRC in 2008 in the
northern part of Tonle Sap (Battambang province). MRC reported
that other aquatic animals (OAAs ) including crabs, shrimps, snakes,
frogs and others represented approximately 24% of the total catch
(Hortle et al,, 2008). Crabs and shrimps composed of 35.5% and
22.5% of total OAAs’ biomass, respectively. The estimated biomass
of crabs and shrimps were 3.76 t km~2 and 2.36 tkm -2 respectively.
The value of B/B and Q/B were modified from Guo et al. (2013) and
Jiaetal. [2012).

2223 Zooplankton and zoobenthos. The biomass of zooplank-
ton and zoobenthos were estimated from the field survey in TSL
(Ohtaka et al., 2010). In our study, the zooplankton communities
were divided into 2 functional groups: macrozooplankton (cope-
podaand cladocera) and microzooplankton (protozoa and rotifers).
The mean densities of zooplankton communities were: copepods
(347ind. L"), cladocera (87ind. I-1), protozoa (1040ind.L-!) and
rotifers(260ind. -1, It was noted that more than 70% of zooplank-
ton in TSL were microzooplankton, particularly protozoa.

Zoobenthos communities were categorized into 2 different
functional groups: molluscs and other zoobenthos i.e. oligochaeta,
insects including chironomidae). The estimated biomass of mol-
luscs was exceptionally high compared to other zoobenthos, with
an average biomass of 143.14gm-2 and 1.19gm"2, respectively.
The P{B and the production to consumption ratio (PfQ) of zooplank-
ton and zoobenthos communities were modified from Guénetre
etal.(2008)and Guoet al. (2013).

2224 Primary producers. The primary producers were charac-
terized by 2 functional groups: phytoplankton and macrophytes.
The biomass of phytoplankton and macrophytes were computed
as 548tkm2 and 1489tkm-2, respectively, from the previous
primary production model of the lake (Junk, 2006; Koponen et al,,
2010} In the TSL system, the phytoplankton was constituted
mainly by algal production (ie. chlorophyta, cyanobacteria,
bacillariophyta, euglenophyta) while the rooted and floating
macrophytes typed as terrestrial vegetation were dominated

by Barringtenia acutangula, Fichhernia crassipes (Campbell et al.,
2006). Furthermore, the P{B values of phyroplankton and macro-
phytes were estimated at 185 year~! and 1.67 year ", respectively,
similar to many Chinese and tropical lakes.

2.2.25. Detritus, The biomass of detritus was calculated using the
empirical equation from the primary production and euphotic
depth suggested by Christensen and Pauly (1993):

log D =0954 log PP +0.863 log £ - 2.41 (3)

where D is the detrital biomass in (gCm~2), PPis the primary pro-
duction in (gCm=?); Eis the euphotic depth in meters. The depth
of the euphotic zone was calculated as follows: E=2.5 x SD (Sec-
chi depth in meters), the average SD of TSLis 1.07 m and therefore
E=268m.

2.2.3. Model balancing and uncertainty

The Ecopath model was balanced by launching the first basic
estimation in parameterization to get EE values (EE<1) and P/Q
values (0.05-0.3) for all functional groups. In practice, a manual
modification on the input data was employed to balance the model
(Christensen et al., 2005). The new version of the Ecopath model
was balanced using ecological knowledge rather than entirely rely-
ing on computer algorithms, e.g., the diet compositions of some
functional groups were slightly modified in order to get the mass-
balance model (the modified diet matrix is shown in Table 1)

Pedigree wasused to describe the quality ofinput data by assign
ing the confidence interval based on their origins. This can be used
to evaluate the certainty of the model. With the individual compu-
tation of the pedigree index for each functional group, an overall
pedigree index (P) for the model was estimated as follows:

n
%
-y Tk
=1 jal

where lj is the pedigree index for model group i and parameter j,
nis the total number of modelled groups (Christensen et al., 2005).
Theoverall model pedigree index (P) ranges from 0 (low)to 1 (high)
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Table3
Basic input and estimated parameters (italics) for the 21 functional groups of the Tonle Sap Lake ecosystem.
Group number Group name FIL B(thm?) PIB{year} QB (year) EE v}
1 Snakehead RS 448 122 620 0598 0196
2 Catfish 258 138 [14:7] 310 0897 0249
3 Soldier river barb 27 364 0.94 550 0936 oIt
4 Perch 24 113 285 3340 0565 0085
5 Other carivores 2596 523 0.9 120 0.398 0134
6 Large herbivores 200 7.9 0.38 12.00 0.600 0031
i Small herbivores. 2.0 1308 068 3870 0952 0018
8 Omnivorous fish 241 223 273 290 0994 0119
g Benthivorous fish 256 4389 035 5.00 0934 0070
10 Gourami fish 222 226 121 1040 0933 0.116
n Mud carp 260 59 153 2640 0938 0058
12 Small fish 226 6.07 138 1820 0944 0076
13 Crabs 231 376 212 848 0721 0250
14 Shrimps 202 236 450 2440 0936 0184
15 Molluses 200 14310 430 1720 0146 0250
16 Other zoobenthos 200 118 5.00 2500 0843 0.200
17 Macrozooplankton 205 9.98 429 8587 0.900 0,050
13 Microzooplankton 200 374 1526 3053 0950 0050
19 Phytoplankton 1.00 5.48 185.00 0936
20 Macrophytes 1.00 1488.62 1.67 0.102
2n Detritus 100 2431 0871
Notes: FLT stands for fractional trophic level and B, P[B. /B, EE, P/Q respectively for Biomass. Production to Biamass ratio, Cansumption to Biomass ratio, Ecotrophic Efficiency,
Production to Consumption ratio.

qualityofthemodelstudied. Indeed, the pedigreevaluesof over 150
Ecopath models published ranged from 0.164 to 0.675 (Morissette
et al., 2006).

224, Network analysis and ecosystem properties

In Ecopath model, all ecological groups were also assigned
discrete trophic levels according to Lindeman (1942) with the
approach suggested by Ulanowicz (1995). Then, a modified
input-output analysis with the procedure “Mixed Trophic Impacts
(MTI}" described by Ulanowicz and Puccia( 1990} wasimplemented
in the EwE to describe how any group (including fishing fleets)
impacts trophically on all the other groups in an ecosystem. It
includes both direct and indirect impacts, i.e., both predatory and
competitive interactions (Christensen ef al., 2005).

Theoretically, in EwE, the ecosystem properties were quantified
by implementing the ecosystemn theories proposed by Odum and
Barrett (1972), Odum (1969) and Ulanowicz (1987). Accordingly,
a set of indicators were used to describe and assess the stability
and maturity of the ecosystem (Christensen et al., 2005), Indeed,
the flow indices, including the connectance index (Cl) and system
omnivoryindex (SOT), were used to describe whether the food web
is web-like or linear. Whereas, the connectance index [Cl) is a mea-
sure of the observed number of food links in a system relative to
the numnber of possible links (Gardner and Ashby, 1970). The value
of Cl depends on both the size of a system and on diet matrices,
while the SOI expresses the variance in the TL of the consumer
prey groups. Besides, a routine based on the approach suggested
by Ulanowicz [1987) was implemented to describe the numer-
ous cycles and pathways implied by the food web representing an
ecosystem. Finn's cycling index (FCT) is widely used to calculate the
flows with respect to cycled fractions in an ecosystem (Finn, 1976).
Moreover, the ecosystem information indices, i.e., ascendancy (A)
and system overhead (Q), were computed from information the-
ory as a measure of the average mutual information in a system
(Ulanowicz and Norden, 1990).

3. Results
3.1. Basic input and output variables

The balanced Ecopath model with the pedigree index (0.511)
and the measure of fit (2.523) indicated that the input parameters
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ofthe model were based on reliable sources and that the model was
robust with a high level of confidence (Table 5).

A set of basic input variables and the estimated parameters
from the model are listed in Table 3. Generally, the EE values of
all functional groups are less than 1, and most of the P{Q values
are between 0.05 and ~ 0.3, meeting the requirements of a bal-
anced model. The EE values of all the commercial fishery objectives
(e, fishes, shrimps and crabs) were much higher than 0.5. For
instance, omnivorous fish suffered the highest EE value of 0.994,
followed by small herbivores (0.952), small fish (0.944), mud carp
(0.938), shrimps (0.936), soldier river barb (0.936), benthivorous
fish (0.934), gourami fish (0.933), other carnivores (0.898), catfish
(0.897), crabs (0.721), large herbivores (0.600), snakehead (0.598)
and perch (0.565). However, the EE of macrophytes and molluscs
were extraordinarily lower than other function groups (i.e., 0.102
and 0.146, respectively) (Table 3),

3.2. Food web structure and trophic anafysis

3.2.1. Trophic structure

The fractional trophic levels (FTL) varied from 1 (macrophytes,
phytoplankton and detritus) to 3.17 (snakehead) (Table 3), The
snakehead group occupied the top trophic level with a biomass
of4.480 tkm~2y~1, followed by several carnivorous fish functional
groups, such as catfish (2.98), other carnivores (2.96), soldier river
barb (2.77) and perch (2.74). All the functional groups consisted of
the middle trophic levels of the TSLecosystem except macrophytes,
phytoplankton and detritus. Macrophytes and phytoplankton were
the main primary producers in TSL ecosystem. A more concisely
web-like figure was also shown in [ig. 2 to indicate the whole
interactions and energy flows in the lake food web.

3.2.2. Transfer efficiencies

From the Lindeman spine of the TSL system, two main food
chains, a detritus-based food chain and a grazing food chain can
be found (Fig. 3). However, around 77.9% of the whole energy
and matter (4245tkm~?y=1) flows through the detritus-based
food chain, while only 22.1% (1204 tkm=?y~") flows in the graz-
ing food chain, despite the high biomass of the primary producers
(1494 tkm~2y~1) (Fig, 3),

Five discrete trophiclevels (TLfrom Ito V)includingall the func-
tional groups of the TSL ecosystem were also pictured according
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Tabled
Diet composition matrix of the 21 function groups of the Tonle Sap lake system.
Group  Preyipredator : | 2 3 4 5 6 7 8 9 10 n 12 13 14 15 16 17 13
1 Snakehead
2 Catfish 0.005
3 Soldier riverbarb  0.030
4 Perch 0.040
5 Other carnivores 0.070
(] Large hetbivores
7 Small herbivores ~ 0.060  0.030 0.080 0050
8 ‘Omnivarous fish 0060 0.110 0.050
$ Benthivorous fish ~ 0.005
10 ‘Gourami fish 0005 0.001 0.030 0015
11 Mud carp 0.040 0150 0030 0050
12 Smallfish 0080 0.050 0100 ome 0005
11 Crabs 0130 0.050
14 Shrimps 0015 0.050 0.160 0025 o010
15 Molses 0260 0415 0400 0100 0565 0250 0350 0150 0300
16 Other zoobenthos 0050 0050 0010 0050 0020 0.001
17 Macrozooplinkton 0150 0.045 0300 0130 0150 0150 0130 0.050
18 Microzoaplankton 0200 0050 0.020 0050
19 Phytoplankron 0049 0150 0.150 0200 0600 0050 0100 0600 0040 0090 0270 0030 0200 0350 0100
20 Macrophytes 0.050 0800 0200 0350 0100 0080 0200 0050 0400 0.050
1 Detritus 0050 0050 0100 0100 0075 0200 0200 0350 0600 0200 0650 0205 0650 0970 0800 0600 0900
Sum 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000

to Lindernan (1942) (Fig. 3). The transfer efficiencies (TEs) are the
ratios between the sum of exports and flows predated by the next
level and the throughput on the trophic level. For the grazing food
chain of the TSL ecosystem, the TEs from TL 11l to TL V were 4.05%,
9.62%, 11.2% respectively, with a mean value of 8.29%. In parallel,
for the detrital food chain, TEs were 4.33%, 9.42% and 11% with a
mean value of 8.25%. The geometric mean of the trophic transfer
efficiency for the TSL. Lake ecosystem was 8.27%.

3.2.3. Mixed trophic impacts
The result of MTI exhibited both positive and negative effects
among each other's (Fig. 4). Only macrophytes, phytoplankton

Table 5
Ecosystem attritntes of Tonle Sap Lake.

Parameters Value Units.

Ecosystem properties

Surm of all consumption (TC) S677091  tkmty

Sum of all exports (TE) 654194 thmiy!

Sum of all respiratory flows (TR) 2845601 thmiy-t

Sum of all flows into detritus (TD) 4873439 thm?y

Total system throughput (TST) 14050330 tkm Tyt

Sum of all production (TP) 4297.950 thm2y-t

Mean traphic level of the catch (Tlc) 2482 -

Gross efficiency (catchnet pp.) 07 -

Calculated total net primary production 3499.795 thmy !
(TNPP}

Net system production (NSP) 654194 thmly!

Total biomass {exduding detritus} (TB) 1716580 thm2y-t

Ecosystem maturity

Toral primary productionftotal respiration 1230 -
(TPP/TR)

‘Total primary production/total biomass 2039 -
(TPPITE)

“Total biomass/total throughput (TB/TST) 0122

Food web structure

Connectance Index {CT) (11 S

System Omnivory Index (S01) 0075

Finn's cycling index (FCI) 2362 %oftotal

throughput

Finn's mean path length (FML) 4015 -

Ascendancy (A) [

System averhead (0 are -

Model reliability

Ecopath pedigree index 0511

Measure of it (') 253 -

and detritus had positive impact on most other functional groups,
this could explain the bottom-up effects from the ecosystem per-
spective. The other compartments showed direct predator-prey
interactions, cascading effects and competition. For instance, perch
showed significantly negative effects on some of the fish diet
groups like gourami fish, small fish, shrimps and other zooben
thos mostly because of the predator-prey interactions. A simple
example can be also seen from the relationships between macro-
zooplankton and microzooplankron, The fish groups seemed
to have more negative effects on each other mainly due to
trophic competition, for instance snakehead showed significant
negative effects on catfish, perch and other carnivore groups
mostly because they have similar food sources. Fishery had rel
atively strong negative effects on all the commercial fish and
shrimps, but was beneficial for omnivorous fish, crabs and some
other forage resources. It was observed that most groups had
a negative impact on themselves, interpreted here as reflecting
increased within-group competition for resources (Christensen
et al., 2005).

3.3. Ecosystem properties and indicators

The summary statistics and flow indices of the TSL ecosys-
tem are listed in Table 5. The total system throughput of the lake
ecosystem reached 14,050.330 tkm=2 y~', of which 40.4% derived
from consumption (5677.091tkm-2y-1), 4.65% from exports
(654.194 thm~2y~1), 20.3% from respiration (2845.601 t km~2y~1)
with 34.68% (4873439 tkm-2y~1) eventually flowing into detri-
tus. The sum of all production (TP) was 4297.950tkm-2y~1,
and the calculated total net primary production (TNPP) and
the net system production (NSP) were 3499.795 tkm-2y-1 and
654.194 tkm™2y !, respectively. Thus, the ratios of total primary
production to total respirarion (TPP/TR) and total primary produc-
tion to total biomass (TPP/TB) were 1.230 and 2.039 respectively.
The mean trophic level of catch was calculated at 2.482, and the
gross efficiency (catch/net primary production) was 0.007 in the
TSL ecosystem. Overall, in the TSL ecosystem, the values of low
indices, i.e., Cl and SOI, were estimated at 0.253 and 0.075 respec-
tively; while the FCl and Finn's mean path length (FML) calculated
by the model were 23.62% and 4.015, respectively (Table 5). Mean
while, the values of ascendancy and overhead were 27.4% and 72.6%
respectively (Table 5).
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Fig. 2. Schematic diagram of energy flow represented the food web structure of the Tonle Sap ecosystem. The grey lines denote the trophic levels 1, 2 and 3 respectively,
while the different sizes of the circles indicate the different biomass (km-?) of the function groups,

4. Discussion
4.1. Food web structure in TSL

The current study contributed to constructing the first mass-
balance model in the TSL ecosystem where ecological information
and understanding were scarce, The model is a useful tool for
assessing the ecosystem health and the overall functioning of this
large freshwater system. From the basic estimate of the model,
the biomass of fish groups in the TSL ecosystem was estimated at
58 tkm~# higher than the estimated biomass of fish groups in Lake
Victoria (43 tkm-2) and Lake Tanganyika (35 t km-2) (Christensen

Jo57

and Pauly, 1993), The relatively high biomass of the top predators
in TSL could produce a predation pressure on its forage species
through the top-down controls in the food web (Du et al., 2015).
The catch statistics from the lake showed that snakehead and
catfish were found to be abundant in the TSL system since TSL
and its floodplains are suitable feeding and spawning grounds for
many carnivore species (Van Zalinge et al,, 1998), Indeed, accord-
ing to their ecological guilds, snakehead and climbing perch (i.e.,
Anabas testudineus) were categorized as “Black fish” or resident
fish, they stay permanently in the lake, swamp or pond all year
round in contrast to many specics of catfish and soldier river barb
known as “White fish” that migrate between TSL and the Mekong

Fig. 3. Lindeman spine of Tonle Sap Lake system. " and D represent the primary production and detritus respectively, while the values in boxes indicate the biomass and

percentage of total system throughput (TST) for each trophic level (TL), The values above and below arn

level
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Fig. 4. Mixed trophic impact (MT1) of Tonle Sap lake ecosystem, The black bars pointing downwards show the negative impact on the functional groups, while the white
bars pointing upwards indicate the positive impacts. The heights of the bars are proportionate to the degree of the impacts and its values ranges from 110 +1

river. Intermittent between black and white fish, many species of
other carnivores (i.e, Wallago attu, Hemibargus sp., Belodentichthys
dinema, Colia lindmani, Krytopterus cheveyi) were categorized as
“Grey fish"; they do the short distance migration and tend to spend
the dryseason in the lake rather than migrating to the Mekong river
like the white fish (MRC, 2010). This could explain the high propor-
tion of top predators in the TSL food web since TSL is crucial for all
fish guilds to complete their life cycles.

Qne of the most prominent features in the TSL food web could
be observed from the variation of the estimated EE values in the
constructing functional groups, The EE values are defined as the
proportion of production that is exported out of the systemthrough
fishing activities or consumed by predators within it (Coll et al.,
2009), As a result, the EE values were estimated to be greater than
0.5 for almost all functional groups except molluscs and macro-
phytes, The high EE values of fish groups illustrated the pressure
ontheresources suffered from fishing activities as well as predation
pressure forthe forage fish groups (i.e., mud carp, small herbivores
and small fish). This result was consistent with many previous stud-
ies on the fishery production of the lake that have drawn their
concerns on over exploitation of fisheries resources in the lake
(Enomoto et al., 2011). In addition, Enomoto et al.(2011) illustrated
the fluctuation of CPUE (catch per unit effort) of snakehead (Channa
sp.) and catfish (Pangasius sp.) which tended to decline compared to
those of the opportunist species such as mud carp (Henicorhynchus
sp.). small herbivores (Labiobarbus sp.), and gourami fish (Trichopo-
dussp.). In 2008, the catch statistics from the fishing lots in the East
part of TSL(Kampong Thom province) illustrated that the CPUE. i.e.,
the total catch (t) divided by the total length of bamboo fence sys-
tems (km), of snakehead and catfish were about 2t km~" lower than
mud carp (6tkm-!) (Enomoto et al., 2011). Moreover, Lamberts
(2001) produced length-weight relationships for soldier river barb
(Cyclocheilichthys enoplos) and showed that this species, which can
reach a total length of 90cm, was found only at lengths of up to or
less than 45 cm, which is the most common in the lake,

In contrast, the estimated EE values of molluses and macro-
phytes were very low since molluscs and macrophytes were not
well utilized in the TSL ecosystem. Normally, macrophyte com-
munities are not easy to be utilized in the ecosystem when they
are alive (Christensen et al,, 2005), Campbell (2006) reported more
than 200 species of terrestrial vegetation are found in TSL. More-
over, the biomass of macrophytes represented more than 80% of
the total biomass in the ecosystem, but from an ecological point of
view, there are not many fish species that can consume large por-
tions of macrophytes (e.g., in TSL ecosystem, only large herbivores
were able to consume large part of macrophytes). Meanwhile, the
underlying reason for the extremely high biomass of molluscs in
the lake could be due to their low EE. Lamberts (2001) reported
that molluscs made up over 85% of zoobenthos communities by
weight. Moreover, Ohtaka et al. (2010) mentioned that molluscs
were very abundant compared to the other zoobenthos such as
oligochaeta and insects; which were found to be scarce in the lake
and which could suffer from predation by benthiverous fish in the
system. Indeed, the MTI analysis (Fig. 4) also showed the nega-
tive impactof benthivorous fish on other zoobenthos communities;
this could confirm its predation pressure on other zoobenthos
group. As the energy source of the ecosystem, we found the EE
values of phytoplankton and detritus approached 1, which were
comparatively high as other African great lakes (ie., L. Victoria,
Tanganyika, Malawi); particularly to Great Lake Chad with similar
biomass of phytoplankton, macrophytes and zooplankton commu-
nities (Christensen and Pauly, 1993),

Another remarkable feature of the TSL food web is the transfer
efficiency (TE) within its food chain. In TSL, the food web was more
based on the detrital food chain than on the grazing food chain.
By looking at the overall TE within the food web, we found low TE
from TLII to TL I1T and then the TE started to increase significantly
from TL Il to higher TLs, which is in contrast with the African great
lakes (i.e.: L. Victoria, Tanganyika, Malawi), where TEs declined dra-
matically from TL Il to higher TLs (Christensen and Pauly, 1993),
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This contrast drives us to point out the good utilization of fisheries
resources in TSL for human consumption and predation instead of
lacking exploitation as in the Alrican lakes. Nevertheless, overex-
ploitation of the fishery resources in the TSL was notified to fishing
down the food chain, consequently dominated by small-sized fish;
whereas a large proportion of primary production (macrophytes)
was not well utilized in the ecosystem. This conclusionis consistent
with the previous study of van Zalinge et al. (1998).

42. Ecosystem health assessment

The ecosystem health of TSL was quantitatively assessed using
the ecosystem attributes and ecological indicators given by the
Ecopath model. Xu et al. (2001) provided some indicators that
could be used to assess the |ake ecosystem health (i.e., phytoplank-
ton biomass, zooplankton biomass, species diversity, PIR ratio, P/B
ratio and buffer capacities). These indicators provided an over.
all assessment of the lake ecosystem health. Generally, a healthy
lake ecosystem is characterized by low biomass of phytoplankton,
high zooplankton and macrozooplankton biomass, high species
diversity, high P/B ratio and PjR ratio approaching 1 (Xu et al.,
2001),

With ecosystem development as stated by Odum (1969), the
ratio of total primary production to respiration (TPP/TR) and total
primary production to biomass (TPP/B) are two important indi
cators to measure the maturity of an ecosystem. The mature
ecosystem tends to have TPP{TR of nearly 1 and a low TPP/TB value.
Inthe TSL system, the TPP/TR ratiowas 1.23, much lower than most
the lakes worldwide, as Lake Taihu (3.85), Lake Qiandachu(3.725),
but higher than lake Hayq in Ethiopia (1.05). Therewith, the TPP/TB
ratio was 2482 in between the immature lake ecosystem Taihu
(11.6) and mature ecosystem lake Gehu (1.76), much lower than
Lake Awassa (5.834) and lake Malawi (66) (Liu et al., 2007; Fetahi
and Mengistou, 2007; Darwall ef al., 2010; Fetahi et al,, 2011; Jia
et al, 2012; Li et al, 2010;) According to Ulanowicz and Norden
(1990) and Ulanowicz (1987, the ratio of ascendency to system
throughput and overhead could also be the measurement of ecosys-
tem growth and development. The high overhead value indicates
the stability of the ecosystem; in TSL the ascendency was 27.4%,
slightly higher than Taihu lake (25.9%); yet much lower than the
mature ecosystem of Bao'an lake (38.7%) and Lake Gehu (33.2%),
which suggested that the lake achieved some level of stability close
to the mature stage.

The Finn eyeling index (FCl)represents the fraction of anecosys-
tem’s throughput that is recycled compared to total throughput.
Finn (1976) stated that this index strongly correlates with ecosys-
tem maturity, resilience and stability. Indeed, cycling index is
assumed Lo increase as systems mature and become more stable
(Odum, 1959). This is because low cycling is highly dependent on
energy passing rapidly through and is rather unstable and vulnera-
ble to the changes in nutrient input (Christensen and Pauly, 1993),
Moreover, a high cycling flow could also actually be a sign of stress,
especially if most of the cycling occurs over short periods near the
hase of the trophic ladder (Christensen et al., 2005). The value of FCI
in TSL was 23.62%, slightly lower than in Taihu lake in the 1960s
and 1980s(24.2%, 26.56%) and Quiandacho lake (24.2%), but higher
than other Chinese lakes: Gehu lake { 14.76%), Bao'an lake (9.25%)
Consequently, the higher the cycling index the more the ecosys
tem is released from stress(Guoetal., 2013; Jiaet al,, 2012; Lietal,
2010; Liu et al., 2007).

Inaddition, Cland SOl are the important indices used to describe
the food web feature, which could describe the system maturity
since the food chain is expected to change from linear to web
like as the mature ecosystem. Ecosystems with higher values of
ascendency (%) indeed reflect relatively higher levels of matu-
rity. In TSL system, the value of Cl and SOI were 0.253 and 0.075,
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respectively. Given the fact that the Cl value was almost the same as
the theoretical value (0.252) calculated using the empirical regres-
sion equation (Christensen and Pauly, 1993). Comparatively, the
Cl and SOl indices were much lower than for Lake Ayame in Ivory
Cost (0. 386, 0.193), and Lake Annecy in France (0.258, 0.107) and
slightly higher than Chinese lakes: Taihu (0.206, 0.042) and Bao'an
(0.205,0.058)(Janjuaand Gerdeaux, 2009; Traore etal., 2008). High
values of Cl and SOI could reflect the high diversity of diet compo-
sition while low values indicate a linear food web pattern rather
than a web-like structure.

According to Odum (1969), the high values of TPP/TR and
ascendency and the low values of TPP/TB, and the more detri-
tus dominated food chain, we concluded that the TSL ecosystem
achieved a certain stage of maturity with a vulnerable food web
structure due to the lack of complexity in the food web struc-
ture expressed by the low values of Cl and SOL The systematic
results globally suggested that TSL could be considered as a healthy
ecosystem (i.e., high biomass of macrozooplankton, low biomass
of phytoplankton, TPP/TR value near 1), however still suffering
from human disturbance (e.g., overfishing) (Odum, 1969; Xuetal,,
2001),

4.3. Ecosystem-based fisheries management

The overexploitation of aquatic living resources is common
in today’s fisheries worldwide, even [reshwater ecosystems are
heavilyinfluenced by intense fishing activities (Mchich et al, 2008).
Inview of these facts, 1t iswidely accepted that an ecosystem-based
approach to fisheries management is important for maintaining
sustainable fisheries and healthy ecosystems (FAQ, 1995; NRC,
1999). Ecosystem models are complementary to single-species
fisheries models in that they are potentially able to predict oth-
erwise unforeseen effects of trophic interactions; they are now
common in stock assessment and fisheries management (Coll et al.,
2006; Fletcher et al., 2005). Ecosystemn based fishery management
has already been widely employed worldwide, asin the Great Lakes
in the USA (Kolding et al,, 2008), Qiandaohu Lake (Liu et al., 2007),
Bao’an Lake (Guo et al., 2013) and Three Gorges Reservoir (Mao
et al., 2014)in China.

In the TSL system, MTI analyses have highlighted the fishing
pressure on many fish functional groups, especially the top preda.
tors (i.e, snakehead, catfish, other camivores, river barb, large
herbivores and benthivorous fish). Many previous studies on fish
productionof thelake have confirmed this compounded by the over
harvesting of the commercial species from the lake (Cooperman
et al, 2012; Enomoto et al., 2011). Overfishing could significantly
impact the food web structure of the lake causing the shift from
k-selecied species (large long-lived species) to r-selected species
(small fast growing species) (Travers el al, 2010). Recent statis-
tics of fish catch from the lake showed that the catch composition
was dominated by the opportunist species (mud carp, small herbi-
vores)and small size fish even economically importantspecies, that
means most of thern were caught at the young age or juvenile stage
and hadn't reached maturity (Enomoto et al., 2011; lieng and Van
Zalinge, 2003; Van Zalinge et al,, 2001). This could introduce the
“fishing down the food web” concept where large predatory fish at
the top of the food web are depleted, increasing the numbers of
small fish (Pauly et al, 1998).

Globally, fish and fishery resource management should aim to
increase predator diversity since numerous studies showed that
predator diversity canstrengthen ecosystem function and food web
structure, and thus improve the transfer efficiency(Careyand Wahl,
2011: Griffin et al.. 2008). As a recent example [rom the food web
model of Lake Hayq, the introduction of African perch (Tilapia)
in the lake contributed to improving the transfer efficiency and
maturity of the lake (Fetahi et al., 2011).
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Based on ecosystem analysis, to improve fishery management
and ecosystem health in TSL, ecosystem-oriented strategies are
suggested here:

Fish stocking and fry release could be an effective method
for compensating the fishery resources degradation. Additionally,
the trophic interactions must be considered in the stock assess-
ment and management program since predation could modulate
the population dynamics of the most important fishery resources.
Specifically in TSL, piscivores and omnivores such as catfish, snake-
head, river barb and other omnivorous fish could be advisable for
stocking. Since these are the two most important groups to mediate
biodiversity-ecosystem functioning relationships in the food web
(Bruno and O'Connor, 2005; Petchey et al., 2004).

More efforts should be taken in fish biodiversity conservation,
especially for some native species and endangered species. As an
example of Giant barb (Cartlocarpio siamensis) and Mekong giant
catfish (Pagasianodon gigas), which are the two giant herbivorous
and piscivorous fish in the TSL and Mekong systems, Their popula-
tions have decreased dramatically and they are rarely seen in the
lake these days due to habitat degradation (i.e, deforestation of
flooded forest, which is the key breeding ground for these fish) and
pressure from illegal fishing activities. Moreover, restricting the use
on fishing gear and the length of the fishing season could be very
beneficial to ensure the sustainability of the lake. As a result of the
recent stock assessment study in TSL, the reduction of the number
of small meshed gill nets {diameter <50 mm}) diverting more effort
to hook and line has contributed to the improvement of snakehead
and river barb production { Yen et al., 2009).

More attention should be also paid to the utilization of primary
production and detritus, not only to improve the energy flows in
the TSL ecosystem, but also to improve the water quality, espe-
cially during the dry season when it shows dramatic degradation
due to excess of production algae and submerged terrestrial veg-
etation. Therefore, stocking with large herbivores and omnivorous
fish (e.g., Labeo chrysophekadion, Cirrhinus microlepis, Catlocarpio
siamensis, Hypsibarbus malcoimi, Puntioplites proctozysron) could
be very favourable and consistent with the utilization of excess
macrophytes.

In combination with the ecological perspective, the construc-
tion of hydropower dams along the Mekong mainstream and its
tributaries could also be a major challenge leading to the degra-
dation of fisheries resources in the lake since many studies on the
impact of dams have concluded that it has a negative impact on
the TSL floodplain as well as flood duration, and sediment fluxes,
which are the key drivers of the TSL's productivity and sustaina-
bility (Arias et al, 2014). Thus, concrete strategic
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