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Fonctionnement des [(tangs en riponse aux stress et perturbations d®rigine

anthropique : diversit(| structure et dynamique des communaut('s vi gl tales.

Risum(:

Un des enjeux importants de IOcologie est de comprendre comment les pratiques
anthropiques affectent la biodiversit'] et quelles en sont les consiquences sur le
fonctionnement des [cosyst mes. L@bjectif de cette thi se est d@m(liorer la compr_hension
des micanismes rl gissant les communaut(’s vigltales aquatiques, et plus particulii'rement
ceux liCs aux perturbations anthropiques et aux phinomines d@utrophisation. Les m[ta-
“cosystimes constitu's de riseaux dOtangs agro-piscicoles sont des modiles dOtude
adapt(s [Jnotre problCmatique car ils sont sous forte pression anthropique et prisentent une
forte variabilit']environnementale.

Dans un premier temps, nous avons [tudill I@mpact des modes de gestion des bassins
versants sur |@utrophisation des [tangs. Dans un second temps, nous avons mesur( |@ffet
de l@utrophisation sur la productivit[] et la diversit(] des communaut(s phytoplanctoniques.
Enfin, nous avons relil1 3 types de contraintes giniries par les pratiques anthropiques
(I@utrophisation, I@ss chement et la connectivit[] entre les [tangs) sur les communaut(’s de
plantes aquatiques en termes de diversitl] splcifique et fonctionnelle. L@ffet de
|@utrophisation, le recrutement et I'_tablissement des communaut’s des plantes aquatiques
a [t[1abordlau travers de la relation entre la banque de graines et la v gl tation [tablie.
L@utrophisation est le facteur majeur responsable de la diminution de la biodiversit v gl tale
dans les [tangs. Cependant les perturbations ricurrentes constitules par les assecs,
engendrent une succession cyclique qui contribue [T maintenir une forte biodiversit'l dans les

‘tangs.

Mots-cli's : Ecologie des communaut’s, VI gltation aquatique submergle, Phytoplancton,
Banque de propagules, Eutrophisation, Connectivit[, Assechement, Pisciculture, Succession

cyclique, Diversitl] Fonctionnelle, Stratl gies Adaptatives, Traits d@istoire de vie,



Functioning of shallow lakes in response to anthropogenic stress and disturbances :

diversity, organization and dynamic of vegetation

Abstract:

One important issue of research in Ecology is to understand how anthropogenic activities are
influencing biodiversity and what are the consequences on ecosystem functioning. The aim
of the study is to improve the knowledge of the mechanisms governing aquatic plant
communities, particularly those related to human disturbance and eutrophication. Meta-
ecosystems constituted by networks of fish-farming shallow lakes are study models adapted
to our problematic because they are submitted to a strong anthropogenic pressure and
because they show a high environmental variability.

First, we studied the impact of watershed management practices on shallow lakes
eutrophication. In a second step, we measured eutrophication effect on productivity and on
diversity of phytoplankton communities. Finally, we were able to link 3 types of constraints
generated by human practices (eutrophication, drying and connectivity between shallow
lakes) to aquatic plant communities in terms of specific and functional diversity. The impact of
eutrophication, recruitment and establishment of aquatic plant communities has been
approached through the relationship between the seed bank and established vegetation.
Eutrophication is the major factor responsible for the loss of plant biodiversity in shallow
lakes. However frequent disturbances due to drying events induce a cyclic succession that

helps maintain a high biodiversity.

Key-words: community ecology, submerged aquatic vegetation, phytoplankton, propagule
bank, eutrophication, connectivity, drought, fish farming, cyclic succession, functional

diversity, adaptive strategies, life history traits
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INTRODUCTION

INTRODUCTION

Cadre g/ n(ral

Les petits plans d'eau (mares et [tangs) constituent un habitat essentiel pour de
nombreuses espl ces animales et vigltales et jouent un rile crucial dans le maintien de la
biodiversit[ rCgionale. Malgr(] leur importance confirmle, les connaissances nlcessaires [
leur gestion et [ leur conservation sont encore faibles en comparaison des autres milieux
aquatiques.

Ce travail de thise fait partie d@n projet dont I@n des objectifs est de comprendre la
manilre dont les modalitl’s de gestion des paysages agricoles et des [tangs structurent la
biodiversit[! et le fonctionnement [cologique de ces derniers, dans le but de proposer des
modalitl’s de gestion compatibles avec la conservation de la biodiversit] et des services
associ[s dans ces [cosystimes. De nombreux concepts et thlories en [cologie des
communaut’s ont [t[] [labor’s afin de comprendre la manilre dont les communautls
vivantes sont rigies par les contraintes de I@nvironnement. Ce cadre thlorique permet la
formulation d@ypoth[ses quant [la structuration et [1la dynamique des communaut’s dans
les [cosystimes, qui, si elles sont valides, aboutissent d@Qne part [ la validation des
mod(les thloriques, et d@utre part [l articuler ces rigles thl oriques de fonctionnement avec
des rigles de gestion, de conservation et de restauration des communaut(’s. Pour tester ces
hypoth(ses, la difficult’] riside souvent dans la nicessit[] de disposer dQn nombre suffisant
dOcosyst mes dont les caract(ristiques environnementales sont proches, mais qui varient
pour les variables d@nt(rit dont on souhaite mesurer les effets. Les mita-[cosystimes des
‘tangs de La Dombes constituent [ ce titre un systl me pertinent pour tester des hypothises

shscrivant dans le champ conceptuel de |Ocologie des communaut(s, et relevant en
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INTRODUCTION
particulier du rile des perturbations sur la dynamique de la biodiversit[] vigltale dans les
Lcosystl mes.

L@bjectif de la thise est de comparer I@npact des perturbations et du stress provoqulpar
les pratiques agricoles et piscicoles sur le fonctionnement des ['tangs et plus particulir rement
sur les communauti’s vigltales. Dans un premier temps, nous [tablirons une synthi'se des
T1ments bibliographiques concernant le fonctionnement des communaut’s vigltales
aquatiques, en s@htressant aux interactions avec les contraintes biotiques et abiotiques et [
la dynamique temporelle et spatiale des habitats. Cette synthi'se finira par le cas particulier
des [tangs piscicoles et les diff( rentes hypoth(ses qui ont ['tltestl'es au cours de ce travail
de th(se. Dans un second temps, apr(s une description rapide du site dOtude, nous ferons
une analyse critique de la mi'thodologie utilis'e pour ri’pondre aux diffi rentes hypoth(ses.
La troisiime partie sera di di[‘le aux r(sultats obtenus au cours de ma th('se au travers de 3
chapitres, constitu’s de manuscrits en anglais. Le 1°" chapitre concernera IOchelle du bassin
versant avec |Otude de 1@ffet des pratiques et de I@ccupation du sol des bassins versants
sur |@utrophisation des [tangs. Le 2™ chapitre concernera les communautls
phytoplanctoniques avec IOtude de |@ffet de I@utrophisation et de |@ss chement sur la
productivit(] la diversit[1ginirique et fonctionnelle des communauti's phytoplanctoniques. Le
3'™® chapitre concernera la dynamique des communauts de plantes aquatiques selon 3
aspects : premi_rement |@ffet de I@utrophisation, de I@ss chement et de la connectivit sur
la richesse splcifique, deuxi_mement |@ffet de I@utrophisation et de I@sschement sur la
diversit[] fonctionnelle et troisiimement 1@ffet de l@utrophisation sur le recrutement et
I'"tablissement des communautis vigltales au travers de la relation entre la banque de
propagules et la vi gl tation [tablie.La quatriime partie sera constitu’e dQne discussion des
diffcrents risultats, notamment dans le cadre de la biologie de la conservation, et des

perspectives pouvant faire suite [ ce travail de th(se.
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INTRODUCTION

1.1 Param(tres rigissant les communaut's vigltales des

cosyst mes lentiques

Dans les systi mes lentiques, les producteurs primaires sont compos('s en grande majorit[’
par le phytoplancton et les plantes aquatiques. Le phytoplancton regroupe la totalit(] du
plancton autotrophe, compos(] des cyanobactiries (procaryotes photosynthitiques) et
d@lgues microscopiques que sont les chlorophytes (algues vertes), les diatomies, les
euglenophytes, les dynophycles, les cryptophytes et les chrysophytes (Reynolds 1984). Les
plantes aquatiques comprennent les characles (algues macroscopiques), les briophytes et
les plantes vasculaires prisentes dans la masse d®au. L@nsemble des plantes aquatiques
peut [tre divis[] en diff_rents groupes selon leur position dans la masse d@au : les plantes
submergies et les plantes [1 feuilles flottantes qui peuvent [tre enracinfes ou non
(hydrophytes), les plantes [ feuilles 'mergies (hl(lophytes) et les plantes qui peuvent
supporter indiffLremment des conditions exondes ou inondles (amphiphytes). Dans ce
travail, I@ttention s@st portie sur les hydrophytes et les amphiphytes. En effet les
h( lophytes, du fait que la majorit[1de leur appareil vi gl tatif occupe le milieu aCrien, ne sont
pas soumis aux m[mes contraintes que les autres groupes de plantes aquatiques
(disponibilittlen nutriments et en lumilre, gravitl}, contraintes m[caniques, par exemple).

L@nsemble de ces esplces vigltales appartient (] un mime groupe fonctionnel,
exploitant des ressources communes et peut [tre considr[1 comme une guilde, au sein de

laquelle la comp_tition est le mode d@hteraction pridominant.
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INTRODUCTION

1.1.1 Comp! tition dans les communaut('s vi gl tales

La comp(tition au sein des communautl's vi gltales peut avoir lieu [ plusieurs [chelles,
soit entre individus de la mi'me esplce (intra-splcifique), soit entre esplces diff rentes
(inter-splcifique) au sein du phytoplancton, des plantes aquatiques, ou entre des esplces
appartenant []ces deux groupes taxonomiques.

Le modlle de comp(tition inter-splcifique de Lotka-Volterra (Volterra 1926; Lotka 1932)
pridit dans le cas d@ne comptition non friquence-d pendante, que lorsque la comp_tition
inter-spLcifique est plus forte que la compL_tition intra-spLcifique, I@splce la plus compLtitrice
pour la ressource exclut I@splce la moins compttitrice. Le principe d@xclusion comptitive
(Gauss 1934; Hardin 1960) pri dit que deux esplces ne peuvent coexister de manilre stable
sur une mime ressource limitante. De nombreux exemples empiriques d@xclusion
comp(titive entre deux espices ont [t[] observis dans le cas d@hteractions simples, oLl le
moindre avantage reproductif mine t't ou tard [ IQlimination du comptiteur inflrieur et [
|@ccroissement de la densit(] du compL_titeur sup(rieur (Gauss 1934; Connell 1961; Tilman
1976; Taniguchi and Nakano 2000). Cependant I@bservation des systimes naturels montre
qu@n grand nombre d@splces, exploitant a priori la mime niche, peuvent coexister. Dans
un systtme complexe, d@pr(s le principe d@xclusion compltitive, les esplces
“cologiquement semblables ne peuvent cohabiter [ IOquilibre que s® existe au moins une
diff_.rence dlterminante entre leurs niches, dans ce cas le nombre d@splces coexistant []
|Oquilibre ne devrait pas exclder le nombre de facteurs limitants (Tilman et al. 1982). La
coexistence de nombreuses espl ces dans des environnements relativement homog( nes et
peu structur(s (‘plankton paradox' de Hutchinson 1961) peuvent cependant s@xpliquer par
certains facteurs limitants externes (cycle de vie, interaction pridateur-proie, interactions
chimiques, E ) ou par le fait que ces communaut’s n@tteignent jamais IOquilibre (Wilson

1990; Roy and Chattopadhyay 2007).
14



INTRODUCTION

DiffCrents mlcanismes sont Cvoquls pour expliquer la coexistence des espltes au sein
d@ne communaut(l: i) Le modile de Lotka-Volterra pridit une coexistence stable des
comp/(titeurs lorsque la comp(tition intersplcifique est, pour toutes les esplces, plus faible
que la compltition intrasplcifique. Dans ce cas, la difffrenciation des niches tend [
concentrer 1@ffet de la compLtition au sein des esplces plut[t qu@ntre elles. ii) Le principe
selon lequel les esplces suffisamment semblables pourraient aussi coexister au mi'me titre
que les esplces suffisamment diff rentes (Scheffer and van Nes 2006). Ces deux strat gies
produisant une structure de niches auto-organisies vers lesquelles les esplces convergent
au cours de I'Cvolution. iii) Le mod(le de Lotka-Volterra pridit aussi une coexistence lorsque
la compltition est friquence-d pendante nigative. Selon ce principe |@spice la plus
abondante devient la moins compltitive, elle est donc remplacie par I@splce la moins
abondante, qui devient [1son tour plus abondante et moins compLtitive, et I©n observe alors
une alternance de dominance entre les esplces entralnant une coexistence des
comp!titeurs (Chesson 1994; Chesson 2000).

La comp(tition peut reposer sur la consommation de ressources semblables comme la
lumifre et les nutriments (compltition par exploitation), ou sur des micanismes
dnterfirence, tels que I@IIClopathie, micanisme selon lequel les espices vl gltales ont
recours [ des substances phytotoxiques particuliires. Concernant la comp(tition pour les
ressources, la thCorie pridit que la relation entre la richesse spltcifique et le niveau de
ressources forme une courbe en cloche (Huston 1994; Grime 2002). Seules les esplces
tol rantes au stress (au sens de Grime 2002) survivent pour des niveaux de ressources
faibles, tandis que les espltes les plus compltitives composent les communaut’s
correspondant [1 des conditions de ressources non limitantes. Dans ce dernier cas, les
interactions comp’titives ne concernent plus les ressources, qui sont en concentration
suffisante pour chacune des diffCrentes espices (Tilman 1990), mais |@space, |@spice [Ila

croissance la plus rapide s@ccaparant I@space disponible et excluant les autres esplces.
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INTRODUCTION
Selon ce modlle, la richesse splcifiqgue est maximale dans des habitats [ niveau
interm(_diaire de ressources, car les deux types d@splces cohabitent, en plus des esplces

associl es aux niveaux de ressources interm(diaires (figure 1).

Espéces
intermeédiaires

Espécestolérantes

Espé_ces aux stress
compeétitrices

Richesse spécifique

Stress

Figure 1 : Distribution thlorique de la richesse sp(cifique le long d@n gradient de stress

1.1.1.1 Compltition pour la lumilre

La lumilre est un [l ment indispensable pour la photosynthi'se et son intensit(] rigit la

distribution des organismes autotrophes.

- Compltition pour la lumi‘re au sein des esp’ ces phytoplanctoniques :

La stabilit1de la colonne d@au apparat comme un facteur cl] pour I@ccls [Ila lumilre et
la structure des communautis phytoplanctoniques (Huisman et al. 2004). La th(orie pridit
que dans les eaux bien mix[es, les esplces phytoplanctoniques dont I@htensit ) lumineuse
critique est la plus faible sont les meilleurs comp(titeurs pour la lumifre (Huisman and
Weissing 1994; Weissing and Huisman 1994). Lntensit[) lumineuse critique d@ne esp’ce
correspond [J la valeur minimale au dell de laquelle la lumilre est en excls lorsque
I@bondance de la population est maximale et stationnaire. Dans un milieu avec plusieurs

esplces, |@splce avec I@htensit lumineuse critique la plus faible exclut les autres espices
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en rCduisant IGhtensit[] lumineuse non absorble en dessous de I@tensit ! lumineuse critique
de toutes les autres esplces. Cette pridiction a [t confirmle par plusieurs [tudes
explrimentales de compltition entre esplces phytoplanctoniques (Huisman et al. 1999;
Litchman 2003; Passarge et al. 2006).

Dans des eaux faiblement mixles, les esplces avec une faible intensitl] lumineuse
critique peuvent perdre leur avantage compltitif si d@utres esplces, comme les esplces
flottantes, sont capables d@voir une position plus avantageuse dans la colonne d@au
(Huisman et al. 1999; Elliott et al. 2001; Klausmeier and Litchman 2001). Certaines
cyanobactiries du genre Microcystis sont capables de flotter, mais leur avantage comptitif
pour la lumilre peut varier au sein du genre entre les souches non toxiques, meilleures
compl titrices pour la lumilre, et les souches toxiques, dont les ressources investies dans la
production de toxines ne seraient plus disponibles pour d@utres fonctions cellulaires

(Kardinaal et al. 2007).

- CompLtition pour la lumi‘re au sein des esplces de plantes aquatiques :

De nombreuses [tudes explrimentales dimontrent que |©@mbrage est un param(tre
important dans les interactions comp(titives chez les plantes aquatiques. La capacit[] de
certaines esplces [ exclure les autres esplces, en particulier dans des habitats tri(’s
productifs, est fortement attribule (I leur morphologie et [ leur capacit’] [ s@pproprier
|@space et la lumire (Scheffer 2004; Herb and Stefan 2006).

Il existe peu dOtudes sur la compL_tition pour la lumiLre entre esplces [feuilles flottantes,
car les feuilles [tant toutes situles [1la surface de I@au, I@sue des interactions comp!titives
pour la lumiCre devrait d[pendre fortement de la vitesse de croissance et de colonisation de
|@space bidimensionnel constitul par la surface de I®au (Zhonghua et al. 2007). Certaines
morphologies peuvent cependant apporter un avantage comp(titif, comme par exemple chez

Lemna gibba qui poss[de une structure compos(e d@[ renchyme qui la sur(llve |L g rement
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au-dessus de la surface de I@au, Iui fournissant ainsi un I ger avantage compl!titif pour la
lumiCre par rapport [JL. minor (Rejmnkov(11975).

La compltition pour la lumilre entre les plantes submergies dipend de la forme de
croissance des esplces. Les esplces de type rosettes supportent peu la comp(tition tandis
que les esplces caulescentes, grice [ leur tige [rigi'e, ont une plus grande capacit(] [
atteindre les zones avec plus de lumirre (Middelboe and Markager 1997; Vestergaard and
Sand-Jensen 2000; Bornette and Puijalon 2009). Parmi les espltes caulescentes, la
comp(tition pour la lumilre di'pend alors de la vitesse de croissance et de la capacit(] [
coloniser I@space. En culture mixte, la croissance plus rapide et la forte longation d&lodea
nuttallii conduit [ la formation d@ne canople qui limite la croissance d&. canadensis quelle
que soit I@htensit(] lumineuse (Barrat-Segretain 2004). De mime Potamogeton pectinatus,
esplce [ croissance rapide, [limine Myriophyllum exalbescens [1 croissance plus lente
lorsqu@lles sont placles en comp(tition (Moen and Cohen 1989). Cependant I@sue de la
comp(tition d'pend bien souvent des conditions environnementales. Par exemple pour une
faible intensit] lumineuse, la forte [longation des tiges de Myriophyllum spicatum, la rend
trCs compl_titive tandis qu®i forte intensit’ lumineuse, la croissance de M. spicatum est limit(]
par M. sibiricum, sup(rieure dans la compLtition pour d@utres ressources telles que |@space
et les nutriments (Valley and Newman 1998).

LOmbrage des plantes [ feuilles flottantes sur les plantes submergles induit une
asym/(trie dans la compltition pour la lumilre entre ces deux morphes (Scheffer et al. 2003),
observie dans plusieurs [tudes (e.g. Barrat-Segretain 2004; Herb and Stefan 2006). En
culture mixte, Potamogeton nodosus (feuilles flottantes) diminue la densitl! de Hydrilla
verticillata (feuilles submergles) (Spencer et al. 2000), de mime que Potamogeton
gramineus (feuilles flottantes) diminue la biomasse de P. pectinatus (feuilles submergles),

surtout pour de fortes intensit’s lumineuses (Spencer and Rejminek 2010).
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- Compltition pour la lumilre entre le phytoplancton et les plantes aquatiques :

La comp(tition pour la lumilre entre la vigltation et le phytoplancton est [galement
fortement asymltrique, car I@ugmentation de la biomasse phytoplanctonique induit une
augmentation de la turbidit(] et diminue I@htensit[] de la lumilre disponible dans la colonne
d®au (Scheffer et al. 1993).

La capacitl] des plantes aquatiques [1 survivre dans des habitats aux conditions
lumineuses di favorables est partiellement reliCe []leur forme de croissance. En gin(ral, les
conditions de faible luminositl] dans les zones littorales peu profondes favorisent la
dominance par les hilophytes, tandis que les eaux plus profondes ont tendance [ [tre
colonis(es par des esplces (1 feuilles flottantes, au dltriment des esplces submergles
(Squires et al. 2002; Nurminen 2003). Pour les plantes (1 feuilles flottantes telles que
Nymphaea et Trapa, la transparence de l@au en dibut de saison est favorable [
|Gtablissement [ partir de semences, mais une fois les plantes matures [tablies, elles
peuvent prosplrer dans des eaux de faible transparence (Gopal and Sharma 1990). Les
plantes submergies requilrent entre 2 et 30% de la lumiCre incidente arrivant en surface,
suivant les esplces (Dennison et al. 1993; Middelboe and Markager 1997) et peuvent se
dCvelopper [June profondeur correspondant (12 ou 3 fois la transparence maximale mesurie
] I@ide d@n disque de Secchi (Canfield et al. 1985; Chambers and Kalff 1985). Les
bryophytes aquatiques peuvent survivre [1des taux de luminosit']plus faibles que les plantes
vasculaires aquatiques (Middelboe and Markager 1997).

Cette variation de tolrance []©@mbrage induit une diminution de la richesse splcifique
des plantes aquatiques lorsque la turbiditi/liCe au phytoplancton augmente (Barko and Smart
1981; Middelboe and Markager 1997). La diminution de la biomasse des plantes aquatiques
le long d@n gradient croissant de turbidit'1a [t)d montrCe [1de nombreuses reprises sur le
terrain et en laboratoire (Barko and Smart 1981; Chambers and Kalff 1985; Middelboe and

Markager 1997; Boedeltje et al. 2001; Squires et al. 2002). Cependant, on note des
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variations en fonction des esplces de plantes aquatiques et de phytoplancton impliquies
dans I@hteraction compltitive. Ainsi, la croissance et |@ctivit( photosynth( tique de Vallisneria
natans est plus faible en pri’sence de phytoplancton domin( par des chlorophytes, que sous
une toile d@mbrage simulant une diminution de I@tensit[] lumineuse similaire (Li and Ni
2007). Ce risultat, comme d@utres explriences du mime type, suggire que le
phytoplancton peut affecter la vig/tation par d@utres micanismes que la limitation de

I@ccls [1la lumilre.

1.1.1.2 Compltition pour les nutriments

Les nutriments requis par les organismes autotrophes aquatiques sont principalement

|@zote (N), le phosphore (P) et le carbone (C).

- Compltition pour les nutriments au sein des esplces phytoplanctoniques :

D@nportantes diff.rences existent entre les diffirents groupes phytoplanctoniques
concernant leurs exigences nutritives et leurs capacit’s [1satisfaire leurs besoins nutritifs. La
croissance des diatom(es nicessite de la silice, les cyanobact(ries et les chlorophytes sont
gnlralement tri’s exigeantes en phosphore pour leur diveloppement et certaines
cyanobactiries sont capables de fixer |@zote atmosphirique (Reynolds 1984). La limitation
en silice (Si) est un phi’nom(ne g nlralement durable dans le temps comparativement aux
carences en azote et phosphore, dont I@htensit( et la dur’e sont diminules par le recyclage
rapide de ces deux [1lments (Sommer 1989). Il a ['t[] montr(] explrimentalement que la
disponibilit’] relative de ces nutriments modifie I@sue des interactions comp!titives ; un fort
rapport Si/P favorise la domination des diatomes, un fort rapport N/P favorise la domination

des Chlorophytes alors que des faibles rapports Si/P et N/P favorisent la domination des
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cyanobactiries (Kilham et al. 1986; Tilman et al. 1986). Les mi ' mes observations ont [t[]
faites en milieu naturel (Reynolds 1984).

Ces diff_rences d@xigences entre groupes taxonomiques proviendraient de diff rentes
adaptations  morphologiques, physiologiques et comportementales. Le rapport
surface/volume modifie la productivit'] synthitique, au profit des esplces de petite taille
(Wetzel 1983). La mobilit’] permettant d@m/(liorer I@ccls aux ressources nutritives, les
esplces flagellles ou certaines cyanobactiries possidant des vacuoles gazeuses ont
tendance [ [tre moins sensibles aux limitations nutritives dans un milieu ol les ressources
sont rlparties de falon hitroglhe, tandis qu@lles perdent cet avantage compLtitif dans un

milieu homog(ne, et sont alors rapidement [ liminCes (Sommer 1989).

- CompLtition pour les nutriments au sein des plantes aquatiques :

Les plantes aquatiques peuvent assimiler les nutriments contenus dans le sidiment et
dans la colonne d@au, et cette aptitude varie en fonction de leur forme de croissance (Barko
and Smart 1986; Chambers 1987; Schneider and Melzer 2003). Les esplces enracin’es
peuvent assimiler 1@zote, le phosphore, le calcium et d@utres nutriments clCs dans le
sCdiment, tout en assimilant le carbone inorganique dans la colonne d®au. Les esplces
submergles non enracinles assimilent tous les nutriments dans la colonne d®au tandis que
celles 11 feuilles flottantes ou les hilophytes peuvent puiser le carbone inorganique dans
|@tmosphire. La dominance d@splces flottantes non enracin(es est favorisie dans les
syst_mes [ forte concentration en nutriment dans la colonne d®au, car la compltition pour
les nutriments devient moins importante que celle pour la lumilre (James et al. 2005, Lacoul
and Freedman 2006, Barker et al. 2008).

Abstraction faite du carbone, on considire en giniral que les nutriments limitant
potentiellement la croissance des plantes aquatiques sont les phosphates et I@zote (sous

forme de nitrates ou d@mmonium), mme si d@utres I ments minlraux peuvent [tre
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importants (Barko et al. 1986, Heegaard et al. 2001, Thiebaut et al. 2002). Elser et al. (2007)
montrent dans une m[ta-analyse que l@nrichissement en azote ou en phosphore dans les
“cosystlmes d@au douce augmente la productivit'] primaire, d@utant plus lorsque les deux
param(tres augmentent simultaniment. La source d@zote privil_gile par les plantes est
I@mmonium (Jampeetong and Brix 2009) mais dans certains cas, particulirrement en milieu
alcalin, il peut [tre toxique et inhiber la photosynth('se en provoquant un di’siquilibre interne
entre carbone et azote et des nicroses tissulaires (Cao et al. 2009 ; van Katwijk 1997). Il
existe une forte variabilit’] dans la tollrance [Jce compos(]au sein des plantes aquatiques ;
par exemple, une forte concentration en ammonium peut provoquer 3 types de
rlactions chez 3 esplces d&lod e : stimuler I@ctivit(] photosynth( tiques (E. nuttallii), |thhiber
(E. canadensis) ou n@voir aucun effet (E. ernstae) (Dendne et al. 1993). La corrllation
nCgative entre la concentration d@mmonium et I@bondance des plantes aquatiques, pourrait
dans certains cas provenir de l@ugmentation de la turbiditl] (le phytoplancton utilisant
prioritairement I@mmonium) plut’t que d@n effet toxique (Li et al. 2008b).

La croissance de la vl gl tation submergle, en particulier dans les systlmes acides et
stagnants, est souvent limitCe par la disponibilitt] en carbone (Murphy 2002). Certaines
esplces appartenant au groupe fonctionnel des isoltides possident des adaptations
morphologiques et physiologiques pour faire face [ une faible disponibilit’] en carbone
inorganique dissous comme la capacit] dQtiliser le CO, dans I®au interstitielle ou le
m[ tabolisme acide crassulacien (Keeley 1998; Madsen et al. 2002). Les isoltides sont de
forts compl(titeurs [ faible concentration en CO,, tandis quQl de fortes concentrations en
CO,, elles sont dominCes par les elodeides qui sont caractrises par un fort taux de

croissance et un dlveloppement vertical (Spierenburg et al. 2009).
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- Compltition pour les nutriments entre le phytoplancton et les plantes

aquatiques :

Les plantes aquatiques peuvent modifier directement ou indirectement la
biodisponibilit. ) des nutriments dans la colonne d@au au travers de nombreux processus. La
vl gltation submergle augmente la surface disponible pour le plriphyton (Blindow 1987) et
favorise le relargage du carbone organique et la production bactirienne (Wetzel and
S¢ ndergaard 1998), ce qui affecte la comptition pour les nutriments entre le phytoplancton
et les communautl’s periphyton/bact(rie. La pri’sence de Characles contribue galement [
diminuer la concentration du phosphore dans 1@au (Kufel and Kufel 2002; Mulderij et al.
2007), car mime si la majoritl1 du phosphore est puisie dans le s diment par les racines,
leur capacit.] [ dCcalcifier 1@au entrane une immobilisation du phosphore par co-
pricipitation. Dans les systimes eutrophes, la forte activit'] photosynthitique des plantes
aquatiques entralne une augmentation du pH, ce qui favorise le relargage du phosphore du
s diment dans la colonne d@au (S¢,ndergaard et al. 2003). L@ccumulation et la dgradation
de la matilre organique produite par les plantes aquatiques gl nirent souvent |@pparition de
conditions hypoxiques et anoxiques [ lGhterface eau-si diment qui favorisent le relargage du
phosphore et augmentent la dlnitrification et la concentration d@zote min(ral (Eriksson and
Weisner 1999).

Malgr( I@xistence de facteurs diminuant la biodisponibilit”] des nutriments dans les eaux
douces, leur concentration reste souvent suplrieure [1la concentration limitante pour le
phytoplancton (Sandgren 1988). La compltition entre plantes aquatiques et phytoplancton,
lire [7la disponibilitt] des nutriments, serait donc plus importante dans les lacs oligotrophes
(Jeppesen et al. 1999), localis[e principalement dans les tapis de plantes aquatiques et
dpendante des espl ces prisentes et de leur abondance (S¢ ndergaard and Moss 1998).

Le phytoplancton est compos(! d@rganismes microscopiques [ cycle de vie tris court,

tandis que les plantes aquatiques sont des organismes de grande taille I cycle de vie annuel
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ou pluri-annuel. La consommation et le stockage [1long terme des nutriments par les plantes
devrait limiter le phytoplancton (Scheffer et al. 1993; Kufel and Kufel 2002). Cependant les
tudes conduisent [ des risultats contrast(s et une compltition pour les nutriments en
faveur des plantes aquatiques et au ditriment du phytoplancton apparait comme peu
probable (Mulderij et al. 2007).

DQ@utres explications que la compl tition pour les nutriments ont [t(]avances concernant
IOventuelle inflrioritt compltitive du phytoplancton sur la vigltation. Des [tudes
explrimentales ont montr(] que |@ffet n[ gatif des plantes aquatiques sur le phytoplancton ne
serait pas d(] [l la compLtition pour les nutriments, mais plut’t [11@II lopathie (Van den Berg

et al. 1998; van Donk and van de Bund 2002; Mulderij et al. 2003).

1.1.1.3 Allllopathie

L@l lopathie concerne I'ensemble des interactions biochimiques directes ou indirectes,
positives ou n_gatives, d@n organisme sur un autre, au moyen de m(tabolites secondaires.
Elle joue un rile important dans la comp(tition entre organismes chez les plantes aquatiques
et le phytoplancton. Certaines cyanobactiries si critent des toxines qui [Iforte concentration,
peuvent rlduire significativement la croissance de la vigltation aquatique (Mitrovic et al.
2005; Yin et al. 2005). Cependant I@lIlopathie est plus fr_lquemment cit e dans le cadre de
|@xcrition de substances allllopathiques par les plantes aquatiques, provoquant une
diminution de la croissance du phytoplancton, phfnomine qui a [t[] suspectl assez t/t
(Hutchinson 1975).

Il a [t dCmontrlJ explrimentalement que des compos(s chimiques isoll’s de certaines
plantes aquatiques sont capables d@hhiber la photosynthise phytoplanctonique et entraner
une diminution de la croissance du phytoplancton de 50 [180% (e.g. Kirner and Nicklisch

2002; Mulderij et al. 2003; Mulderij et al. 2005). Au moins 37 esplces de macrophytes
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possident une capacit'] allllopatique vis [ vis du phytoplancton (Mulderij et al. 2006).
Myriophyllum spicatum ou Ceratophyllum demersum par exemple sont reconnus comme
ayant un fort potentiel allllopathique, Nayas marina, Elodea spp. Stratiotes alloides et Chara
spp. possident un potentiel allllopathique modiri] tandis que certaines espices de
Potamogetons tel que P. lucens, P. crispus et P. pectinatus sont reconnues comme
faiblement ou non allllopathiques (Hilt and Gross 2008). Des taxons phytoplanctoniques
prisentent [galement des sensibilit’s plus ou moins fortes aux substances alllopathiques,
les diatom(es et les cyanobactiries apparaissant comme les plus sensibles, alors que les
Chlorophytes le sont moins (Hilt and Gross 2008).

L@fficacit'] et le rile de I@lIlopathie dans la structuration des communautis vl g tales
dans les [cosystimes aquatiques restent cependant mal connus et font |@bjet de
controverses (van Donk and van de Bund 2002; Gross and Cardinale 2007). Certains
mod les sugglrent qu situ, I@ll lopathie serait significative seulement pour des esplces [
tris fort potentiel allllopathique et serait nigligeable dans les autres cas (Mulderij et al.
2007). L@npact de I@liClopathie sur le phytoplancton n@st pas lil) de falon simple [
I@bondance des plantes aquatiques, et pourrait interagir de falon complexe avec d@utres
mCcanismes comme la concentration en nutriments, la taille et la profondeur du lac, la
composition de la communaut]de plantes et le broutage par le zooplancton (van Donk and
van de Bund 2002; Hilt and Gross 2008). Lirling et al. (2006) observent une diminution de la
croissance de Scenedesmus (Chlorophytes) en prisence de plantes aquatiques (Chara spp.,
Elodea spp. ou Myriophyllum spicatum), mais pas lorsqu@Ile est cultiviie dans une eau ol
ces dernilres esplces ont [t[]prialablement cultivies. Cela sugglre que, soit les molcules
allClopathiques sont peu rCmanentes, soit elles sont produites par les plantes en prisence du
phytoplancton, soit enfin il existe d@utres facteurs plus di terminants que I@ll lopathie pour

expliquer la sup(riorit’Icomp(titive de certains taxons.
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Les interactions entre phytoplancton et plantes aquatiques et au sein de chacun de ces
deux groupes, sont aussi modules par d@utres facteurs environnementaux abiotiques ou

biotiques.

1.1.2 Effet des contraintes abiotiques et biotiques sur la comp! tition

dans les communaut’s vi gl tales

Les diffirentes contraintes agissant sur la comp(tition entre le phytoplancton et les
plantes aquatiques sont principalement les perturbations (contraintes abiotiques) et
I@erbivorie (contraintes biotiques). Les perturbations sont des (v nements imprivisibles qui
dCtruisent une partie de la biomasse et d( structurent I@abitat (White 1979; White and Pickett
1985). L®@erbivorie se difinit comme la consommation de tout tissu vigltal vivant (Huston
1979; Pacala and Crawley 1992; Roxburgh et al. 2004; Shea et al. 2004), entrainant soit la
diminution de la biomasse, soit la consommation compl(te et la mort de I@rganisme, ce qui
est toujours le cas pour les cellules phytoplanctoniques.

Les perturbations et I@erbivorie sont initiatrices de successions [cologiques, limitent les
processus de comp(tition et favorisent la coexistence d@spices peu compltitives et
d@splces plus compltitives. La thlorie des perturbations moyennes et le concept associl
dOquilibre dynamique s@ppliquent aussi [ I@erbivorie, et pridisent que pour les
perturbations (ou herbivorie) moyennes en friquence et en intensit’}, la communaut(] atteint
une diversit] maximale et reste stable [11Ochelle globale, tandis que les communaut(s sont
fortement instables [11Qchelle locale (figure 2) (Huston 1979; Roxburgh et al. 2004; Shea et

al. 2004).

26



INTRODUCTION

Especes
o intermédiaires
> s P
g Espéces tolérantes
S Espéces aux perturbations
o3 compéetitrices ou a I'herbivorie
—
()
[}
[
()
<
QO
e
Perturbation
Herbivorie

Figure 2: Distribution thTorique de la richesse splcifique le long d@n gradient de
perturbation ou d@erbivorie.
Les facteurs initiateurs de perturbations et les consiquences de I|@erbivorie sur la

dynamique des communaut’s v gltales sont successivement abord(’s ci dessous.

1.1.21 Ass/ chement

Les organismes phytoplanctoniques sont fortement inflods au milieu aquatique et un
assl chement total de leur habitat provoque la mort des cellules. La recolonisation par le
phytoplancton semble cependant [tre extrimement rapide apr(’s la remise en eau dans
certains systl mes temporaires. Deux v nements principaux pourraient expliquer la rapidit(’
du phinomihe. L@xistence de structures de risistance [ la dessiccation permettrait une
dispersion temporelle; la remise en eau provoquerait la levi e de dormance des diaspores et
la recolonisation. La r(sistance [1la dessiccation a [t[]bien [tudiCe chez le zooplancton mais
peu chez le phytoplancton, et seulement ciblle sur certaines esplces. Chez les
Chlorophytes (e.g. Chlamydomonas) ou chez quelques diatomies, des conditions

stressantes comme I@ss chement diclenchent la reproduction sexue et la formation des
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zygotes qui slcritent une enveloppe solide les protigeant des agressions extlrieures
(Hoover et al. 1999; Andersen 2005). La recolonisation peut [galement se faire par la
dispersion spatiale qui est tri’s grande chez les organismes microscopiques (Finlay 2002) et
les diaspores proviendraient alors d@utres systimes aquatiques et initieraient le
dlveloppement de nouvelles populations. |l existe cependant peu de littrature sur la part
respective de la risistance et de la dispersion dans la r(silience des communauts

phytoplanctoniques apr('s ass/ chement.

Une diminution du niveau de I@au augmente la p[n(tration de la lumilre au fond de I@au
et favorise le dl'veloppement de la vi g tation (Van Geest et al. 2003; MI'emets and Freiberg
2007). Dans les lacs peu profonds eutrophes, une forte diminution du niveau de 1@au
favorise temporairement la prolifiration des plantes aquatiques puis le phytoplancton
redevient ensuite dominant (Coops et al. 2003; Van Geest et al. 2007).

Toutefois un niveau d@au trop faible peut favoriser la dessiccation ou le gel du fond du lac
en hiver, entranant la destruction d@ne partie des plantes aquatiques (Blindow et al. 1993).
De plus les asslichements temporaires peuvent indirectement difavoriser les plantes
aquatiques par I@ugmentation de la disponibilit:] en nutriments et de la productivit' apr(s la
remise en eau avec comme cons_ quence, |@ugmentation de la matire organique en

dcomposition et de I@noxie (Baldwin and Mitchell 2000; Furey et al. 2004).

1.1.2.2 Vagues et remise en suspension du s/ diment

La biomasse phytoplanctonique et les rigles d@ssemblage des taxons
phytoplanctoniques peuvent [tre fortement corrilles [ la vitesse du vent, qui a un rlle

important dans la remise en suspension des cellules du phytoplancton et des nutriments
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(Schelske et al. 1995). Le changement de communaut(] est en partie li(1 [1la capacit] de
flottaison, qui varie fortement entre les esplces. Par exemple la densit’! d@ne cellule de
diatom[e est d@nviron 10 [120% plus [levie que la densit de |®au, tandis que la densit[]
des cellules des autres groupes phytoplanctoniques n@st que de 2 [19% suplrieure [ celle
de I@au (Reynolds 1984).

De plus, le vent et les vagues provoquent la remise en suspension des particules du fond
du plan d®au et favorisent ainsi la croissance du plancton en augmentant la disponibilitl en
nutriments (Li et al. 2008a). Les vagues dans les lacs peu profonds peuvent [galement
provoquer le diracinement ou la brisure des plantes aquatiques et favoriser IQtablissement
d@ndividus profills ou nanifi’s (Koehl 1999; Sand-Jensen 2003; Schutten et al. 2005).
Cependant, on peut observer de fortes abondances de plantes aquatiques dans des zones
peu profondes fortement soumises aux vagues (Scheffer 2004). Les vagues pourraient, dans
ce type de situation, avoir un effet positif en limitant la croissance du plriphyton sur les
plantes aquatiques (Weisner et al. 1997) et en facilitant la disponibilitt]en carbone (Crossley
et al. 2002). Les vagues pourraient enfin diminuer indirectement la consommation des
plantes par les oiseaux car ces derniers priflreraient les zones abritles (Lauridsen et al.
1994; Weisner et al. 1997). En prisence d@ne forte biomasse de plantes aquatiques, le tapis
dense constitul] r duit fortement les mouvements de |@au et limite la mise en suspension du
s diment (Schutten et al. 2005).

Les vents extr_mement violents, tels qu@bserv(s lors d@uragans, augmentent fortement
la turbidit] et la concentration en phosphore, limitant, au moins sur une courte prCriode, le

dCveloppement de la v gl tation (Havens et al. 2001; James et al. 2008).
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11.2.3 Lerlle du zooplancton

La consommation s(lective du phytoplancton par les diff( rents groupes du zooplancton a
un effet sur I@bondance et la richesse des communaut's phytoplanctoniques. De falon
g nlrale, le phytoplancton de petite taille est tri’s vulnirable au broutage, alors que les
grandes formes filamenteuses ou coloniales, friiquentes chez les cyanobactiries, sont
gniralement peu consommies (Cottingham et al. 1997; Carlsson and Gran(li 1999;
Jeppesen et al. 1999).

Le zooplancton est [galement tris sensible [ la pridation par les poissons et de
nombreuses explriences ont montrl que les plantes aquatiques lui servaient d@bri (Schriver
et al. 1995; Beklioglu and Moss 1996). Par le biais de sa migration journalilre entre les
zones de v gl tation et les zones d@au libre, le zooplancton limite les risques de sa pri_dation

par le poisson, tout en maintenant sa propre pression de broutage sur le phytoplancton.

11.2.4 Communautls piscicoles

Il est gl nCralement admis que les poissons benthivores, comme les carpes, peuvent avoir
un effet nCgatif direct sur la biomasse des plantes aquatiques, soit par broutage, soit par un
comportement de fouissement [1la recherche de nourriture, provoquant le dl racinement des
plantes et la remise en suspension du sidiment (Breukelaar et al. 1994; Zambrano et al.
2001; Chumchal et al. 2005; Miller and Crowl 2006; Roozen et al. 2007). Zambrano et al.
(2001) sugglrent que |@ffet des poissons benthivores ne devient significatif que lorsqu@ne
forte densitl] de poissons est atteinte. La prisence des poissons benthivores affecte
“galement la composition et la diversit[] des plantes aquatiques, probablement du fait d@ne
sensibilit[1 diff rentielle des plantes au dl racinement (Miller and Crowl 2006) ou au broutage.
La grande majorit[] des lacs peu profonds subissant une biomanipulation consistant [

supprimer de manilre sllective les poissons benthivores, prisentent une diminution de la
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concentration en phosphore et de la turbidit, mais seulement certains d@ntre eux voient les
plantes aquatiques se dl velopper massivement (Meijer et al. 1999; Lauridsen et al. 2003).

Les poissons blancs, de types rotengles ou gardons, ne riduisent pas de manilre
significative la biomasse des plantes mais peuvent affecter sa composition en broutant
sClectivement certaines esplces. L@troduction de ces poissons peut alors provoquer un
changement de dominance au sein de la communaut(] vigltale, comme par exemple, le
passage d@ne dominance par Elodea sp. [ Ceratophyllum sp., moins palatable du fait de sa
forte concentration en calcaire (Van Donk et al. 1994).

Les poissons piscivores et zooplanctivores diminuent respectivement la pression des
communaut’s piscicoles et du zooplancton sur les producteurs primaires. Plusieurs
explrimentations de biomanipulation ont montrll que I@ugmentation de la biomasse de
poissons piscivores provoque la diminution ce celle des poissons zooplanctivores, qui
entraine [ son tour I@ugmentation de celle du zooplancton, puis enfin la diminution de la
biomasse phytoplanctonique (effet top-down, Mittelbach et al. 1995; S;ndergaard et al.
1997) .

De fortes biomasses phytoplanctoniques peuvent avoir deux effets nigatifs sur les
poissons (effet bottom-up). Premilrement, les toxines secritles par certaines
cyanobactiries peuvent s@ccumuler dans les tissus des poissons et avoir des effets
h(patotoxiques (Magalhl'es et al. 2003). La prolifiration de ces cyanobactiries peut alors
entralner une diminution des effectifs de poissons ou mime une disparition des
communaut(s piscicoles, associle parfois [galement [ des mortalit's d®@iseaux d@au
(Matsunaga et al. 1999). Deuxiimement, apri's les blooms phytoplanctoniques, la mort en
masse des cellules et leur digradation induisent une forte augmentation des teneurs en
ammonium, concomitante [1la diminution de la concentration en oxyglne dissous, pouvant

"galement entralner des mortalit] piscicoles (Rodger et al. 1994).
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1.1.2.5 Communaut s aviaires

Le changement du niveau trophique des lacs est souvent corr(1(] [1 un changement de
densitl] ou de composition des communauts d@iseaux d@au (Hargeby et al. 1994;
McKinnon and Mitchell 1994). La relation entre abondance des oiseaux et abondance des
plantes aquatiques est toutefois difficile 1 tablir, car les oiseaux tendent [ coloniser les sites
les plus vl gltalisCs, mais diminuent “galement I@bondance des vig[taux (Noordhuis et al.
2002).

Certains oiseaux peuvent avoir une influence sur la composition des communautl’s de
plantes aquatiques en raison de leur consommation sllective. Van Donk (1998) a montr(]
que la foulque (Fulica atra) pouvait modifier les communaut(’s initialement dominles par des
esplces sempervirentes (Elodea nuttallii, Ceratophyllum demersum) au profit d@sp’ces
passant |I@iver sous forme de turions (Potamogeton berchtoldii), ce qui pouvait conduire
ensuite [1 une prolifiration du phytoplancton (1 la fin de IOt[] et en automne, du fait de la
diminution saisonnilre de la densit[] v gl tale. Dans un cas comme celui-ci, le retour [110tat
initial est impossible tant que I@erbivorie reste importante.

La consommation sl lective des parties alriennes des plantes (obs. pers.) pourrait limiter
la reproduction sexule et le maintien des populations de certaines espices au profit

d@sp(ces pratiquant une reproduction sexul e submerse ou une reproduction v gl tative.

1.1.3 Strat_gies adaptatives

Le mod(le de sllection r-K (MacArthur and Wilson 1967) pridit que I@nsemble des
organismes peuvent [tre placs sur un gradient de stabilit'] de I@nvironnement, I@hstabilit[]

favorisant la stratlgie r (taux de multiplication [lev(} durle de vie brive) et la stabilitl!

32



INTRODUCTION
favorisant la stratlgie K (longlvit[1 importante, taux de multiplication moyen). Des mod[les
plus complexes prennent en compte [ la fois la comp(tition et le stress, tels les modiles
adaptls aux vigltaux C/S/R (Grime 2002) qui distinguent 3 types de stratgies rl sultantes,
ou les modrles plus complets C/S/R/B (Kautsky 1988; Taylor et al. 1990) qui distinguent les
esplces [1croissance lente tollrantes [1la fois aux facteurs de stress et aux perturbations
(type S), les esplces rudlrales dominantes dans les milieux sans stress, mais soumis aux
perturbations (type R), les esplices []fort stockage des ressources, tol rantes au stress
(type B) et les esplces compltitives dominantes dans les milieux dl'pourvus de contraintes

abiotiques (ni stress, ni perturbation ; type C).

1.1.3.1 Strat/ gies adaptatives du phytoplancton

Le modile r-K paralt dans une assez large mesure s@ppliquer [J la succession
autoglnique du phytoplancton (Margalef 1978; Reynolds 1984; Litchman and Klausmeier
2008). Les esplces des stades pionniers prisentent des caract/res de stratige r, avec une
petite taille, un rapport surface/volume [levl] permettant une mitabolisation rapide des
nutriments et un fort potentiel de croissance. Les espltces se dlveloppant en fin de
succession sont gl nlralement de grande taille et sont adaptes aux faibles concentrations
en nutriments (mobilit”} faibles pertes cataboliques). Une typologie du phytoplancton a [t[]
‘laborie sur la base du modile CSR de Grime (Grime 2002). Elle classe les espices en
fonction de leur morphologie et de leur di'veloppement selon un gradient surface/volume
associl! [1 un gradient de tollrance aux facteurs de stress et selon un gradient de la
dimension maximale x surface/volume correspondant [ un gradient dOnergie (perturbations)
(figure 3) (Reynolds 1998; Elliott et al. 1999). Les espl ces phytoplanctoniques de strat gie

CC E comp(titives prisentent une morphologie de type Cdisque E et sont caract(risCes par
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une petite taille et une vitesse de croissance [levie en milieu favorable. Les esplces de
strat_gie CS E stress-tollrantes prCsentent une morphologie sphirique et sont constitu_es
soit d@ne large cellule, soit dQne colonie de petites cellules. Elles prisentent des
adaptations leur confrant une mobilitIdans la colonne d@au qui leur permet d@ccl der plus
facilement aux nutriments lorsque le milieu est pauvre. Les espices de stratigie CRE
rudirales prisentent une morphologie rectangulaire (plate et allongie) ce qui optimise
|@cquisition de la lumilre et les rend plus tollrantes au brassage de I@au. Elles sont
favoris_es pour des faibles intensit’s lumineuses et une colonne d®au mix_e.

Cette typologie fonctionnelle bas(e sur les morphologies a ri cemment ['t[]complexifiCe en
intCgrant la prisence de structures influenrant la flottabilit'] (flagelle, capsule siliceuse,
mucilage et alrocyste; Kruk et al. 2009). D@utres classifications fonctionnelles du
phytoplancton d@au douce ont [t[] propos(es, dont les facteurs de contrile principaux sont
la stabilit] et la trophie de la colonne d@au, mais elles aboutissent [1un grand nombre de
groupes fonctionnels, ce qui augmente leur difficult’) dQtilisation (Reynolds and Irish 1997;

Reynolds et al. 2002; Padis k et al. 2009).
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Figure 3 : Diff(rentiation des strat_ gies d@istoires de vie des esplces phytoplanctonique en
fonction de la morphologie. s = superficie, v= volume, m = longueur maximal ; valeurs
s@ppliquant [ la cellule ou [ la colonie. (lllustrations des espices [ diff_ rentes [chelles,
Mervin Palmer C.M. 1992).
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1.1.3.2 Strat/ gies adaptatives des plantes aquatiques

Le modile CSR de Grime (2002) diwvelopp( initialement pour la vigltation herbacle
terrestre peut s@ppliquer aux plantes aquatiques (Kautsky 1988; Murphy et al. 1990;
Bornette et al. 1994; Willby et al. 2000; Riis et al. 2001), car la frrquence des perturbations et
la disponibilitT] en ressources sont des forces sllectives tris importantes pour les plantes
aquatiques (Hutchinson 1975; Keddy 1983; R¢ rslett 1991).

Les modlles conceptuels sur les plantes aquatiques (Kautsky 1988; Murphy et al. 1990;
Riis et al. 2001) pridisent que : i) les espltes comp!titrices C devraient [tre caract(ris(es
par une forte croissance, une forte stature et la formation d@ne canople dense, ii) les
esplces rudlrales R devraient [tre caractlrisCes par une forte croissance, une forte capacit’
de colonisation et une faible longlvitl], iii) les espces ®iomass storerOB seraient
caractris_es par une faible croissance, une forte capacitl] d@bsorption des ressources, une
large stature, une forte longvitl et iiii) les espces GtuntedOS seraient caractiris"es par
une faible croissance, une forte capacit[]d@bsorption des ressources, une trs petite stature,
une forte capacit ' de colonisation, une faible longl vit[L

D@utres analyses de traits proposies par Kausky (1988), comme le rapport entre
biomasse souterraine et biomasse alrienne, semblent se limiter au cas des systlmes
oligotrophes utilis(s pour la conception du modile CSBR initial (lacs nordiques) et n©nt pas

"tlretenues dans les [tudes qui ont suivis (Murphy et al. 1990; Riis et al. 2001).
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1.2 Dynamique temporelle et structure spatiale des

communaut(s vig[tales

1.2.1 Les successions saisonnil res

1.2.1.1 Dynamique saisonnil re des esp/ ces phytoplanctoniques

"70 or more phytoplankton generations and, perhaps, three or four full successional sequences could be
accommodated within one calendar year [...] comparable to the likely generations of arboreal dominants in the
European temperate zone since the end of Weichselian or Devensian Glaciation and constituting the well-

established postglacial vegetation phases" (Reynolds 1993)

La dynamique saisonnilre du phytoplancton, en termes d@bondance et de structure des
communaut’s, a ['tl]fortement [tudile ces 30 dernilres annles (Reynolds 1984; Sommer et
al. 1986). Les successions des communaut’s phytoplanctoniques sont fortement liles au
niveau trophique du systime. En hiver, la biomasse a tendance [ tre tr(’s r[duite en raison
de faibles radiations lumineuses et de faibles templratures, mime si dans des [tangs
hypereutrophes, la biomasse peut [tre importante en hiver (Sevrin-Reyssac 1997). A cette
‘poque de I@nn(k, les esplces prisentes appartiennent gl niralement aux cryptophytes,
accompagn(es soit des chrysophytes (lacs oligotrophes), soit des diatom/es.

Au printemps, I@ugmentation de la quantit] de lumilre incidente, combinle au brassage
des eaux qui augmente la concentration en nutriments dans la colonne d@au, favorise le
dCveloppement phytoplanctonique, alors souvent domin(! par une seule espice de petite
taille, appartenant gl n'ralement aux diatom(es, plus rarement aux cryptophytes. A la fin du
printemps, la mise en place d@ne stratification thermique, combinCe I IOpuisement des
ressources nutritives (e.g. silice pour les diatomies) et [ I@ugmentation de la pridation par
le zooplancton, entraine un diclin rapide du phytoplancton printanier. Deux cas de figure se

prisentent alors en fonction du niveau trophique. Les lacs oligotrophes se caract! risent par
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une communautl phytoplanctonique peu diversifiCe, avec des esplces de tr(’s petite ou de
tri’s grande taille, fortement criblles par la pression de broutage du zooplancton (Harris
1986). Les lacs eutrophes sont eux marquls par un fort dl veloppement du phytoplancton
avec une succession saisonnilre des groupes dominants en fonction des nutriments
devenant limitants : les diatom[es dominent ainsi la communaut( jusqudl ce que la silice
devienne limitante, puis les chlorophytes jusqud ce que I@zote devienne limitant et enfin les
cyanobact ries (Sommer 1989; Carlsson and Gran[li 1999). L@pparition des cyanobact(ries
en fin dOt n@st pas forciment liCe [ une carence en azote, car ces esplces prisentent
plusieurs traits, comme une grande capacit' de stockage du phosphore intracellulaire, une
faible sensibilitt] au broutage, une bonne aptitude [1 se diplacer dans la colonne d@au
(migration verticale), les rendant plus comptitives pour I@ccs [1la lumilre et aux nutriments
(Harris 1978; Heaney and Butterwick 1985; Sommer et al. 1986).

En automne, la quantit[’ de lumilre incidente redevient un facteur limitant, et les esplces
tollrantes aux stress lumineux redeviennent dominantes (diatomies et plus rarement
certaines chlorophytes (Desmidies), mi'me si la forte variabilit(] climatique rend la prlvision
de la composition des communaut(’s plus difficile (Sommer et al. 1986).

Dans les lacs peu profonds non stratifi’s, tri’s sensibles au vent, les successions
phytoplanctoniques sont imprivisibles et les successions autog niques sont frfiquemment
brisfles (Sommer 1993). Les perturbations mineures entrainent un retour [ un stade
antlrieur de la succession autoglnique (inversion), sans modifier la stabilit’1 de la colonne
d@au et les communauts associles (Figure 4). Si la perturbation est importante, elle induit
une alt(ration durable de la stabilit’}, cela provoque alors un changement de succession
autogl nique avec des espl ces correspondant au nouveau ri gime de stabilit[1 de la colonne

d@®au.
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Figure 4 : Reprisentation schi matique de
la succession des communautl’s
phytoplanctoniques selon IGhtensitl] du
brassage de la colonne d@au.

Stabilité de la colonne d’eau
(Succession allogénique)

1.2.1.2 Dynamique saisonnil re au sein des plantes aquatiques

La dynamique saisonnil re de la vl gtation dans les lacs peu profonds temp(ris a ['t[1peu
"tudile. Cependant, deux grandes phases sont en gl niral distingules. La premi‘re phase
correspond au dl veloppement des herbiers aquatiques, se traduisant par une augmentation
progressive de la biomasse de la fin du printemps jusquQ! 10t} puis [Jun diclin au dCbut de
|@utomne (Sayer et al. 2010b). L@utrophisation et une forte biomasse phytoplanctonique
peuvent soit emplcher tout dlveloppement de la vi gl tation durant toute I@nnie (Scheffer et
al. 1993; Declerck et al. 2005), soit entralner la dominance de quelques esplces au mois de
juin (e.g. Potamogeton pusillus, P. pectinatus et Zannichellia palustris). LAugmentation
progressive de la biomasse phytoplanctonique au cours de IOt entraine ensuite la
disparition totale de la vigltation (Sayer et al. 2010b).

La deuxil me phase, hivernale, est caract/ris’'e par une biomasse vi gl tale inexistante ou
faible, la majeure partie des esplces se trouvant en [tat de dormance sous forme d©@rganes

de risistance tels que graines, bulbes, turions, rhizomes, bourgeons ou hibernacles
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submerg(s (Pourriot and Meybeck 1995), mi'me si certaines esplces sont capables de se

dCvelopper en dessous de 10;C (Boylen and Sheldon 1976; Greulich and Bornette 1999).

1.2.2 Dynamique spatiale des m tacommunaut('s

Les plans d@au sont gl niralement tr’s nombreux ] IOchelle du paysage et forment des
rcosystimes tri’s bien di limitls (De Meester et al. 2005). Les caractlristiques du paysage
(densit[], superficie, temporarit’] et connectivit[1 des [cosyst mes) contribuent [Tidentifier des
m[ta-[cosystimes aquatiques au sein desquels se dlroulent les interactions entre les
communautl’s v g tales.

Ces Cilles aquatiques E dans un paysage terrestre forment pour les organismes
aquatiques des patches favorables dispers’s dans une matrice d®abitats non favorables
(MacArthur and Wilson 1967). Leibold et al. (2004) ont synthltis(] les quatre types de
processus non exclusifs impliqul’s dans la dynamique spatiale des communaut('s (figure 5).

- Le paradigme du Cpatch dynamic E (MacArthur and Wilson 1967; Sousa 1984; White
and Pickett 1985) fait I@ypothse que tous les patches sont identiques et subissent [ la fois
des extinctions stochastiques (perturbation) et di terministes (comp(tition). lls peuvent abriter
indiff .remment toutes les esplces et sont soit occupls soit inoccupls. La diversit[]
splcifique au sein de chaque patch est limitCe par la dispersion, par les interactions entre
esplces et par I@htervalle de temps entre 2 perturbations successives (White and Jentsch
2001).

- Le paradigme Cneutral E (Hubbel 2001) fait I®ypothise qu® une [chelle de temps
donnle (par exemple entre deux [vinements de perturbation) les esplces sont toutes

identiques dans leur aptitude compltitive et leur dispersion. La dynamique de la diversit[]
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splcifique est dirivie de la probabilitl] de gains en esplces (immigration, splciation) et de
pertes ([ 'migration, extinction).

- Le paradigme du Cspecies sortingE (Whittaker 1972) fait I®ypothise que le filtre de
|@abitat est dterminant et que la distribution des esplces est fortement liCe aux conditions
locales (Keddy 1992; Lenssen et al. 2003; Leibold et al. 2004). La dispersion reste
importante car elle permet le changement des communautis lors de modifications des
conditions environnementales du patch. Ce paradigme devient structurant lorsque les
populations atteignent leur [quilibre entre le temps de colonisation et les perturbations
causant les extinctions locales (Kawecki and Stearns 1993).

- Le paradigme du Qmass effectE (Shmida and Ellner 1984) est associll [1la dynamique
Csource-puits E (Levin 1974) et au concept de Qrescue effectsE (Hanski 1982). Ce
paradigme fait I@ypoth[ se que la dispersion spatiale d[ termine la richesse sp(cifique locale.
Ainsi, les esplces diss[minent en grand nombre des patches favorables vers les patches
dCfavorables dans lesquels les esplices survivent, mais ne sont pas capables de se

maintenir en I@bsence de flux entrants de diaspores.
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Figure 5: Reprisentation schimatique des 4 paradigmes de Ila thlorie des
mtacommunaut’s pour 2 esplces compltitrices avec les populations A et B. Les flL ches
reprCsentent la dispersion des esplces entre patches. Les fl_ches pleines indiquent une
dispersion plus forte que les fl_ches en pointills, la dispersion pouvant [tre un mouvement
unidirectionnel (simple fl_.che) ou bidirectionnel (fliche double). L@splce A est meilleure
compltitrice que 1@splce B dans les patches reprisent(s par un carr| tandis que c®st
I@werse pour les patches reprisent(s par un ovale (Leibold et al. 2004).

(a) reprisente le paradigme du Cpatch dynamicE avec des patches similaires et des
esplces diffifrentes [ cause du compromis compltition-colonisation. La coexistence est
possible car |@spce B est meilleure colonisatrice et disperse dans les nouveaux patchs
avant que I@splce A, meilleure comptitrice, ne I@xclue.

(b) reprisente le paradigme du Cspecies sorting E ol les patches sont diff_rents avec une
forte compl(tition en facteur de I@spice la mieux adaptie [ I@abitat. Les esplces sont
rCparties chacune selon les niches spatiales et la dispersion n@st pas suffisante pour altirer
leur distribution.

(c) reprisente le paradigme du Cmass effect E o[ les patches sont diffCrents avec une forte
dispersion des espltes. Les esplces sont prisentes [ la fois dans I@abitat Csource E et
dans I®abitat C puits E, la plus petite lettre indiquant la plus petite des populations.

(d) reprCsente le paradigme Cneutral E ol les patches et les esplces sont identiques.
Toutes les esplces sont prisentes initialement dans tous les patches, mais certaines sont
perdues graduellement dans certaines ri gions et peuvent [tre remplacies par spl ciation.
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1.2.21 Application du concept de mitacommunaut!] au

phytoplancton

La complexit'de |Otude des m[tacommunaut(s phytoplanctoniques provient du contraste
des [chelles dans le compromis [volutif entre comp(tition et colonisation, qui est IQn des
principaux micanismes sous-jacent aux diffirents paradigmes dans le cadre des
m[tacommunaut’s (Levins and Culver 1971; Tilman 1994; Calcagno et al. 2006). La
dispersion peut s@ppliquer [ des [chelles spatiales tris grandes car le nombre d@hdividus
chez les esplces phytoplanctoniques est si grand que la dispersion est rarement restreinte
par des barrifres glographiques (Finlay 2002). En plus des connections hydriques qui
peuvent exister entre certains systimes aquatiques, le vent ou les animaux (coll opt(res,
odonates, mammifires ou oiseaux ; Kristiansen 1996) peuvent servir de vecteurs de
dispersion pour le phytoplancton et cela sur de tri's grandes distances.

LOtablissement d@ne hicrarchie compltitive est tri’s rapide, du fait du taux de croissance
‘levl] des populations (Harris 1986). La prisence ou |@bsence des esplices est donc peu
indicatrice des conditions de I@abitat, tandis que |@ssemblage des taxons au sein des
communaut’s refll'te mieux les hilrarchies compltitives, mime dans des [rcosystlmes
frrqguemment perturb’s (Reynolds et al. 2002).

Les quelques [tudes cherchant [1placer les m'tacommunautl's phytoplanctoniques dans
les 4 paradigmes obtiennent des risultats contrast(’s. Vanormelingen et al. (2008) n®Ont pas
observi] dBomog( nlisation des communautl’s phytoplanctoniques entre des lacs fortement
connect(s, mais ont d_montr(] I@xistence d@ne forte corrilation entre les caractiristiques
environnementales locales et la composition des communauts (Paradigme du Cspecies
sorting E). Soininen et al. (2007) dimontrent que la connectivitt et les facteurs
environnementaux locaux contrClent [quitablement mais faiblement la composition des

communaut(s (Paradigme neutre). Cependant, dans IQtude de Soininen et al. (2007), le taux
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de croissance des populations et la comp(tition au sein des communauts seraient faibles [
cause de conditions climatiques extr_mes (seulement 5 (16 mois d®au non gelle) et d@ne
faible concentration de nutriments. Beisner et al. (2006) et Nabout et al. (2009) trouvent
‘galement que ni les facteurs environnementaux, ni les facteurs spatiaux n@xpliquent de
mani‘re signifiante les variations de structure des communautis phytoplanctoniques
(Paradigme neutre). Cependant les auteurs de ces deux [tudes sugglrent la n[cessit[l d@n
"chantillonnage plus friquent, permettant une meilleure description des variations
environnementales, notamment dans les environnements tropicaux o[l les interactions
biotiques sont des processus qui structurent fortement les communaut’s (Nabout et al.
2009).

Les recherches sur la diversit(] gl ni tique peuvent aussi apporter des informations sur le
rile relatif de la connectivit[l et de la comp(tition. Pour certaines esplces de cyanobactlries,
les populations localisies dans les [cosyst'mes d®au douce interconnectls sont
ginitiquement distinctes, alors qu® n® a pas de diff_renciation entre les populations [

|Ochelle mondiale (Sabart et al. 2009).

1.2.2.2 Application du concept de ml[tacommunaut | aux plantes

aquatiques

En plus de la reproduction sexu’e et de la dispersion de semences, le milieu aquatique
permet la dispersion v gl tative chez beaucoup d@sp(ces (Barrat-Segretain 1996), mais leur
capacitl] [1 se dlvelopper [ partir de fragments reste tri’s variable (Barrat-Segretain et al.
1998). L@ydrochorie apparalt comme un moyen de dispersion majeur pour les plantes
aquatiques et son efficacit[1d'pend de la flottabilit'' des graines et de la capacit(’ de la plante
"Ise briser et [1se dl'velopper [ partir des propagules vi gl tatives (Boedeltje et al. 2008). Les

inondations des plaines alluviales par les cours d@au permettent le transport de propagules
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vers les annexes aquatiques, et lors de connexions friiquentes, augmentent la diversit] des
communaut’s de plantes aquatiques (Bornette et al. 1998; Coops et al. 1999; Van Geest et
al. 2003). Dans les lacs, Dahigren and Erhiln (2005) di'montrent que la prisence de
certaines espl ces est affectl e positivement par la pri'sence de connexions hydriques avec
les lacs situl's en amont et par leur proximit[l glographique. Sans connexion hydrique
directe, la richesse splcifique des plantes aquatiques dans les lacs augmente avec le
nombre de plans d@au [ proximit'] (Linton and Goulder 2000). L&ydrochorie n@st donc pas
la seule voie de dispersion des plantes aquatiques, les oiseaux d@au peuvent [galement
disperser des graines sur de tri's grandes distances (Figuerola and Green 2002; Soons et al.
2008).

A notre connaissance, Capers et al. (2010) sont les seuls [Tavoir "tudillle rlle relatif des
processus locaux et rfgionaux sur la composition des communaut’s de plantes aquatiques.
lls dimontrent que la similarit[] entre les communaut’s augmente avec la diminution de la
distance entre les lacs. Dans leur "tude, la distance et les facteurs environnementaux locaux
contrllent [quitablement la composition des communaut’s [1 une grande [chelle spatiale
(environ 12 500 kmz), tandis que la part expliqule par la distance devient tr’s faible [1une
“chelle spatiale plus riduite (2 000 km?). lls observent “galement que les traits fonctionnels
relatifs [1la dispersion des esplces expliquent leur distribution en fonction de la dispersion
des esplces.

A une [chelle spatiale fine, la composition de la communaut(] serait affect’e uniquement
par les facteurs environnementaux du patch (paradigme Cspecies sorting E). A une Cchelle
spatiale plus large, ce serait d@bord la distance entre les patches et la capacitl! de
dispersion des esplces qui seraient les facteurs diterminant les espltces pouvant

potentiellement coloniser les patches.
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La compltition entre phytoplancton et plantes aquatiques, et les interactions avec les
facteurs environnementaux (figure 6)(Scheffer et al. 1993) conduisent (1 ce que les plantes
aquatiques modifient I@®abitat de manilre [ favoriser leur diveloppement, tandis que le
phytoplancton le modifie en sa faveur. La comp(tition friiquence-di pendante positive pridit
alors |@pparition dOtats alternatifs stables (dominance phytoplancton versus dominance
plantes aquatiques) renforc(s par des effets de ritroaction (Volterra 1926; Lotka 1932;
Lewontin and Cohen 1969; Scheffer et al. 1993). Cette thiorie est en accord avec de
nombreuses observations faites dans des lacs peu profonds, dans lesquels on peut observer
le basculement brutal dOtats domin(s par les plantes aquatiques avec une eau claire, [1des

"tats turbides avec une forte abondance phytoplanctonique.
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Figure 6: Boucles de ritroaction provoquant les [tats alternatifs stables que sont la
dominance de la vigltation (appelll aussi [tat d®au claire) et la dominance du
phytoplancton (appelll aussi [tat turbide). L@ffet qualitatif de chaque succession d@ffets
ri’sulte de la multiplication des signes des effets le long du tracl] (de sorte que deux effets
n[gatifs successifs conduisent [1un effet positif, par exemple). Les plantes aquatiques ont un
effet positif sur elles m'mes, de mime que le phytoplancton, et chacune des communaut’s,
une fois install’e, se renforce via une boucle de ritroaction positive (figure modifiCe d@prls
Scheffer et al. 1993).
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1.3 [tats stables alternatifs

1.3.1 Principe thl orique des [ tats stables alternatifs

1.3.1.1 Principe d®yst r(sis

La profondeur Jlaquelle les plantes aquatiques peuvent se dlvelopper dpend fortement
de la turbidit] de I@au. Dans un lac avec une profondeur relativement similaire sur toute sa
superficie, le seuil critique de turbidit entralnant la limitation de la lumilre jusqu@u fond du
lac sera relativement invariant sur toute sa superficie. Dans ce cas, la majorit(] des plantes
aquatiques vont disparaltre simultanfment pour une gamme de valeurs de turbidit[l tr(’s
proches d@ne valeur critique donnle (figure 7a). L@&ffet de la vigltation sur la turbidit(]
reliCle [Jun ensemble complexe de facteurs de contrlles environnementaux, se traduit par
I@ypothse que I@ugmentation de |@bondance de la vigltation diminue linCairement la

turbidit” de 1@au (figure 7b).
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Figure 7 : Effet de la turbiditl) sur I@bondance des planques aquatiques (a) et effet de
I@bondance des plantes aquatiques sur la turbiditt) (b). La combinaison des deux
informations (c), permet d©btenir un modrle montrant les points dOquilibre stable Cs E et
instable Ci E rCsultant de la dynamique des interactions entre la turbidit] et I@bondance des
plantes aquatiques. Les fl'ches indiquent la direction du changement lorsque le systi me est
en dehors de IQquilibre (Scheffer 2009).
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Si 1On associe 1@ffet des plantes aquatiques sur la turbidit(] et I@ffet de la turbiditI sur les
plantes aquatiques (figure 7c), les points d@htersection reprisentent les valeurs charnilres
du passage entre |Qtat turbide et IOtat d®au claire. Le point d@htersection intermdiaire Ci E
appara alors comme un point instable, tandis que les deux autres points dihtersection Cs E
sont des nl uds stables, points de convergence des trajectoires correspondant aux diff rents

‘tats du systime.

1.3.1.2 M canismes stabilisants et nutriments

Les micanismes qui rfgulent la stabilitt] du systtme sont au nombre de trois: i)
I@ugmentation de la concentration en nutriments tend [ augmenter la turbidit} ii) les plantes
aquatiques tendent [1 rfduire la turbidit(] et iii) et les plantes aquatiques disparaissent
lorsque le seuil critique de turbidit est dpass’.

La concentration en nutriments est relilf’e avec la turbiditl] par 2 fonctions diffl rentes selon
la dominance du phytoplancton ou des plantes aquatiques (figure 8). Pour une faible
concentration en nutriments, seul IOtat dOquilibre domin( par les plantes est prisent, tandis
que pour une forte concentration en nutriments, seul celui domin(] par le phytoplancton est
prisent. A une concentration interm_diaire, les deux [tats peuvent exister (1 |Oquilibre. La
variation de concentration en nutriments, nlcessaire pour passer d@Qn [tat domin(] par le
phytoplancton (1 un tat domin(] par les plantes est plus [levie que celle nlcessaire au

changement dOtat inverse.

S \ Figure 8 : Equilibre alternatif d'pendant de
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vec plantes alternatifs (Scheffer 2004)

Concentration en nutriments
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1.3.2 Les diff_ rents [ tats stables alternatifs

Ces 2 [tats alternatifs stables des lacs peu profonds peuvent [tre subdivis's en d@utres
tats stables alternatifs (Scheffer and van Nes 2007). Les diffi rentes esplces au sein des
communauts phytoplanctoniques d@ne part et au sein des communaut(s de plantes
aquatiques d@utre part, nOnt pas les mmes exigences en lumilre et en nutriments. Il a [t[]
sugglri] que les plantes flottantes non enracinles, les Characles et les cyanobact ries
pouvaient dominer les communaut’s de manilre stable et constituer ainsi des sous-[tats
stables alternatifs au sein d@ne part des communaut(s de plantes aquatiques, et d@utre part

des communautls []phytoplancton (figure 9).
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_________________________ m"“"“““m*xe Figure 9 : Reprisentation sch matique des
[tats stables alternatifs successifs

 Plantes flottantesnon fixées  nprigents dans les lacs peu profonds des

""""""""" g . zones templries, en fonction de la teneur
Angiospermes submergés en nutriments dans la colonne d®au
/ _ (figure modifiCe d@pr[s Scheffer 2009).
Charophytes
Nutriments

- Etats alternatifs plantes flottantes non enracinles / plantes submerges

Dans les mares et foss[s, comme dans les grands lacs tropicaux, |@utrophisation entraine
souvent |Otablissement de grands tapis de vigltation flottante non enracine, telle que les
lentilles d@au, Pistia stratoides, ou encore Echornia crassipes. La vigltation flottante est la
plus efficace dans la comp(tition pour la lumilCre, mais requiert pour sa croissance une forte

concentration de nutriments dans |I®au (Scheffer et al. 2003). Inversement, la vig[tation
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submergl e enracine est sensible [11@mbrage, mais moins [Ila concentration en nutriments
dans la colonne d®au, car elle peut puiser les nutriments dans le sCdiment. Deux [tats
alternatifs stables sont alors possibles, I@n domin(] par les plantes flottantes, dont I©@mbrage
emplche le diveloppement de la vigltation submergie, |I@utre domin(] par la v gl tation
submergle, lorsque la disponibilitt] en nutriments dans la colonne d®au empiche le

dCveloppement des vi gl taux flottants (Scheffer et al. 2003).

- Etats alternatifs angiospermes submerg(’s / charac’es

Les Characles sont des macro-algues moins compl titrices pour la lumilre que les
angiospermes submerg(’s, mais certaines esplces ni cessitent une tr(’s faible concentration
en bicarbonates pour se divelopper (Van den Berg et al. 1999). Les charophytes peuvent
alors constituer un [tat alternatif stable, leur dominance entranant la limitation du carbone
disponible pour les angiospermes, ce qui crie en retour de meilleures conditions lumineuses

pour les charophytes (van Nes et al. 2002).

- Dominance phytoplancton divers / cyanobact ries

Les cyanobactlries sont gl niralement tri’s efficaces dans la comp/tition pour la lumilre
et sont prisentes principalement dans les eaux turbides, turbidit] qu@Iles vont intensifier une
fois en place entrainant un [tat stable alternatif dans la communaut( phytoplanctonique. De
plus certaines esplces produisent des toxines, produisant un effet nigatif sur d@utres
esplces de phytoplancton (Suikkanen et al. 2004). Cependant les autres algues
phytoplanctoniques ont un taux de croissance suplrieur et sont dominantes dans des

conditions moins limitantes (Scheffer et al. 1997).
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1.3.3 Dynamique temporelle et distribution spatiale des [ tats stables

alternatifs

1.3.3.1 Dynamique pluriannuelle des [tats stables alternatifs

Bien que la th(orie des [quilibres alternatifs consid re que ceux-ci soient stables si la
vl gltation n@ pas d@ffet sur la concentration en nutriments, certains mi_canismes peuvent
entrainer l@ugmentation lente de la concentration en nutriments pour de fortes abondances
de plantes aquatiques.

Dans un premier temps, les plantes aquatiques diminuent la concentration en nutriments
dans |@au, provoquant une diminution du phytoplancton, micanisme [ @rigine des effets
ritroactifs positifs dans les [tats domin(s par les plantes. La prisence de vigltation
submerg( e favorise [galement le pifgeage des nutriments dans les s diments en diminuant
leur mise (1 disposition pour le phytoplancton et en limitant les processus de remise en
suspension (Scheffer et al. 1993). La dcomposition de cette matilre organique favorise
|@pparition de conditions hypoxiques et anoxiques [ Iihterface eau-s[ diment et le relargage
du phosphore. L@ccumulation de la matilre organique et sa dlcomposition sont des
phCnomines qui shscrivent dans le long terme, et qui peuvent provoquer une ri-
eutrophisation progressive lente de la masse d@au, provoquant ainsi un feedback n[ gatif
lent, pouvant conduire 1long terme [1la disparition de la vi gl tation.

Dans le cas des [tats turbides, la production phytoplanctonique peut [galement contribuer
] I@ccumulation de matilre organique dans les sidiments. La dlcomposition de cette
matire organique puis le relargage du phosphore sont des phinomines qui s@hscrivent
dans le long terme, ce qui peut aboutir (] un dficit de phosphore dans la colonne d@au,
pouvant entralner la disparition du phytoplancton et I@pparition des plantes aquatiques.

Cette variabilitt] temporelle dans la localisation et la biodisponibilit”] du phosphore peut

conduire [1 des alternances au cours du temps entre [tat [ plantes aquatiques et [tat [
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phytoplancton. De tels basculements peuvent avoir lieu quand les niveaux de nutriments sont
situls au seuil critique de turbiditl] et que les boucles de ritroaction nigative sont
suffisamment fortes pour distabiliser les boucles de rl troaction positive provoquant les [tats

stables alternatifs (van Nes et al. 2007; van Nes and Scheffer 2007; Dakos et al. 2010).

1.3.3.2 Distribution spatiale des [tats stables alternatifs

A |Ochelle d@n mlta-[cosystime, la distribution des [tats dans les diffirents
rcosystimes dipendra du caractlre homogine ou hitrogine des facteurs de contrile
environnementaux [/|Ochelle du paysage (Van Nes and Scheffer 2005; Dakos et al. 2010).

Si les [changes entre lacs sont faibles, on peut considl rer que les niveaux trophiques des
lacs sont indpendants. Dans ce cas, @t rog nCit’des lacs induit des changements dOtat
propres [ chaque lac, fonction de sa concentration en nutriments. A |QOchelle du m(ta-
Ccosystme, les transitions entre [tats peuvent s@prer simultan_ment dans les deux sens,
et la proportion de lacs domin(s par les vigltaux varie de manilre graduelle et non
catastrophique (figure 10).

Si le niveau trophique est fortement corr(1] entre lacs, de fait par exemple dOchange
entre lacs, le patron [ IOchelle du mita-[cosysttme dipendra du patron spatial
d@®(trognCitl] environnementale. Si la variation environnementale est graduelle (par
exemple gradient d@utrophisation croissant d@mont en aval), la proportion de lacs dans un
"tat domin( par les plantes variera de manilre graduelle, avec un effet de contamination le
long du gradient. Si les param(tres environnementaux sont distribul’s al"atoirement au sein
du mlta-[cosysti me, la dispersion non-orient[e entralnera une ri ponse catastrophique et la
totalitt] du milta-Tcosystime pourra basculer dans un unique [tat stable (turbide si

eutrophisation, clair si appauvrissement trophique).
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La tendance [ des changements dOtat catastrophiques [ IOchelle du mita-[cosyst me
sera alors d@utant plus faible que I@[t rogln(it[Ispatiale des niveaux trophiques est forte et

qgue la connectivitlentre les lacs est faible.

Trophie homogeéne

Trophie hétérogene ou
graduelle

% lacs dominés par végétation

Turbidité globale a I’échelle du métaécosystéme

Figure 10: Etat moyen du mita-systime en fonction du changement progressif de la
turbiditl] (param(tre de contrile).
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1.3 Etats stables alternatifs et gestion agro-piscicole

De nombreux petits plans d@au ont [t(] dilibiriment crils par IBomme I des fins
multiples au cours des deux derniers mill'naires : ['tangs des villages, [tangs pour la plche,
bassins de rouissage, [tangs pour I@rigation, [tangs ornementaux dans les jardins et parcs
et plus rlcemment, bassins d@ssainissement autoroutiers, [tangs de conservation
biologique, obstacles d'eau des parcours de golf. De plus, de nombreux plans d®au sont
forms par I@xtraction de graviers ou de minlraux. En dipit de leur petite surface, les
masses d®aux artificielles implantles dans des paysages agricoles contribuent souvent
significativement (1 la biodiversit(] rCgionale et contiennent des esplces rares ou uniques
(Oertli et al. 2002; Declerck et al. 2006; Davies et al. 2008).

Les pratiques de gestion et I@ccupation du sol agissent sur le fonctionnement de ces
rcosystimes par de multiples processus qui se rlalisent [ diff_ rentes [chelles spatiales,
allant d@ne [chelle locale (I courte distance jusqu® une rigion ou une vallle entire
(Johnson and Gage 1997).

Les [tangs piscicoles reprisentent une forte proportion de ces plans d®au, tant en termes
de superficie, car ils sont souvent de grande taille, qu@n termes de densit(} car ils peuvent

dans certaines rigions [tre tr’'s nombreux dans le paysage.
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Terminologie anglaise des [tangs piscicoles

Les [tangs piscicoles en Europe se trouvent principalement en France (68 000 ha), en
R publique Tchique (52 000 ha), en Allemagne (40 000 ha) et en superficie moindre dans
d@utres pays dBurope de I@st (Pologne, Hongrie, Roumanie, Lituanie) et sont rares dans
les autres pays. Le terme n@xiste pas dans de nombreux pays et il est difficile de trouver une

traduction exacte en anglais.

Pond : la traduction la plus couramment utilis'e dans la litt[ rature qui concerne les ['tangs de
tr(’s petite taille, car le terme est plut['t synonyme de mare. Ce terme est utilis[1 [[galement
pour les riservoirs d@au en poly(thyl ne et recouverts d@ne bl che plastique, ainsi que pour

les jardins d@gri ment.

Fishpond : parfois utilis(] pour les [tangs piscicoles, mais concerne le plus souvent des
bassins d@rnementation ou alors des bassins de pisciculture (fishfarming pond). Ce sont

gl nlralement des syst mes fortement anthropis(’s avec une gestion intensive.

Shallow lake: lac qui peut ['tre colonis( sur une grande surface par la vigltation et qui ne
stratifient jamais durant de longues plriodes en [t[](Scheffer 2004). La profondeur moyenne
est glniralement inflrieure (13 mitres et la surface peut [tre tr(s variable, de moins d@n
hectare [ plus de 100 km?. C@st le terme choisi dans les manuscrits en anglais contenus
dans cette thi'se, car c@st celui qui reprisente le mieux les [tangs piscicoles en terme de

fonctionnement [cologique.

La gestion agro-piscicole concerne la pratique de |@griculture et de la pisciculture en
‘tangs d®au douce, soit concurremment, soit en alternance. En France, la seule rigion
dOtangs piscicoles [ pratiquer I@gropisciculture est La Dombes, mais d@utres rigions dans
le monde, comme au Mexique valorisent les zones mar’ cageuses [ des fins d'agriculture et

de pisciculture combin(‘es (Halen et al. 1991).
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Apports des
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Figure 11 : Schima de la chalne trophique d@n [tang piscicole

Les pratiques de gestion des [tangs piscicoles et de leur environnement peuvent [tre
initiatrice de stress et de perturbations (au sens de Grime 2002) pour les communautl’s
vl gltales. Elles agissent principalement sur le niveau trophique, la profondeur, la pression

d@erbivorie (poissons, oiseaux) et la connectivit[lentre les [tangs (Figure 11).

- Niveau trophique

Le niveau trophique des [tangs piscicoles est affect(] par les pratiques de gestion de leur
bassin versant. Le rejet d®aux usl[es et de dichets de I@dustrialisation ont diminul] durant
les derni‘res dlcennies, mais I@pport de nutriments [ partir de sources diffuses provenant
du bassin versant restent fort, particuliirement dans les rigions avec une agriculture
intensive (Van der Molen and Portielje 1999; Kronvang et al. 2005). La proximit] de cultures
et plus rarement de prairies pltures (piltinement du b tail et djections) peut contribuer [
augmenter la turbidit(] de IOtang (augmentation [la fois du phytoplancton et du s diment en

suspension) [JI@verse des bassins versants domin(s par la for['t (Declerck et al. 2006).
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Les pratiques de gestion appliquies [Ila masse d®au ont aussi une influence tris forte
sur le niveau trophique. La pisciculture pratique dans de nombreux [tangs s@ccompagne
dans certains cas d@ne fertilisation par apport de matil re organique ou min(rale dans IQtang

et de I@limentation compl_mentaire des poissons.

- Assichement

La pisciculture implique giniralement la vidange des [tangs (1 des friquences et avec
des durles plus ou moins longues, pour permettre la pliche du poisson, le curage et
|@ntretien des berges. Les [tangs sont gl niralement vid(s [1l@utomne ou en hiver grice [
un systCme de bonde situllau point le plus profond de IOtang. La baisse du niveau d@au est
gnlralement tri’s progressive et la vitesse de vidange dipend principalement de la
superficie de |IOtang et du dibit de |I@xutoire. La pche et les travaux d@ntretien sont
giniralement rlalis’s pendant la fin de la vidange, et la durle de la pLriode d@ssec induit
dpend principalement de la vitesse de remplissage de IOtang, elle mme liCe [Ila superficie
de IOtang et au volume d®au provenant du bassin versant (taille du bassin versant,
pluviom(trie, existence de plans d®au ou de riviires en amont). La friquence des
ass[chements hivernaux dpend des modalit’s de mise en | uvre de la pisciculture et de la
capacit[] du bassin versant [ remplir IOtang. Il peut [tre annuel (pisciculture professionnelle)
‘ldcennale (p[che de loisir).

Dans la rCgion de La Dombes, pratiquant I@gro-pisciculture, tous les 4 [17 ans, les [tangs
sont ass chis durant toute une annle. Le fond de IQtang peut (tre laiss] en jachire ou
cultivil selon 3 grands types de gestion agricole : i) culture de mals, ii) culture d@utres
clrlales (principalement bl1ou orge) et iii) culture mixte mals et autres clrlales. Quel que
soit le type de culture, un labour I'ger est giniralement pratiqui] et la culture de mals
implique parfois IQtilisation d®erbicides. Dans certains cas, la culture est laiss’e en place,

fournissant de la mati_re organique [1IOtang lorsqu® est remis en eau.
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- Pressions piscicole et aviaire

L@tilisation piscicole des [tangs ginire potentiellement des perturbations pour les
communaut’s aquatiques. La conslquence de fortes densitits de poissons sur les
communaut’s vigltales a [t dicrite plus haut (cf. 1.1.2.4., p28). La composition en
esplces et la quantit’] de poissons mise dans IQtang lors de I@mpoissonnement di pendent
du type d@tilisation piscicole des [tangs. Trois types dOtangs sont ainsi distingu(s : i) les
‘tangs servant [ la reproduction naturelle des carpes ; ii) les ['tangs de grossissement des
jeunes carpes et iii) les [tangs de polyculture dans lesquels la majoritl] des carpes atteint la
taille de commercialisation pour la consommation (environ 1,5 kg) et qui sont aussi utilis’s
comme [tangs de reproduction et de grossissement pour les piscivores (brochets, sandres)
et les poissons blancs (gardons, rotengles, E ). Un mCme [tang peut alterner diffrents types
de gestion d@ne ann’e [11@utre.

Les [tangs piscicoles sont souvent utilis(’s [galement pour la chasse, ce qui conduit les
propril taires et exploitants [ diminuer les friquences des vidanges et [1 favoriser la
nidification des oiseaux (alimentation, d - veloppement des ceintures d@®ydrophytes, E ).

Ces pratiques, favorisant les fortes abondances de poissons et d@iseaux, augmentent

|@npact sur les communaut(s v gl tales.

- Connectivit(]

Les [tangs piscicoles sont abondants dans certaines rigions pour des raisons
gomorphologiques, mais aussi sociales (historique, culturelle). Cette forte densit] dOtangs
et la gestion nlcessitant vidange et remplissage en alternance, ont conduit les gestionnaires
‘lorganiser ces [tangs en chalnes ou en rlseaux, les [tangs [tant alors connect(’s entre eux

par des fossis et se vidant les uns dans les autres. Cette forte connectivit[, de part le
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transfert de grandes quantit's d@au d@n [tang [1un autre, devrait favoriser la dispersion de

nutriments et de vl gl taux.

ProblCmatique de la th(se

L©@bjectif de cette thi'se projet est de mesurer I@npact des diff_ rentes pratiques de gestion
agro-piscicole sur les communaut(s vig(tales. D@pris les thiories dOcologie des
communaut’s, on devrait trouver une diversit[] splcifique et fonctionnelle Clevie pour les
conditions o] le niveau trophique et les perturbations sont interm[diaires. NCanmoins, les
contraintes environnementales devraient induire des riponses diff_.rentes d@Qne part sur le
phytoplancton, dont la durle de vie s@scrit dans des pas de temps courts, li's au cycle
saisonnier des templratures et aux caractiristiques physico-chimiques, et d@utre part sur
les plantes aquatiques, dont la dur_e de vie s@scrit dans des pas de temps comparables [
ceux du rlgime des perturbations lires aux pratiques agro-piscicoles.

Le fonctionnement des [tangs en riponse aux stress et perturbations d@rigine
anthropique a ['t[1abord(au travers des 5 hypoth(ses suivantes :

1- Les caractlristiques physico-chimiques des [tangs, en particulier pour les 1l ments
nutritifs que sont I@zote (N) et le phosphore (P), sont rigies par |@ctivit ] agro-piscicole.

2- La diversitl] phytoplanctonique est rigie par les caractlristiques physico-chimiques des
"tangs.

3- La diversit[ et la structure des communaut’s de plantes aquatiques sont rigies par les
caract ristiques physico-chimiques des [tangs, la friquence d@ss chement et la
connectivit[L

4 - La composition des communaut('s de plantes aquatiques et des types fonctionnels est

rLgie par les caract(ristiques physico-chimiques des [tangs et la fr_quence d@ss chement.
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5 - Le recrutement et IQtablissement des communaut(s de plantes aquatiques et des

types fonctionnels sont rigis par les caractl ristiques physico-chimiques des [tangs.
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MATERIELS ET METHODES

2.1 Site dOtude

La Dombes est caract(risle par plus de mille [tangs d@rigine anthropique organis(s en
riseaux ou chamnes dOtangs (de 2 [1 20 [tangs connect(s entre eux). La superficie des
"tangs varie consid[rablement, de moins d@n hectare jusqu® plus de 100 hectares (Saint-
Cyr et al. 1977). Ces [tangs sont principalement utilis’s pour la production de poisson.
Chaque hiver ils sont vid(s, plchis puis remplis immCdiatement apr(s, avec une durle de
remplissage d[_pendant de I@au disponible en amont et de la pluviom(trie. Tous les 4 ans en
moyenne, ils sont mis en assec pendant un an, pour une culture de clrlales ou laissl's en
jachlre. La qualit[: de 1@au varie de m(sotrophe [ hypereutrophe selon la concentration en
nutriments et en chlorophylle a (S¢ndergaard et al. 2005).

Au total, 83 tangs ont [t[] [tudil's de 2007 12009 dans ce travail (figure 12). Diffl rents
param(tres concernant les [tangs et IQtilisation du bassin versant ont [t(]analys(s. Huit de
ces [tangs ont [t[] suivis pendant les 3 annles de IQtude pour mesurer la variation inter-

annuelle des caractlristiques physico-chimiques et biologiques des [tangs.

2.2 Analyse critique des m( thodes

Les mlthodes utilis'es durant mon travail de thi(’se sont dlcrites dans les manuscrits
correspondants pour chacun des compartiments concernant les pratiques agro-piscicoles,
les donnles physico-chimiques, les communaut(s phytoplanctoniques et de plantes
aquatiques.

Ce projet nicessitait une importante collecte de donnies lors d@chantillonnages sur le
terrain, et utilisait en partie des mithodologies d[j] [prouvies par d@utres [tudes. Les

grands nombres dOtangs suivis [ permit de minimiser I@npact de relevi’s manquants ou de
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sites qui s@vlreraient non exploitables. NCanmoins si |@nsemble des explrimentations de
terrain n@ pas pos’]de probl_mes techniques insurmontables, certaines donnes n®nt pas

pu [tre rCcuplries ou seulement partiellement et sont d taill"es dans la partie suivante.

2.2.1 Activit s agricoles et poissons

La documentation des pratiques piscicoles des [tangs a soulev(lle probl'me de ricolte et
de validation des donnlCes. Les pratiques de production piscicole restent extensives et
traditionnelles, ce qui entralne une grande variabilit'] dans la tralabilit[] des activit's des
gestionnaires. De nombreux gestionnaires possident des comptes-rendus bien tenus de
leurs pratiques, permettant d@btenir la totalitl] des donnies relatives (] la pisciculture de
manilre fiable. Cependant certains gestionnaires sont beaucoup moins pricis et peu fiables
dans leur prise de notes.

Les gestionnaires expriment les donnes d@mpoissonnage et de p.che dans des unit(s
variables (kilos ou nombres d@hdividus). Nous avons choisi d@xprimer la densit(] de poissons
en kilo/hectare, ce qui a n[_cessit[de modifier les donnles exprim_es en nombre d@hdividus
en les exprimant en fonction d@n poids moyen d@n individu estim ] pour chaque catgorie de

poissons (esplce et classe dOge).

2.2.2 Mesure de la stabilit'1de la colonne d@au

La stabilit(] de la colonne d@au apparait dans la bibliographie comme 1@n des principaux
1ments, avec la concentration en nutriments, pour expliquer la dynamique des
communaut’s phytoplanctoniques (Beisner 2001; Pannard et al. 2008). Les [tangs sont
glniralement difinis comme des masses d®au sans stratification saisonni‘re, mais ces

systimes sont pourtant caract(ris(’s par une forte instabilit'] de la colonne d®au, avec des
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stratifications qui peuvent se mettre en place dans des pas de temps trs courts ({1 |Ochelle
du jour).

Ce param(tre a [t[]pris en compte en mesurant la dynamique de la templrature dans
|@au [ proximitl! de la surface et pour certains [tangs, la templrature [ diffirentes
profondeurs. Ces mesures ont [tlIrl[alisCes [1proximit’ldu point de vidange des [tangs, car
c@st la zone o(110tang est le plus profond et o] sont [galement effectul’s les prii vements
d@au pour I@nalyse des caract ristiques physico-chimiques et des communautis
planctoniques.

Des sondes enregistreuses de temp(rature, avec une mesure toutes les 3 heures, ont [t
dispos(es dans tous les [tangs suivis en 2007 et 2008 (] environ 30 cm de la surface. Dans
quelques [tangs les sondes ont [t[] disposies tous les 50 cm le long d@n gradient de
profondeur pour mesurer la variation verticale de la templrature.

Malheureusement ces donnies n®©nt pu [tre collectes que de manilre trCs incomplite,
soit du fait de la perte ou disparition d@ne partie des sondes (attache rompue ou couple
intentionnellement), soit du fait de la non risistance des sondes (1 la plriode d@nmersion,
malgr(les caractlristiques dOtanch(itJannonces par le fournisseur.

Les donnles n©@nt pas [t(]ins(rles dans les analyses car elles ne sont disponibles que
pour quelques [tangs, tri’s peu de suivis [1diff_ rentes profondeurs pour un mime [tang sont

utilisables et gl nralement, les relevi’s concernent des plriodes diff( rentes dans la saison.

2.2.3 Risistance [1I@ssec des communaut’s phytoplanctoniques

Lorsqu@n [tang a subi une annle d@ss chement et de culture, la recolonisation par le
phytoplancton est immidiate la premilre annle de remise en eau. Deux [v[hements

principaux peuvent expliquer la rapidit’] du phfnomine. La colonisation peut se faire lors du
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remplissage par la dispersion spatiale d@hdividus provenant d@utres [tangs ; les diaspores
proviendraient alors des [tangs situls en amont dans la chaine dOtangs, la dispersion par
d@utres vecteurs [tant [galement possible, mais probablement plus faible. La dispersion
peut [galement [tre temporelle, grice [ |@xistence de stratigies de risistance [ la
dessiccation. La recolonisation r(sulterait alors de la croissance des diaspores dont la
dormance aurait [ tl]levi e lors de la remise en eau.

Nous avons tent(] d@entifier la part de ces deux stratgies (rCsistance ou dispersion)
dans la risilience des communauts phytoplanctoniques apris I@ssec. Il existe peu de
litt rature sur le sujet, car cette question concerne essentiellement les ['tangs soumis [1des
assecs contrl1’s, ou des mares temporaires.

Une approche exp_rimentale destinCe [ [valuer le rile de I@ssec dans la structuration
des communaut(s phytoplanctoniques a [t[l menle. L@bjectif [tait dOtudier s@ existe des
esplces risistantes [11@ss[chement dans les communaut’s des [tangs suivis.

Une explrience priliminaire a [t[] rfalise, consistant [ prilever 20 [chantillons de
s diments rCpartis le long d@n transect parall‘le [1la berge (pastilles de 0,5 cm dOpaisseur
et de 7 cm de diam(tre) dans un [tang vidangll Une fois rl hydrat(’s avec une eau min(rale
de composition proche de I®au des [tangs de La Dombes, ces [chantillons ont riviI(]
plusieurs taxons phytoplanctoniques communs dans les [tangs de La Dombes : Navicula,
Nitzchia, Anabaena, Scenedesmus, Staurastrum). Une explrience plus ambitieuse a alors
't menle. Pour cela, nous avons prilevl]des [chantillons d@au des 28 [tangs suivis en
2008, rlpartis ensuite dans des microcosmes (pilulier avec mousse florale) en conditions
contrilles (Templrature 20;C, Hygrom(trie 30%). Nous avons simul(] ensuite un assec,
avec une [vaporation totale de I@au au bout de 2 semaines et un assec d@ne p(riode de 9
mois. Les microcosmes ont ensuite [t[Irhydrat(s [1I@ide d@ne solution nutritive g n(raliste
adaptle [la croissance de nombreux taxons de phytoplancton (COMBO ; Kilham et al. 1998;

Andersen 2005). La dltermination a [t[] faite rCguliirement durant les premilres semaines

65



MATERIELS ET METHODES
aprs la remise en eau, afin de pouvoir distinguer les taxons aptes [1 rfglinirer
ind[pendamment des phinomines dOvolution qualitative de la communaut’] au cours du
temps. Seules des algues filamenteuses non-inflod(es aux [tangs ont ['t[1observies et cela
malgr(lles pricautions prises pour [viter les contaminations des microcosmes. M'me apr(’s
un dllai de plusieurs semaines, aucun dlveloppement de taxon phytoplanctonique prisent
dans les [tangs n@ [t lobserv(.

Suite aux difficult’s exp.rimentales, |Otude de la risistance [ I@ssec des communautls

phytoplanctoniques a ['t[1cartle de ma th( se.
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RESULTATS

3.1 Gestion des bassins versants et eutrophisation

MANUSCRIT A :

Wezel A., Arthaud F., Dufloux C., Renoud F., Vallod D., Robin J. & Sarrazin B. Land use,
water and sediment parameters and inter-annual variations in the Dombes shallow lake
agroecosystem, France.

Question posie:

De nombreuses | gislations ont [t mises en place pour limiter I@utrophisation des
systimes aquatiques, portant essentiellement sur I'assainissement (rejets des eaux usles)
et la gestion de la pollution diffuse d'origine agricole. Nl'anmoins, les m[canismes reliant
pratiques agricoles et eutrophisation des plans d@au sont encore mal compris dans les
paysages agricoles complexes. L@ffet des cultures et des prairies sur |@utrophisation devrait
"tre plus fort [ IOchelle du bassin versant qud celle des parcelles voisines aux [tangs,
d@utant plus que la superficie du bassin versant est grande par rapport [11Otang.

M(thodes :

Ces hypothses ont [t[Itest[es en utilisant 1) les donnles d@ccupation du sol du bassin
versant primaire et 2) les mmes donnles relatives [1une zone de 100m autour des [tangs.
Ces donnles ont [t corr[Ies []la concentration en nutriments dans 1@au et le sidiment
ainsi quQla biomasse phytoplanctonique des [tangs. Les donn(es de pluviom(trie et le suivi
pluriannuel de 8 [tangs ont permis d@ht(grer la variabilit'] interannuelle (par exemple liCe au

climat) dans I@nalyse des m(canismes d@utrophisation.



RESULTATS
R(sultats :

Un pic de phosphates et de nitrates est observil aprCs une forte plriode de pluie au
printemps, priode correspondant [1IOpandage d@ngrais sur les cultures. La valeur de ce pic
est corrC1e avec la superficie de cultures dans le bassin versant primaire, et elle est plus
faible les annles de faible pluviom(trie printanilre, ou lorsque les quantit's d@®ngrais
utilisles ont [t[1 plus faibles. Les midianes annuelles des param(tres physico-chimiques
sont peu liCes [11@ccupation du sol du bassin versant, et encore moins lorsque 1©n restreint
I@nalyse aux parcelles avoisinant IOtang. De surcrot, d@nportantes variations interannuelles
sont observies pour des occupations du sol constantes.

Discussion :

Une bonne gestion du bassin versant permettrait de limiter les phfnomines li[(1 aux pics
de pollutions, mais le phinomlne d@utrophisation est rigi par des processus plus
complexes, sugg.rant |@nportance d@nt grer d@ne part la dimension historique des
pratiques dans I@nalyse (histoire des pratiques agricoles) et d@utre part la connaissance des

modalitl’s de gestion des canaux hydriques alimentant les tangs.
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Abstract

Agricultural land use in the area of lakes and shallow lakes is generally considered to increase the nutrient
status of lake water and sediments. In this case it might be difficult to fulfil the European Water Directive, which
demands that all water bodies should be in a good ecological state until 2015. In this paper we analyse the
relationship between nutrient status of lakes and agricultural land use in a particular agroecosystem, where 1,100
shallow relatively nutrient rich lakes with fish production are located in a heterogeneous agricultural landscape
with cropping, animal husbandry and forestry.

In total, 83 lakes were studied from 2007 to 2009 in the Dombes region, France. Eight of these lakes were
studied each year. Different water parameters (PO4-P, NO3-N, total P, total N, Chlorophyll-a) were analysed
from April to October in each year. Sediments were sampled in October and analysed for available P, total N,
organic matter and calcium concentration. Land use was studied in the 100 m adjacent area of the lakes
shoreline and in the primary catchment of the lakes. In addition, soils of different land use types were analysed for
organic carbon, total N, available P and calcium concentration as well as for pH. Data about agricultural practices
were collected by interviewing farmers.

The main results found are that increasing cropping areas in the primary catchment of the lake is correlated to
higher PO4 concentration of lake water; to a lower degree also for NO3. But, this transfer of nutrients from
cropland to lakes only takes place in certain years with higher rainfall and with a more uneven distribution in
spring. Land use types in the primary catchment were not correlated to the different sediment parameters. Just
one relation, and only for 2008, was found for pasture/meadow/fallow in the catchment and calcium. Only land
use in the catchment area could be related to certain water and sediments parameters. Land use in the 100 m
zone showed a varied and unclear picture in relation to water and sediments parameters, or in most cases even
no correlation. Important inter-annual variations were found for different water and sediment parameters which
signify that effects of land use on these parameters cannot be generalised. We can conclude from our study that
a significant transfer of nutrients towards the lakes does not generally take place, but only in certain years and

only in spring.

Keywords: agricultural land use Baquaculture B catchment P nitrate B phosphate Bpond - water quality
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Introduction

In many parts of the world, shallow lakes are
located within agricultural landscapes, and thus
underlie different influences from agricultural
practices. These influences include sediment
transport from cropped areas, from trampling of
livestock (Declerck et al. 2006), higher nutrient
concentration in the water correlated to adjacent
cropland (S¢ndergard et al. 2005a), higher nutrient
concentration in the water related to manure use on
grassland (Borderelle et al. 2009) as well as high
animal stocking rates on pastures and related
manure production (Carpenter et al. 1998), or to
pesticide transfer towards the shallow lakes (Vallod
et al. 2008). Transport of nutrients or pollutants
towards shallow lakes can directly take place either
as surface flow or sub-surface flow from adjacent
areas or indirectly via ditches by water flux with
suspended material or dissolved substances from
more remote areas.

The high level of hydrological connectivity in
certain shallow lake catchments due to high ditch
density leads to high exposure to non point source
pollution like pesticides (Vallod et al. 2008). In such a
situation, and more generally in catchments of rivers
and lakes, runoff processes from cropland are
responsible for pesticides transfer in small agricultural

catchments (Bowman et al. 1993, Garmouma et al.
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1996, Kreuger 1998). Nitrogen and phosphorus are
exported to streams or lakes by different hydrological
processes. The exported quantities are extremely
variable according to soil types, topography, climate,
as well as land use and agricultural practices, which
all together influence runoff or lixiviation intensity.
Cropland can export in the order of 15 to 100
kg/halyear of nitrogen (Demyttenaere et al. 1990,
Dorioz and Fehria 1994), other authors mention less
with 6 to 35 kg/halyear (Turpin et al. 1997). Forests
range between 1 to 3 kg/halyear, extensively used
grassland between 1 to 5 kg/halyear and intensively
grassland between 5 to 35 kg/halyear (Turpin et al.
1997). Phosphorus is more retained in the soil
therefore losses are less important than nitrogen:
0.03 to 0.6 kg/halyear have been measured in small
rural catchments (Gelbrecht et al. 2005, Dorioz and
Fehria 1994, Turpin et al. 1997). Summarised figures
from different research examples indicate 0.02 to 0,3
kg/halyear for woodland, up to 1.7 kg/halyear for
grassland and between 0.03 to 1.24 kg/hal/year for
cropland (Turpin et al. 1997).

All these types of transport or mechanisms
influence water quality (dissolved nutrients and
pesticides), but also sediments (fixed nutrients,
organic matter and other substances). In many

cases shallow lakes are natural and not managed at
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all. In contrast, in certain areas in the world shallow
lakes are used for fish production. The latter are often
artificial shallow lakes, and then often called ponds,
ranging from one to several hundred hectares, but in
most cases between 10 and 100 ha (Korinek et al.
1987). The type of water management, fertilisation of
the shallow lakes, and fish production can vary
considerably.

In Europe, several agricultural landscapes exist
where shallow lakes with fish production have a
certain importance, for example in France we find
two regions with a very high density of shallow lakes
with fish production: the Brenne region with 1000 to
1300 shallow lakes (PNR de la Brenne 1998) and
the Dombes region with about 1100 shallow lakes
(Bemard and Lebreton 2007), as well as the
Franche-Comt[ | region with a lower number shallow
lakes (Schffer-Guignier 1994). Other agricultural
landscapes with shallow lakes with fish
production in Europe are found in south-west
Poland (Bukacinska et al. 1995), in the Czech
Republic (Pokorny and Hauser 2002), in
southern Germany (Strehle and Trautmann
2005), but also in Austria, Bulgaria, Hungary as
well as former Yugoslavia and former western part of
the Soviet Union (Korinek et al. 1987).

The work presented in this paper is part of a large
research project which analyses the shallow lake
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system with fish production in the Dombes region,
France. Global objectives of the project are to
characterise and analyse the water quality and
sediments of the lakes and relate them to fish
farming practices in the lakes and agricultural
practices around the lakes as well as to the different
species groups such as phytoplankton, macro-
invertebrates, macrophytes, amphibians, dragonflies
and biotopes in and around the lakes. The main
question is if the actual practices favour a system
with a valuable and diversified biodiversity, and if this
biodiversity could be used for a local product label:
@sh from the DombesO In addition, the research
project deals with the question how the shallow lakes
of the Dombes region should be considered in
relation to the European Water Directive. This
Directive demands that all rivers and water bodies
should be in a good ecological state until 2015, a
demand that could not be fulfilled with the actual fish
farming practices as they are based on the existence
of nutrient rich water conditions in the lakes.

The objectives of this paper are to evaluate if
agricultural land use in the lake area explains
differences in water quality of the lakes as well as
nutrient status of the sediments, and what role rainfall
plays. To evaluate this two contrasting hypotheses

were set up and analysed:



1 Higher degree of cropland in the direct vicinity
of the lakes explains higher nutrient concentrations in
the water and the sediments because of direct
nutrient transfer towards the lake.

2 Nutrient transfer from cropland of the lake
catchment is more important than the transfer from
the direct vicinity of lakes because drainage water
and water erosion fluxes from fields of the catchment
are collected in ditches and then transported to the

lakes.

Materials and methods

Study region

The Dombes region in France (Figure 1) was formed
by glacial activity during the quatermary period
(Avocat 1975). It is a plateau, slightly inclined to the
north-west, of about 1000 km? in the northeast of the
city of Lyon with long, fan-shaped morainic mounds
(drumlins). The average altitude is about 280 m. In
the east, south and west the plateau is flanked by
fluvial valleys with the rivers Ain, Rhi'ne and Salnhe,
the three valleys about 50-100 m below the plateau.
In the north it is delimited by the Bresse landscape
with different types of soils (sandy and gravelly soils)
compared to the Dombes region. This results in a
landscape with a water supply of the plateau

originating exclusively from rainfall.
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During the late Wirm glaciation, substantial
amounts of loess were mainly deposited in the
depressions between the drumlins (Williams 2006).
Post-glacial rain leached much of the loess creating
decalcified clayey soils (about 60% of clay and silt) in
the depressions which induce water stagnation when
soils are wet (Avocat 1975). In the morainic areas,
more sandy soils (about 60% sand) dominate.

The climate in the Dombes region is subject to
Continental, Atlantic and Mediterranean influences,
depending on the season (Blanchet 1993, Blanchet
and Richoux 1999). In general, the annual
precipitation for the whole Dombes region varies
between 800-1000 mm for the western and central
part (1961-1990) (Blanchet 1993, Blanchet and
Richoux 1999). In the eastern part it increases up to
1200 mm due to the mountain range of the French
Jura which forces the arriving air masses from the
West to rise resulting in higher amounts of rainfall
also in the eastern Dombes area. The average
annual precipitation is 884 mm for the Marlieux
station (standard deviation: 107) for the period 1999
to 2006 (Bernard and Lebreton 2007), with higher
rainfall during autumn and lowest rainfall during
winter months. The average annual temperature is
12.2iC (standard deviation: 0.4) with typical high
temperatures in summer (up to monthly average of

21;C in summer and down to 2;C in winter). Rainfall
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and temperature patterns result in humid months
from September to April and dry deficit months
during May to August (precipitaion minus
evaporation). Annual precipitation for the period 1922
to 1998 was with 964 mm a bit higher compared to
recent years (Marlieux, standard deviation: 150).

The history of the Dombes region and its shallow
lake system started in the 13" century (Guichenon
1650 cited in Sceau 1980). Before, only two natural
shallow lakes were present. The lakes were created
because of two different reasons. Firstly, farmers
needed to drain the dominating clayey soils to be
able to crop cereals. Because it was difficult to
evacuate the water to smaller rivers or creeks, they
stocked the drainage water in the lowest area of the
depression, or in most cases they constructed dykes
in preferred areas. Secondly, other lakes were
created for fish production (Guichenon 1650 cited in
Sceau 1980). This activity expanded largely during
the medieval period because of the need to find fish
at a time in which food prescriptions were very strict.
Today, the Dombes region is characterised by about
1,100 shallow lakes with about 12,000 ha, located in
an agricultural area with pastures, cropped fields and
forests (Bernard and Lebreton 2007). Lake size
varies considerably, from less than 1 ha up to more

than 100 ha (Raynal 2005).
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Figure 1. Location of the Dombes region in France
(left) and its about 1,100 shallow lakes and the river
network (right).

The main fish farmed in the lakes are carps
(about 60%), but also tenchs (30%), roaches (30%)
and pikes (10%) (Bermard and Lebreton 2007). It is
based on particular system which is very rare in
Europe where extensive fish farming and grain
farming alternate on the same unit of land. Lakes are
emptied every year for fish harvesting, and then
refilled. After three to four years, the lakes are left to
dry up to be cultivated mainly with oats, maize or
sorghum for one year. The water that fills the lakes
during the wet phase comes either from a lake
situated at a higher elevation or from a system of
ditches which collect rainwater from the catchment. A
dense network of parallel or slightly diverging ditches
is responsible for filing, but also for emptying the
lakes during the dry phase (Avocat 1975, Billard
1979). In most cases, several lakes are connected to
each other through the ditch system, either in a

simple chain or in complex, ramified chain of lakes



(Figure 2). This specific hydrological functioning
allows preserving an important part of the wetland
water budget after emptying a lake into others further
downwards. Nevertheless, rainfall during the filling
period is essential to ensure that many lakes are
filled with water before the fish production period

starts.

Water, sediment and site parameters

In total, 83 different shallow lakes were studied from
2007 to 2009 and different site parameters as well as
land use around the lakes analysed. For some of the
site parameters information could not be collected for
all lakes (see difference in n in Table 1). Data on
water and sediment parameters of the 83 lakes were
also collected. In addition, eight of these 83 lakes
were repeatedly analysed during the three study
years to investigate inter-annual variation. For the
analyses of the relation between water and sediment
parameters and the land use around the lakes, the
water and sediment data of 2008 was taken into
account for the eight three-annual lakes.

Sediments of the shallow lakes were sampled in
October of the respective year with an Eckman
dredge. Four samples of 0-10 cm sediment were
collected, including two at the lakes outlet and two at

the half (or middle) of each lakes and analysed for
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total nitrogen, available phosphorus, organic matter
and calcium concentration. Total nitrogen was
analysed with the Kjeldahl method (AFNOR 2004)
and available phosphorus with the Joret-Hbert
method (AFNOR  2004). Organic  matter
concentration was determined by sulfochromic
oxidation in acid medium according to French
standard X31-109 (AFNOR 1998). Calcium
concentration was determined by ammonium
acetate extraction according to the standard X31-108
(AFNOR 2004).

Different water parameters were studied from
end-April to mid-October in each year. Water
samples were collected every two weeks (April,
September, October) and every week (May to
August), in total 21 sampling dates, in the area of the
outlet of each lake. This is the deepest area of the
lakes. A water sample of 0-50 cm water depth was
collected with a Van Dorn water sampler. Nutrients in
the water were analysed in unfitered water
(exception: presence of larger plant material)
following standard procedures of the Hach”
methods (HACH Company, Loveland, Colorado,
USA, DR/2400 Spectrophotometer Procedure
Manual, Hach Company, 2002). Total nitrogen was
measured using total nitrogen persulfat reagent

powder for digestion method and measured at 410

nm wavelength (HACH method 10072). Total
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phosphorus was analysed by method of PhosVer® 3
with acid persulfate digestion (HACH method 8190).
Nitrate was determined by the chromotropic acid
procedure (HACH method 10020). Orthophosphate
was analysed by PhosVer 3 (ascorbic acid) method
(HACH method 8048). Chlorophyll-a was
spectrophotometrically measured with a JASCO
UVNIS spectrophotometer V-530 (JASCO, Japan)
at 630, 645, 663 and 750 nm. A certain amount of
water sample was passed through a filter and the
chlorophyll in the filtrate was then dissolved in
acetone to be measured absorbance. The
concentration per volume was obtained by the
formula adapted from Parsons and Strickland (1963).

For the consecutive statistical analysis median
values were calculated for total N, total P, and
Chlorophyll-a. Median values were used to decrease
bias due to few extreme values during the yearly
study period. For NOsEN and PO,-P, maximum
values for each year were used because average or
median values do not reflect the real available
nutrient status of these two parameters during the
study period. In addition, NOs-N and PO4,P
concentrations change quite extremely within few
days because of phytoplankton development which

induces often a very quick turnover from dissolved

nutrients in the water towards incorporation into
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Figure 2: A ramified chain of shallow lakes in the
Dombes region, France, and an example of the
primary catchment of one shallow lake (dotted line)
and the 100 m zone around one shallow lake
(broken line) (Note: arrows indicated direction of
water flow in the ditches between the lakes).
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phytoplankton biomass. Therefore also maximum
values for Chlorophyll-a were calculated for each

year.

Land use

Land use was studied in two different areas
connected to the shallow lakes: i) in the adjacent
area of the lakes (100 m distance from the lakesO
shoreline) and ii) in the primary catchment of the
lakes (see dotted and broken lines in Figure 2). The
latter is the area from which a single lake receives
directly the run-off and drainage water, before the
catchment of another, often nearby lake is reached.
This primary catchment is in most cases a sub-

catchment of the total catchment of a chain of lakes.



In the adjacent area of the shallow lakes a
detailed survey based on the CORINE Biotopes type
approach was carried out (Bissardon and Guibal
1997, IFEN 2005). For the analysis in this paper the
different land cover types for the 100 m zone were
grouped into six major land use types: woodland,
cropland, pasture/meadow/fallow land, other lakes,
building/farm and others. At the catchment scale it
was distinguished between the same land use types,
except for Other shallow lakesCbecause by definition
they cannot be present in the primary catchment of
one respective lake.

To delimit the different land use types and the
primary catchments, aerial photographs as well as
digitised topographic 1:25,000 map (Scan 25" and
BD Ortho® IGN France) were used for visual
interpretation, and then the data entered in a
Geographical Information System (GIS). This work
was completed by a ground survey within the 100 m
range around all lakes (n=83), and with a ground
survey within primary catchments of 45 selected
lakes (out of 61 lakes where the catchment was
determined by visual interpretation). From the 30 out
of the 45 lakes, the difference in cover of land use
types and catchment area obtained between the
visual interpretation and the ground survey could be
calculated, thus having an estimate of error for the

other catchments which could not be checked. The
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average error was +4%, meaning that the verified
catchments were 4% larger than those from visual
interpretation. Anyhow, for very few of the 30
catchments the error was large, the extremes
ranging from -80 to +120%.

In addition to the land use analyses, the position
of a lake in the chain of lakes and the ditch density
(only for 2007 and 2008) was determined during the
ground surveys as well as via the hydrographic map

of the study region and the aerial photographs.

Soil fertlity

Soil fertility in the 100 m range around the shallow
lakes was analysed for four different land use types
(woodland, pasture, cropland, fallow), but only in
those areas which could directly influence the water
quality of the lakes via surface or sub-surface water
drainage towards the lakes, that means areas lying
within the 100 m range around the lakes and being
also part of the above described primary catchment.
Soil samples from different parts of the respective
land use type were taken along a transect line in the
respective land use type with sampling distances of
10-15 m. Samples were taken with a soil auger from
0-20 cm soil depth in November of the respective
year, mixed and then analysed according to AFNOR

(2004) for organic carbon (standard ISO 10994), total
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N (ISO 13878), available P (Joret-H[ bert) (standard
NFX 31-160) and Calcium (NFX 31-108)

concentrations as well as for pH (H.O) (NFX 31-117).

Agricultural practices

Detailed information about agricultural and other land
management practices within the 100 m range was
collected in 2008 and 2009 from most farmers (n=39)
having agricultural land in this area. For the
catchment area, this type of information was only
collected from farmers possessing at least several

fields or pastures within this area.

Inter-annual variation of climatic parameters and

intra-annual variation of selected water parameters

Data from daily recording of rainfall as well as
minimum and maximum temperature from the
Marlieux weather station in central Dombes was
used for different analyses. Total rainfall per month
and total rainfall for the seven days before the day of
water parameters sampling (from now on called
week rainfall) was calculated as well as average
monthly temperature. To be clear, summing up the
week rainfall for the yearly study period is not
equivalent, but less compared to total rainfall in this

period, as sampling was not carried out each week
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(see above). In addition, this sampling strategy
allowed to smooth the effects of spatial rainfall
variability on scale of the lake catchments and on the
whole study area. To analyse the variation of the
water parameters PO,P and NOs-N during the
sampling period, median values for each sampling
date was calculated for all lakes having a
lake/watershed ratio <1.0, which means where the

lake surface is smaller than watershed surface.

Statistical analyses

For the statistical analysis different tests were
chosen. The data were first checked for normal
distribution. For the comparison of two independent
samples T-Test for independent samples (normal
distribution) and Mann-Whitney U Test (no normal
distribution) were used. Analysis of variance
(ANOVA) (normal distribution) and Kruskal-Wallis
Test (no normal distribution) of Stastistica 8.0
(StatSoft 2009) were used if more than two samples
needed to be compared. The comparison of the eight
lakes which were studied during all three years
(dependent samples) was carried out with the
Friedman ANOVA test.

For the selection of the most representative and
most uncorrelated variables among the water and

sediment parameters, a Principal Components



Analysis in combination with a Multiple Correlation
Analysis was carried out to reduce redundancy
between variables for other consecutive multivariate
analysis which were then conducted together with
the land use variables.

The relationship between land use parameters
and water and sediment parameters was analysed
with Canonical Correlation Analysis. This analysis is
a procedure to investigate the relationship between
two sets of variables (in our case a set with land use
parameters and a set with water or sediment
parameters). For this, so-called roots are extracted
so that the resulting correlaton (and thus the
explained variance) between the variables of the two
variable sets is maximal. For each variable, factor
loadings are calculated which represent the
correlations between a variable and the variables in
the other set.

In addition to the Canonical correlation analysis,
Multiple Regression Analysis with forward stepwise
regression was used to investigate in more detail the
relation of the land use parameters with one single

water or sediment parameter.

MANUSCIT A - RESULTATS

Results

Site parameters

Average shallow lake size was 13 ha, ranging from 2
to 80 ha (Table 1). The lakes were very shallow with
an average depth of 0.68 m. The average water
volume was about 85,000 m3. The primary
catchment, that means the catchment where the lake
can get the water from until the catchment of another
lake located upwards starts, was on average 31 ha.
But here we have to discriminate between two quite
different types of lake situations. Certain lakes are not
hydrologically connected to a catchment because
water from most adjacent land is drained to the
catchment of another lake (e.g. resulting in a primary
catchment size of 0.8 ha), and other lakes have
much large catchement areas up to 113 ha. This is
represented by the ratio lake/catchment area. The
average ratio of 1.2 indicates that the lake surface
was on average 20% larger that the related primary
catchment. This is due to the fact that most of the
lakes in the Dombes region are located very close to
each other, thus primary catchments are often
relatively small. For the lakes analysed in this study
we had only three sites without other lakes located
within the first 100 m distance from the lake

shoreline. Anyhow, only 17 of the 61 lakes studied for
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Table 1. Water, sediment and site parameters of the shallow lakes of the Dombes region, France

Parameter Mean Minimum Maximum St. Dev. n
Site parameters
Lake area (ha) 13.4 23 79.6 11.9 83
Lake depth median (m) 0.68 0.28 1.10 0.18 59
Lake volume (m®) 85152 14622 444830 82924 59
F()r':';;ary catchment area 44 4 08 113.3 29.4 61
Ratio  lake/catchment 12 0.1 12 21 61
area
Zone 100 m around g 10.8 57.0 7.6 83
lake (ha)
Ratio lake/100m area 0.6 0.2 14 0.3 83
Number of years since
pond was left dried up 26 1 6 13 55
Water parameters
Total P median (mg/m3) 274 29 609 136 83
Total N median (g/m3) 2.85 1.32 6.68 1.03 83
Chloro?hyll—a median 94 3 474 90 83
(mg/m~)
Chloro?hyll—a maximum 471 16 2547 478 83
(mg/m~)
NO3-N maximum (g/m3) 2.74 0.98 9.00 2.03 83
PO4-P, maximum - 386 49 1632 313 83
(mg/m~)
Sediment parameters
Available P (mg/kg) 209 43 664 118 83
Organic matter (g/kg) 37.54 13.30 85.91 12.52 83
Total N (g/kg) 2.20 0.60 4.17 0.57 83
Calcium (g/kg) 2.17 0.65 10.52 1.60 83

the catchment analyses had a surface larger than
their catchment surface (ratio>1). In average the
lakes were emptied completely and dried up after
every third year (range 1 to 6 years) and then
cultivated for one year with mainly oats and maize.

Water and sediment parameters

In general, nutrient concentration of the shallow lakes
was very high (Table 1) according to the OECD

trophic status characterisation developed for lakes
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and rivers (S¢ndergard et al. 2005b). Concentration
of total phosphorus of water ranged from 29 to 609
mg/m?® which signifies a trophic status of the shallow
lakes ranging from one mesotrophic shallow lake
(10-35 mg/m?®) via eight eutrophic shallow lakes (35-
100 mg/m®) to 74 hyper-eutrophic shallow lakes
(>100 mg/m®). The figures for the chlorophyll-a
concentration underline the findings for total

phosphorus, and allowed to qualify almost all shallow

lakes as being in a hyper-eutrophic state. Total



nitrogen concentration was significantly correlated
with total phosphorus and chlorophyll-a (r=0.76 and
r=0.77, respectively). Concentrations of nitrate (NOs-
N) and phosphate (PO,-P) indicated large variations
between the lakes. In addition, enormous variations
for the nitrate and phosphate concentrations were
found during the sampling period. For 2007 high
values (NOs-N = 11.8 g/m®, PO,P = 790 mg/m®
could be found in May, just a few days after four days
with rainfall (in total 80 mm). In 2008 a peak occurred
also during a three day rainy period in May (NOs-N =
2.5 g/m®, PO,-P = 568 mg/m®), but less pronounced
than in 2007, as rainfall amounted just to 18 mm. In
2009, no clear peak appeared.

Average available phosphorus concentration of
shallow lake sediments was 209 mg/kg, and that for
total nitrogen 2.20 g/kg. Total nitrogen was
significantly correlated to organic matter (r=0.80) and
calcium (r=0.50). In contrast, only low correlation
could be found between available phosphorus and
total nitrogen (r=0.18) or organic matter (r=0.17).
Correlations between the different sediment and
water parameters were all below r=0.29 or even
slightly negative, indicating that significant nutrient or
organic matter exchange between water and
sediments are not obvious.

Principal components analysis and multiple

correlation analysis showed which parameters
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explained the highest degree of variance or non-
correlation in the data, and thus the most important
parameters for consecutive multivariate analysis.

Finally seven out of 10 parameters were selected for
consecutive multivariate analyses: total phosphorus
(median),  chlorophyll-a  (maximum), nitrate
(maximum) and phosphate (maximum) for the water

parameters and total nitrogen, available phosphorus

and calcium for the sediment parameters.

Inter-annual variaton of water and sediment

parameters

Significant differences between the three study years
and all lakes (multi-annual lakes excluded) was
found for total N, NOs-N and PO,P with clearly
higher average values in 2007 for NOs-N and PO,-P
(Table 2). Total N values were higher for 2008.
Average sediment parameters varied only slightly
with no significant difference between the years.

For the eight lakes which had been analysed in all
three years, significant differences between the years
were found for almost all water and sediment
parameters. As for all lakes, highest average values
for NOs-N and PO,-P appeared for 2007. The other
parameters with significant differences showed

highest average values for 20009.
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Table 3. Rainfall and temperature during 2007 to 2009 in the Dombes region, France (Station

Marlieux)
Total rainfall (mm) Average minimum and maximum daily
temperature (*C)

2007 2008 2009 2007 2008 2009
janvier 44 64 34 2.2/8.2 1.5/8.7 -3.8/3.4
flwrier 62 21 99 3.3/11.5 0.2/11.5 -0.6/7.0
mars 47 54 39 2.5/12.5 2.2/10.7 1.7/12.1
avril 2 118 48 6.8/21.8 5.2/15.0 7.0/18.2
mai 139 52 44 10.7/21.2 10.7/22.4 11.3/23.2
juin 115 82 95 13.4/24.6 13.4/23.5 12.5/24.9
juillet 108 104 37 13.8/24.6 13.2/26.3 14.7/28.0
aorlt 127 97 25 13.1/23.8 13.3/24.9 14.7/30.2
septembre 74 91 62 9.5/20.8 9.3/19.9 11.4/23.4
octobre 26 103 83 6.6/15.7 7.5/15.7 6.2/17.0
novembre 93 69 107 1.3/8.4 3.1/9.3 6.5/13.1
dlcembre 47 82 43 -1.0/4.0 -0.4/4.8 0.3/6.6

883 937 716 6.8/16.4 6.6/16.4 6.9/17.4

Inter-annual climatic variations

Total rainfall in the study years was highest in
2008 with 937 and lowest in 2009 with 716 mm
(Table 3). Monthly rainfall amount can vary
considerably from year to year, in particular in April
and Mai. Coldest month are January and December,
hottest month are July and August. During April 2007
and August 2009 it was relatively hot and dry

compared to the respective month of the other years.

Land use around the shallow lakes and water quality

Cropland covered most of the area of the 100 m
zone around the lakes and in the catchment area,
followed by pastures and woodland (Table 4).
Building/farm area was smallest in both cases. A
high variation of the area figures becomes obvious in
looking at the coefficient of variation. This is due to
the different situations found in this study, for
example a large lake with a very small catchment or
a small lake with a relatively large catchment. In

percentage, cropland covered about one third of the
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Table 5. Soil parameters of different land use types in the Dombes region, France (values in brackets

are standard deviation). Note: @ther cropland@s fields where information about crop type is missing.

Land use type Organic matter Total N Available P pH Calcium n
Woodland 45.3 (9.0) 1.96 (0.37) 26 (13) 4.6 0.26 6
Pasture 23.6 (5.1) 1.29 (0.27) 83 (39) 6.0 0.96 11
Fallow 30.9 (3.0) 1.92 (0.15) 65 (6) 5.5 0.87 2
Cropland 22.0(7.1) 1.35(0.42) 92 (35) 6.5 1.67 26
Statistical Difference (p) <0.001" <0.01? <0.01*>  <0.001  <0.01'
Within cropland:
Maize 19.9 (6.1) 1.22 (0.29) 92 (37) 6.7 1.07 6
Maize, then ploughed 20.8 (5.9) 1.28 (0.44)) 92 (44) 6.8 1.24 4
Wheat 24.8 (9.4) 1.30 (0.39) 109 (13) 6.5 1.14 3
Wheat, then ploughed 18.2 (3.6) 1.09 (0.16) 65 (5) 7.0 2.27 3
Other cropland 24.0 (8.5) 1.55 (0.50) 96 (39) 6.3 0.86 10

"Kruskal-Wallis, ANOVA

100 m zone and the catchment area, woodland
about 25%. The particularity of the Dombes
landscape with a high density of lakes was reflected
in the 11% of the 100 m zone area covered by other
nearby lakes.

Main crop cultivated in the 100 m zone (2008
and 2009) was maize with 52% of the cropland
surface, in the catchment area (2008) it was 56%.
Other crops such as winter wheat covered 27% and
26%, respectively for 2008 and 2009, oats (9%; 7%),
rape (5%; 4%), sunflower (2%; 4%), and others (5%;
3%). Farmers applied similar quantities of fertilisers
on their fields compared to those recommended
elsewhere in France for loamy clayey soils (Dufloux
2008). Fertilisation of cropland was carried out with

various N, P and K applications with different types of

fertilisers depending on the crop. The main crop
maize is normally fertilised one to three times in April
and May with inorganic fertilisers with an average
application rate of 140 kg N/ha, 29 kg P/ha and 24 kg
K/ha. In few cases an additional organic fertilisation
was carried out with 40 tha cattle or pig dung,
40m3/ha liquid manure from cattle, or 25m3/ha liquid
manure from pigs. The second most important crop
winter wheat received at little bit lower amount of in
organic fertiliser with 133 kg N/ha, 11 kg p/ha, and 27
kg K/ha, but no organic fertilisation. Fertiliser was
applied one to three times in March, April and May.
One third of the pastures or meadows were fertilised.
In most cases liquid manure (30 m3/ha or dung (30
t/ha) was applied in September or February, followed

by a mineral fertiliser (50 kg N/ha in March or 90 kg
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N/ha with three applications in May, June and
September). Some grasslands only received
inorganic fertiliser (70-120 kg K/ha and/or N-P-K 28-
20-40 kg/ha).

Highest organic matter and total N concentration
in the soils were found on woodland and fallow land,
followed by pastures and cropland (Table 5). The
highest values for available phosphorus and calcium
concentrations, and pH were observed on cropland
and pastures. Differences between land use types
for all parameter were significant, except for calcium.

Four different canonical correlations were carried
out to analyse the relation between land use in the
100 m zone or in the catchment with the selected
water or sediment parameters. The analysis for land
use in the catchment and water parameters was
significant (p=0.021) (Table 6). In addition, the test
was also carried out separately for the three different
years. A significant result was calculated for
catchment land use and water parameters for the
year 2007 as well as for catchment land use and
sediment parameters for 2008. No significant test
results were obtained for the analyses with land use
in the 100 m zone around the lake and water or
sediment parameters.

Highest factor loadings in root 1 were calculated
for cropland, followed by woodland, as well as for

PO4EP, and in second place NO3-N. This indicates
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that higher cropland area leads to higher PO4EP
maximum values in the lakes. This is underlined by
the highest correlation between sets obtained in the
canonical test for cropland and woodland and PO4D
P (r=0.54, r=0.45, respectively). Cropland with
woodland is correlated with r=0.49. The canonical
correlation analysis also showed that highest
negative factor loadings were achieved for
building/farm and total P, but correlation between
sets showed no correlation (r=-0.01), probably to
high variability of this data.

In addition to the canonical correlation analysis,
multiple regression analyses with forward stepwise
selection of variables were carried out. No significant
regression was found for any sediment parameter.
Two multiple regression tests between land use
variables in the catchment and water were significant
(Table 7). A significant relation between cropland as
well as woodland and PO4EP water was found. NO;D
N obtained highest beta-values more or less equal

for cropland, woodland and other areas.
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Table 6. Results of the canonical correlation analysis between land use in the catchment and water or sediment
parameters (shallow lakes having a lake/catchment ratio larger than 1.0 were excluded).

All three years

2007 2008

Variable Factor loading Factor loading Factor loading
p=0.021 p=0.009 p=0.007
| and 11se N=457 N=19 N=19
Cropland 0.72 0.43 0.03
Pasture/Meadow/ Fallow -0.15 0.09 1.23
Woodland 0.54 0.32 -0.84
Building/Farm -0.41 -0.68 0.20
Other -0.12 -0.30 0.1
Variance extracted 87% 82% 67%
Redundancy 16% 36% 42%
Water parameters
Total P (median) -0.33 -1.01
NO3-N (maximum) 0.33 -0.17
PO4-P (maximum) 0.82 0.56
Chlorophyll-a (maximum) 0.19 0.15
Sediment parameters
Total N (g/kg) 0.25
Available P (mg/kg) 0.08
Calcium (g/kg) 0.80
Variance extracted 100% 100% 100%
Redundancy 20% 37% 57%

This underlines the results of the canonical
correlation analyses where PO/EP concentration
was strongly related to cropland and woodland
areas, and to a lower degree also NOsEN. No
significant tests were calculated for the sediment
parameters.

The multiple regression analyses carried out with
the land use variable in the 100 m zone around the
lakes revealed four significant tests for the water
parameters, but non for the sediment parameter.
PO£P  had

significant  beta-values  for

pasture/meadow/fallow and woodland, NOsEN for
woodland, building/farm and other areas. Total N had
significantly  beta-values with woodland, and
chlorophyll-a for cropland.

In addition to the analyses about the relationships
between land use and water and sediment
parameters, it was investigated if i) the position of a
lake in the chain of lakes, ii) the total area of the
catchment, or iii) the ditch density have a significant

influence on water and sediment parameters.
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Table 7. Multiple Regression analyses between land use in the catchment and different water parameters (Beta-
values are indicated for variables which were selected by the forward stepwise regression; cases: n=45 for
catchment analysis, shallow lakes having a lake/catchment ratio larger than 1.0 were excluded; n=45 for 100 m
zone analysis, data of multi-annual lakes for 2007 and 2009 were excluded).

Variable

p (test)

Catchment (beta values)
Cropland
Pasture/Meadow/
Woodland
Building/Farm
Other

p (test)

100 m zone (beta values)
Cropland
Pasture/Meadow/
Woodland
Building/Farm
Other lake
Other

PO,-P NOs-N Total N
(maximum) (maximum)

water water water
<0.001 0.019 n.s.
0.42* 0.25
-0.21
0.31* 0.31

-0.30

0.25
0.002 0.032 0.018
-0.16 0.21 0.28
-0.48* -0.17
0.47* 0.49* -0.31*
0.14 0.35*

-0.52*

Chlorophyll-a

water

n.s

0.005

0.34*

-0.33*

*significant beta-values, n.s.=non significant

Table 8. Week rainfall before the sampling dates for the years 2007 to 2009 and average PO4-P and NO;-N
concentrations of the medians of the sampling dates (Note: week rainfall is the total amount of rainfall for the
seven days before a water sampling day).

Average week Average Average
rainfall PO,-P NOs-N n
(mm) (mg/l) (mgl/l)
2007 24.3 0.132 1,005 20
2008 18.8 0.082 0.507 21
2009 11.5 0.075 0.454 20
Kruskal-Wallis 0.029 <0.001 0.001

ANOVA Test (p=)

Total area of the catchment was only significantly

correlated with PO4BP and NOsBEN concentrations of

water (r=0.41, r=0.39,

respectively).

Significant

correlations were also found between the density of

ditches (m/km?) and the water parameters total N

(r=0.36) and chlorophyll-a (r=0.49). No significant

correlations could be found for the sediment

parameters and the catchment areas as well as with



density of ditches. The position of lakes in the chain
(distinction between top position, second position,
and further downward positions) revealed no
significant differences for all water and sediment

parameters analysed (Kruskal-Wallis Test).

Variation of week rainfall and correlation with PO4-P

and NOs-N

For this part we analysed the rainfall amount during
seven days before each sampling date (week
rainfall) and its correlation to median PO4-P and NO3-
N concentration of lakes for each sampling date.
Average week rainfall amount was significantly
higher in 2007 as well as POs,P and NO;-N
concentrations (Table 8). No significant differences
for sampling dates as well as for months were found
for the three parameters. Correlation between week
rainfall and PO4-P as well as NOs-N for the period
April to October (for all three years) is very low (0.09
and 0.23, respectively), but increases to 0.49 and
0.85, respectively, when correlated only to the period
April to May where we expected most nutrient

transfer from agricultural land towards the lakes.
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Discussion

Impact of land use on water quality

In general, all shallow lakes studied showed high
total P and chlorophyll-a concentration in the water.
Almost all of them could be qualified as hyper-
eutrophic (Table 1). This fact can be related mainly to
two potential human impact factors: land use in the
catchment and lake management. With the
Canonical Correlation Analysis and the Multiple
Regression Analysis it could be shown that larger
cropland areas in the catchment explain higher
concentration of PO4EP maximum (Table 6 and 7).
Highest correlations were found for those
catchments which have much larger catchment
surfaces than respective lake surfaces (a low
lake/catchment ratio) (Figure 3). That means the
larger the direct catchment of the lakes and the larger
the cropland area, the larger PO4EP maximum
concentrations found in the lakes. The higher PO4EP
maximum concentrations can be easily explained by
the use of fertilisers on the cropland, which is also
reflected by higher available  phosphorus
concentration of cropland soils compared to other
land use types (Table 5). In May 2007, peaks of
PO4BP concentration appeared after several days

with rainfall (Figure 3), suggesting direct PO4EP

transfer from fields via surface run-off. But, it became
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Figure 3. Distribution of rainfall and PO4-P
concentrations in the shallow lakes of the Dombes
region, France (from top to down: 2007, 2008,
2009).

also obvious that the correlation between PO,EP and
rainfall can vary strongly from one year to another, as
significant differences between the years were found
for week rainfall, PO4BP, and NOs-N (Table 8). The
year 2007 can be characterised as a year with higher
rainfall and higher PO,EP concentrations during the
study period. This is especially true at the beginning
of May where PO4P concentrations increase
enormously after a long dry period in April with only 2

90

mm total rainfall (Figure 4). It seems that in this
period a larger share of PO,EP which was available
on cropland after fertilisation was washed towards
the lakes. Once this high amount transfer has taken
place, more @ormalCaverage PO,EP concentrations
oscillating between 0.05-0.15 mg/l were found for the
consecutive months. This oscillation seems to be
linked to population dynamics of the phytoplankton
and its consumption of PO,EP (Heron 1961, Correll
1998). In 2008, week rainfall, and with this PO4EP, is
in average lower as in 2007, and only one peak in
May appeared. In this year the necessary rainfall
threshold for a significant PO,EP transfer to the lakes
seems not to have been reached (or only once).
Interestingly, PO,EP concentrations during 2009
were lowest and had the narrowest range of all
years. This is the year where interviewed farmers
mentioned that fertiliser prices had been very high
and that they had clearly reduced amounts of
fertiliser applied. Seasonal differences for dissolved
phosphorus were also reported by Hill (1981). He
found that 60 to 75% of the annual phosphorus loss
from 12 watersheds in southern Ontario, USA,
occurred from February to April. In addition, a general
significant positive correlation was found for cropland
and phosphorus, and a strong negative association

with forest, and abandoned farm land.



In contrast to PO4EP, the total P concentration was
negatively correlated to cropland. An explanation for
this seems to be related to the fact that total P is
composed by two main fractions: soluble and
particulate (mostly organic) phosphorus. The soluble
PO, is directly available for algal growth in aquatic
systems and therefore responsible for the
eutrophication processes. This fraction is generally
controlled by the proximity of output sources and the
time of exposure or contact of PO, to the sediments
during the transfer in the hydrographic network
(Jordan-Meille 1998, Dorioz et al. 2004). Duration
and conditions of PO, transfer in streams, or for
example across landscape features like riparian or
other buffer zones can reduce the part of available
PO, compared to total P. This situation is relatively
seldom found in the Dombes lakesO primary
catchments because cropland is in most cases
relatively close to the lakes. The high hydrological
connectivity, rarely limited by hedges or vegetation
buffers, allows fast water transfer from fields, by
preferential surface flow during sufficient rainfall
events, to the lakes via ditches or in the rarer case by
direct transfer from adjacent fields. In addition,
specific gullies are often installed on fields during the
seeding period for the drainage of the prevailing
loamy soils, but also to increase water transfer to fill

lakes as fast as possible. The flux of phosphorus
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associated with soil erosion at the catchment scale
can concem on the contrary more total P than PO,.
Research on spatial and temporal patterns of diffuse
phosphorus transfer indicates clearly the need to
uncouple the soluble and particulate phosphorus
state (see for example Gburek et al. 2005). Many
field observations conclude that the soluble
component of phosphorus is greater than the
particulate one for eight rainfall events out of ten
(Jordan-Meille 1998). Only exceptional events could
contribute to significant export of particulate
phosphorus related to soil erosion (Dorioz et al.
2004). Our data (unpublished so far) of the temporal
changes of the PO,BP ratio on total P in the lakes
indicates highest PO4EP ratio even up to 100% after
some larger rainfall events during May to June. In
contrast PO4BEP ratio on total P is below 25% during
from August to October because during this period a
high phytoplankton production takes place which
incorporates most of the PO4EP in the water into the
growing phytoplankton. In general, the different
elements of the hydrological functioning of the
Dombes catchments support our results of a strong
correlation between cropland areas in the
catchments and POP concentration in lakes
because of relative fast water transfer towards the

lakes.
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Figure 4. Relation of PO4-P maximum concentration and cropland in the watershed of shallow

lakes in the Dombes region, France (Note: Regression lines show correlations for different lake to

catchment ratios).

Although pasture and meadows are fertilised with
manure or N and P fertilisers (Dufloux 2008), no
significant positive correlations for the different water
and sediment parameters were found. This might be
due to lower pasture areas in the catchment,
compared to cropland, and that nutrient transport
from grassland is normally much slower and diffuse
because of permanent vegetation cover (Turpin et
al. 1997). In addition, only one third of the pastures
and meadows have been fertilised in our study, thus
effects might be not strong enough. In contrast,
(Borderelle et al. 2009) state that manure spreading

on grassland is an important source for nitrate in

lakes. They measured this via ™N isotope
accumulation in fish species.

Impact of land use in the catchment on NOs-N
maximum is clearly lower than PO,-P maximum as
shown with the canonical correlation analysis (Table
6). Moreover, woodland area seems to play a
certain role (Table 7), but we guess that there is not
really an explanation for this because woodland is
normally not functioning as an important source for
nitrogen and phosphorus (Turpin et al. 1997). In
contrast to the land use effects, week rainfall
showed much higher correlation with NOs-N
compared to PO,4-P, in particular for the period April

to May (r=0.85). As for PO4-P, significantly higher



values were also found for NO;-N for 2007 (Table 6
and 8), thus indicating same trends. In addition, the
highest peak of NOs-N appeared at exactly the
same sampling date in 2007 as it was for PO,-P

(Figure 4).

In general, different other works showed that a
higher share of cultivated land in the surrounding
area increased nutrient status in lakes, shallow lakes
or ponds (S¢ndergard et al. 2005a, Declerck et al.
2006). In a study of about 800 mostly shallow lakes
in Denmark, S¢ndergard et al. (2005a) showed
significant correlations within 25 m distance to the
lakes for total P, total N and Chlorophyll-a with
agricultural exploitation. Anyhow, correlations were
very low and even higher for wetland areas in the
investigated zone around the lakes. Unfortunately,
they did not provide any correlation results for their
land use data up to 500 m distance to the lakes.
Declerck et al. (2006) analysed different water/turbid
state related parameters (transparency, total P,
Chlorophyll-a, silt, vegetation cover) with land use in
circular radii ranging form 10 to 3200 m from the
farmland pond centres. They found that forest land
and cropland cover significantly explained most of
the variation on the five variables up to the 100 m
radius. In contrast to the two mentioned studies, we

did not find any significant correlation between land
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use and water quality with the Canonical Correlation
Analysis for the 100 m zone. Although the Multiple
Regression Analysis showed some significant
correlations for the 100m zone, e.g. woodland and
PO4P, or cropland with chlorophyll-a, the results
give a very varied picture because different land use
types indicated significant correlations with different
water parameters (Table 7). These findings raise
generally the question if land use around lakes can
be studied by using circular distances as we did with
our 100 m zone or as did S;ndergard et al. (2005a)
and Declerck et al. (2006) in their studies. These
linear distances consider only potential catchment
areas. Thus the approach with the determination of
the real catchment areas of lakes or ponds (see also
Davies et al. 2008) takes into account only those
areas which should influence water quality of lakes
or ponds through surface water flow or via ditches.
In contrast, subsurface flow is normally not taken
into account. This type of low might be more
important, but difficult to evaluate, for the circular
approach with smaller radii.

A further explanation that agricultural land use in
the 100 m zone in our study does not significantly
correlate water parameters with land use, but only
with the much larger catchment areas, might be due
to the additional impact of lake management.

Although the different types of lake management
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showed only few statistical significant differences
such as higher total N and total P values with
aeration (unpublished data), higher means were
found for some more water parameters (besides
NOs-N) with other managements types, e.g.
fertilisation or CaCO3 application to lake grounds
during a dry year, thus indicating a certain trend. In
the 100 m zone, the impact from lake management
on some parameters might exceed the impact from
nearby cropping, but with increasing cropland
surfaces in the catchments this might be reversed.
Although our data suggests this, it still has to be

proven with further analysis.

In summary, hypothesis 1 that was that higher
degree of cropland in the direct vicinity of the shallow
lakes explains higher nutrient concentrations in the
water, can be clearly rejected. Hypothesis 2 can be
only partly confirmed because cropland in the lake
catchment explains in general higher PO/EP
concentration, to a much lower degree NOs-N, but
not total P or total N concentrations. In addition,
correlaton  between cropland and POsP
concentration depend strongly on rainfall patterns, in
particular during May and June, and the size of the

lake/catchment ratio.
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Impact of land use on sediment parameters

Compared to the richness of phosphorus and
nitrogen in the water of the shallow lakes, the
different parameters measured for the sediments
indicated a relatively low nutrient status. For
example, average total N concentrations (also
organic matter and calcium concentration) of
sediments of 68 lakes in Switzerland (M(ller et al.
1998) are clearly higher than in our study. This is
somewhat surprising as many of their lakes were
classified with ®etterOwater quality than our ones:
two of their lakes were classified as oligotrophic, 40
as mesothropic, 23 as eutrophic, and only two as
hyper-trophic. Also, available P concentration of
sediments of shallow lakes with fish production in
the Forez region, France, is about 4-fold higher
compared to our results (Robin 1999). In contrast,
the available P concentration of sediments in a fish
pond in Morocco is equivalent with concentrations in
the Dombes shallow lakes (Hasnaoui et al. 2001).
We think that the relatively low nutrient and
organic matter concentration in the sediments of the
shallow lakes in our study can be explained by two
traditional lake management practices used in the
Dombes region. First, most of the lakes are almost
completely emptied every year for a few days for

fish harvest. During this period, part of the sediment



is mobilised and leaves the lake with the water
discharge. Secondly, in average after every third
year the lakes are emptied completely in winter and
leaving them without water during the following year.
During this period, the ground of the dry lakes
becomes a field. Then, it is normally ploughed (only
superficial ploughing), and in about 70% of the
cases CaCO; is applied. About 90% of all lake beds
are cropped for one season. Thus, a part of soil
organic matter of the Ilake sediments is
decomposed, nutrients released and taken up by
crops. In addition, nutrient export takes place via
harvested crops (about 55% of the fields are
harvested). On the other fields crops are left on the
field to either attract game animals for hunting or to
remain as a nutrient source for subsequent next
year fish production when the lake is refilled with
water. The influence of this dry year practice with
cropping on the lake grounds can be shown in
comparing our lakes with the shallow lakes with fish
production of the Forez region in France (Robin
1999). They are quite similar compared to the
Dombes lakes, besides that the Forez lakes are
never left dried up for one year and thus not
cropped. These Forez lakes have much higher
available P concentrations in sediments (Robin

1999).

MANUSCIT A - RESULTATS

In contrast to water parameters, land use types
in the catchment and in the 100 m zone were not
correlated to the different sediment parameters.
Only one relation, and only for 2008, was found for
pasture/meadow/fallow in the catchment and
calcium (Table 6). Here, lake management seems
to be more important. Significant effects on available
P in sediments was found for supplementary
feeding, fertilisation with manure and CaCo3
application on lake grounds during a year when a
lake is emptied (unpublished data). As two of these
lake management types are normally applied over
several years, residues from supplementary feeding
or fertilisation with manure might be to a certain
degree accumulated in the sediments. The CaCO3
application to lake grounds during a dry year might
have a sufficient effect to lasts during consecutive
years. What role these higher available P
concentrations in the sediments play for a potential
release to the water is difficult to evaluate.
Correlations with phosphate or total P concentration
in the water was relative low (r=0.30 and r=0.28,
respectively). According to Scheffer (2004), P
mobilisaton is mainly influenced by the
concentration of oxygen and iron. High pH of the
water can increase the pH of the sediment surface,
thus promoting the release of iron-bound P (Lijklema

1977 cited in Scheffer 2004), but inlet water that is
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rich in calcium and carbonate may also buffer the
pH, leading to a decrease in P release from the

sediments (Hosper 1985 cited in Scheffer 2004).

In summary, like for the water parameters,
hypothesis 1 can also be rejected for the sediment
parameters because cropland in the direct vicinity of
the shallow lakes does not explain higher nutrient
concentrations in the sediments. Furthermore,
hypothesis 2 has to be rejected because no
significant relationship between cropland in the
primary catchment and the different sediment
parameter could be found.

Inter-annual variaton of water and sediment

parameters

As mentioned already in some parts of the
discussion, inter-annual variations can play an
important role for certain water and sediment
parameters (Table 6 and 8). In general, total N,
NOs-N, and POP concentrations change
significantly between years for all lakes analysed.
One could argue that this is due to the selection of
the lakes in the different years, but the data of the
multi-annual lakes confirm these findings. Here,
even more water parameters (chlorophyll-a
maximum and total P) were significantly different.

Sediment parameters are normally expected not to
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change significantly between years, which could be
confirmed for all lakes. Nevertheless, significant
differences were found for available P and calcium
in the sediments of the multi-annual lakes. We
guess that this is strongly related to the fishing
activity in the lakes. Normally every year the lakes
are almost completely emptied and only a small
water area at the deepest part of the lake (normally
at the outlet of the lake) remains with all fish. Then,
fish are taken out with nets and the lake is slowly
refilled by rainfall, water coming from the catchment,
or in some cases water coming from other lakes
upwards in the chain of lakes. During the emptying
of the lakes a certain amount of sediments is
mobilised, in particular at the end of the emptying
phase (last two to three days and particularly during
fish harvesting in the last few hours) (Banas 2001,
Vallod and Sarrazin, in press). Thus certain areas of
the lake loose the superficial sediment, and if heavy
rainfall events occur during the emptying period,
nutrients losses from sediment erosion could be
significant. During the refiling of the lake a new
superficial sediment horizon is built up and different

sediment parameters are significantly changed.

Conclusions

The Dombes region is a highly complex

agroecosystems  where livestock

cropping,



husbandry, forestry, fish production and game
hunting are practiced intermixed on the whole
territory of the agroecosystem, but also within the
territory of lake catchments and of most single
farms. Thus different parameters such as land use
and agricultural practices, water management in the
catchment and in the chain of lakes, as well as lake
management interact on different water and
sediment parameters of shallow lakes. Land use
(cropland) and agricultural practices (fertilisation of
fields) are strongly correlated with PO,EP, and to a
lower degree also to NOs-N, but only for certain
periods of the year (spring) as well as for certain
rainfall patterns in this period. Based on our data,
this means that we can expect to have a nutrient
transfer from cropland to the lakes only in years
where higher rainfall with a more uneven distribution
in spring appears. If a necessary threshold is
exceeded, transfer of nutrients to lakes takes place.
If these conditions do not appear, and if farmers do
not apply usual rates of fertilisers (example of 2009),
normal fluctuations of P and N water parameters are
dominating, explained by population dynamics of
phytoplankton and different chemical processes in a
lake along the year.

We can clearly state that cropping around the
lakes has an effect on POEP concentration of the

lake water, but this strongly depends which area is
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analysed around the lake. Classical approaches
which often use circular areas around lakes seem to
be an inappropriate approach for most situations as
the hydrographic network such as arriving ditches or
drains (or rivers) cannot be adequately taken into
account. Instead, we could show that the catchment
approach is much more useful in estimating nutrient
flows from agricultural systems to lakes.
Nevertheless, in our study this approach still has
certain limits because it considers only the primary
catchment of one single lake, but not the complete
catchment of lakes that are rowed up QpstreamCin
complex chains of lakes. The catchment approach
for a chain of lakes would probably demand
complex modelling which takes ratio and annual
changes of different land use type within the
catchment into account, but also the complex
system of annual water transfer from one lake to
another downstream, and the fact that the area of
some lakes are cropped when they are left emptied
during one out of four years. In addition, the effects
of lake management have to be taken into
consideration, although we did found only minor
influences. Fish production in the lakes is a very
important production factor for farmers (owners) or
managers  (non-owners) in the Dombes

agroecosystem, and a large impact on certain single

lakes can be expected. To get a more detailed
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picture about the effects of land use and lake
management in the future, it will be necessary to
collect more information about nutrient transfer
along lakes of a chain as well as nutrient transfer via

and along the ditches in the catchment.
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3.2 Eutrophisation, structure et diversit[l des communauts
phytoplanctoniques
MANUSCRIT B :

Arthaud F., Robin, J., Bornette G. & Vallod D. Phytoplankton diversity and productivity in
eutrophic shallow lakes.

Question posie:

L@ugmentation de la production phytoplanctonique est une consiquence de
|@utrophisation et elle est fortement liCe [Ila composition et [Ila diversit] des communaut(s
phytoplanctoniques. A |Qchelle annuelle, entre les [tangs, |Bypothise faite est que
I@ugmentation de la teneur en nutriments devrait induire une augmentation de la production
phytoplanctonique assocife [1 une diminution de la diversittl et 1 un changement
d@bondance relative des groupes taxonomiques.

M(thodes :

Ces pridictions ont [t[]test[es en utilisant les donnes midianes de concentrations en
nutriments (eutrophisation) et en chlorophylle a (production phytoplanctonique), et en les
reliant [ la richesse ginlrique, [ IOquitabilit] et [ I@bondance des grands groupes
taxonomiques phytoplanctoniques.

R(sultats :

La concentration en chlorophylle a est fortement corr(lle aux concentrations en
nutriments dans I@au des [tangs, et apparat comme un bon indicateur de la productivit(l La
richesse g nirique et IOquitabilit I ne sont pas corrlIes [Ila concentration en chlorophylle a.
La similaritl] des communautl's est plus forte entre les ['tangs qui ont des concentrations en

chlorophylle a proches et I@bondance relative des cyanobact ries augmente lorsque la
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concentration en chlorophylle a augmente, au dipend de certains autres groupes
taxonomiques.

Discussion :

La concentration en chlorophylle a et les changements d@bondance entre certains
groupes taxonomiques sont fortement indicateurs du niveau trophique des [tangs, mais la
diversit] des communaut[s n@st pas lile au gradient de productivit'. Une [tude [J une
‘chelle temporelle plus fine, intfgrant la succession saisonnilre, permettrait de mieux
caractlriser la relation entre diversit] phytoplanctonique et eutrophisation, mi'me si la forte
connectivit ] entre les [tangs pourrait contribuer [ riduire I@xclusion compltitive entre les

esplces.
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Abstract: Theoretical relationships between diversity and productivity have been extensively studied, but
observations in natural communities have offered contrasting results, especially in communities where
productivity is high. We hypothesised that in eutrophic ecosystems, phytoplankton diversity decreases along a
gradient of increasing productivity, due to an increasing intensity of competition among phytoplankton species.
Eighty-three shallow lakes were sampled in the Dombes region (France), which is characterised by many
interconnected, anthropogenic, shallow lakes. The nutrient content of the water, the phytoplankton biomass
characterised by the chlorophyll a concentration and the abundance of each phytoplankton genus were
assessed through weekly water sampling from April to October. Chlorophyll a concentration was strongly linked
to nutrient concentrations and appears to be a good indicator of productivity. Genus richness and evenness were
not correlated with chlorophyll a. Community similarities were higher among lakes with comparable chlorophyll a
concentrations. The relative abundance of cyanobacteria increased with increasing chlorophyll a, at the expense
of other taxonomic groups. No consistent diversity-productivity relationships were observed, but changes in
community composition occurred along a productivity gradient. The strong connectivity between lakes and

human activity pressures in the Dombes area likely contribute to reduce competitive exclusion among species.

Rsumit De nombreux travaux thloriques concernant la relation diversitl et productivit'] existent mais les
observations dans des communauts naturelles montrent des r( sultats contrast(’s, principalement pour les forts
niveaux de productivit's. Dans les [cosystimes eutrophes, nous faisons I@ypothise que la diversit(
phytoplanctonique diminue le long dOn gradient de productivit'] [ cause de lI@ugmentation de I@tensit | de la
compl tition. Quatre vingt trois [tangs ont [t[1[ chantillonnie dans la ri gion de La Dombes (France) caractl ris[ e
par un grand nombre dOtangs anthropiques interconnect’s. Les nutriments dans 1@au, la biomasse
phytoplanctonique caract(tis(] par la concentration en chlorophylle a, ainsi que lI@bondance de chaque genre
phytoplanctonique ont [t7] [valullau travers dOchantillonnages hebdomadaires r alis’s d@vril [1 Octobre. La
concentration en chlorophylle a est fortement lire aux concentrations en nutriments et apparait comme un bon
indicateur de la productivit | La richesse g/ n rique et IOquitabilit 1ne sont pas corr(1les avec la concentration en
chlorophylle a. La similarit] des communaut(s est plus forte entre les [tangs qui ont des concentrations en

chlorophylle a proches et I@bondance relative des Cyanobact(ries augmentent lorsque la concentration en
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chlorophylle a augmente, au d'pend de certains autres groupes taxonomiques. Aucune relation entre la diversit™
et la productivit 1n@ 't 1observ Imais des changements dans la composition des communaut('s apparaissent le
long du gradient de productivit'l La forte connectivit[] entre les [tangs et les pressions des activit's humaines

dans la ri gion de La Dombes contribue [1r” duire I@xclusion comp! titive entre les esp! ces.
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Introduction

Many studies have focused on the ways that
diversity correlates with productivity (Grace 1999;
Mittelbach et al. 2001; Declerck et al. 2005; Gillman
and Wright 2006). According to the models proposed
by Huston (1994) and Grime (2002), peak species
richness occurs at intermediate levels of productivity
in ecosystems. Species richness is expected to
decrease at the low end of a productivity gradient
because few species are capable of coping with
extreme resource limitation (Grime 2002). A decline
in species richness is also expected at the highest
productivity level because competitive displacement
is accelerated (Huston 1994), and resource
heterogeneity is decreased (Tilman 1982). Other
studies have explained this decline in species
richness by hypothesising that predation increases at
high productivity levels; therefore, predator-resistant
species will dominate where productivity is high
(Leibold 1996; Steiner 2003). The peak species
richness expected at intermediate productivity is
theorised to result from the co-occurrence of species
that are specialised to occupy intermediate
productivity with some species of both ends of the
productivity gradient. Meta-analyses (Mittelbach et al.

2001; Gilman and Wright 2006) have showed
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contrasting results, namely that several studies have
demonstrated this maximum species richness at
intermediate productivity but others studies have
demonstrated biodiversity increases with increasing
productivity. The controversy over the decline in
diversity at the high end of the diversity-productivity
curve is therefore not resolved (Abrams 1995;
Rosenzweig 1995). Indeed, at the highest
productivity level, the hypothesis of competitive
exclusion (Gauss 1934) contradicts the following two
hypotheses: the hypothesis of stable coexistence of
species (Hutchinson 1961) and the hypothesis of
alternative stable states (Lewontin1969). According
to these two hypotheses, diversity may actually
remain stable or increase with increasing productivity.

Shallow lakes are particularly appropriate for
studying diversity-productivity relationships across
high productivity levels. Indeed, many lakes
frequently occur within the same landscape, contain
varying nutrient levels and may be naturally nutrient
rich, such as in Denmark (S¢ ndergaard et al. 2005)
or Southeast England (Bennion and Smith 2000).
Extremely high productivity levels may as a result of
human use of the lakes for fish farming or as water

reservoirs (Zhong and Power 1997; Lake et al.



2001). More generally, management practices such
as fertilisation, liming and control of fish and duck
densities affect nutrient levels, leading to variation
among lakes located in the same landscape
(Scheffer et al. 1993; Hansson et al. 1998). The few
studies that have specifically dealt with the
relationship between productivity and phytoplankton
communities in shallow lakes have found a hump-
shaped relationship between total species richness
and either average nutrient levels (Leibold
1999), average pelagic primary productivity (Dodson
et al., 2000) or average total phosphorus (Jeppesen
et al. 2000). However, Declerck et al. (2007)
observed a decline of species diversity with
increasing eutrophication along an experimental
eutrophic gradient. Leibold (1999) suggested that
species of phytoplankton found at high nutrient levels
are slow-growing but more resistant to grazers,
whereas Declerck et al. (2007) suggested that
productivity may affect phytoplankton richness
through mechanisms other than predation by
zooplankton because zooplankton abundance and
thus phytoplankton grazing rate are low in highly
eutrophic lakes (Gulati 1983; Agasild et al. 2007;
Haberman et al. 2007). Experiments have
demonstrated that the intensity of competition in
phytoplankton communities remained constant or

even decreased with increasing nutrient levels, but
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competitive exclusion was always observed;
whereas stable coexistence or alternative stable
states did not occur (Passarge et al. 2006). Some
taxonomic groups are more abundant at high total
phosphorus concentrations (Reynolds 1984; Watson
et al. 1997); for example, cyanobacteria survive
better under the reduced nitrogen:phosphorus ratio
and light levels that accompany high phosphorus
concentrations, resulting in higher phytoplankton
abundance (Jensen et al. 1994). The greater
competitive ability of some taxonomic groups, rather
than grazing effects, consequently may decrease
species diversity at high productivity levels.

The aim of the present work was to explore the
relationships  between nutrient levels and
phytoplankton diversity in a large number of shallow
lakes across a gradient of high nutrient
concentrations. The hypotheses explicitly tested
were the following: (1) phytoplankton biomass is
positively correlated with nutrient concentrations in
the water, and consequently should be a good
indicator of productivity, (2) phytoplankton genus
richness and evenness are negatively correlated with
phytoplankton biomass and (3) low phytoplankton
diversity at high phytoplankton biomass may results

from competitive exclusion and dominance by a

small number of taxa.
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Methods

Study area

The Dombes region is a 90,000 ha area located in
Southeast France and is characterised by about
1,100 shallow lakes with a cumulative area of 12,000
ha. ). In most cases, several lakes are connected to
each other through ditch systems, either in a simple
chain or in complex, ramified chain of lakes Their
surface area varies considerably from less than 1 ha
for small, shallow lakes to more than 100 ha for the
largest lakes. Their average depth is about 1 m. The
management of these lakes mainly consists of
alternating fish farming and crop production over the
same area. During years of fish farming, each
autumn, the lakes are emptied of their water and of
all fish, and then refilled of water and at the end of
winter stocked with fish. The main fish farmed in the
lakes are carps, but also tenchs, roaches and pikes.
Approximately every four years, the lakes are
emptied of their water for a year to make way for crop
cultivation (mainly maize and winter wheat) or the
lakes are left fallow. The filing water comes from
either another lake located upstream, or from the
watershed. Eighty-three shallow lakes in the area
were randomly selected. Due to logistical constraints,
the total number of lakes was divided into three sets,

where each set was sampled during one year, either
108

in 2007 (30 lakes), 2008 (27 lakes) or 2009 (26

lakes).

Assessment of water physico-chemistry and
phytoplankton content

The sampling procedure was the same during of the
three years of sampling. Interlandi and Kilham (2001)
suggested that community-level properties may be
better understood with frequent sampling, particularly
in highly dynamic aquatic systems such as shallow
lakes. Frequent sampling also enables to decrease
effect of strong temporal heterogeneity that occurs in
eutrophic shallow lakes (Jeppesen et al. 1997; Lau
and Lanne 2002), and to be less biased than few
random summer samples. All of the lakes were
sampled every two weeks in April, September and
October and every week from April to August.
Samples were collected at the deepest location (i.e.
near the outlet of each lake) in the upper 50 cm of the
water column with a Van Dom water sampler. The
main nutrients that affect phytoplankton growth are
nitrogen and phosphorous (Reynolds 1984). Nitrate,
ammonium, total nitrogen, phosphate and total
phosphorous in the water were measured at each
sampling date. Nutrient levels were measured using
colorimetric methods in unfiltered water, following the

standard procedures of the Hach® methods (HACH



Company, Loveland, Colorado, USA, DR/2400

Spectrophotometer Procedure  Manual, Hach
Company, 2002). The total nitrogen content was
assessed using the total nitrogen persulphate
digestion method. The total phosphorus content was
assessed using the acid persulphate digestion
method. The nitrate content was assessed using the
chromotropic acid method. The ammonium content
was assessed using the salicylate method. The
orthophosphate content was assessed using the
ascorbic acid method.

Chlorophyll a was used as a proxy for
phytoplankton biomass. Even if the concentration of
chlorophyll a is a biased estimate of phytoplankton
biomass due to the high variability of the carbon
content in the phytoplankton cells (Cullen 1982), this
variability decreases as the productivity status of the
lakes increases (Kasprzak et al. 2008); therefore,
chlorophyll a remains the best proxy for
phytoplankton biomass (Huot et al. 2007). After
extraction for 24h in a 90% acetone solution,
chlorophyll a was measured with a Shimadzu
UVNIS spectrophotometer UV-2101 PC (Shimadzu
corporation, Kyoto, Japan) at 630, 645, 663 and 750
nm. The chlorophyll a concentration per unit volume

was then calculated using the Parsons and

Strickland formula (1963).
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For phytoplankton sampling, a 10 ym mesh
conical strainer was used to obtain a concentrated
sample, which was immediately fixed with acid
Lugol® iodine solution. Organisms were identified at
the genus level. The abundance of each taxon was
determined by multiplying the number of cells of a
given genus by its average cell surface area. The
relative abundance of a genus was then calculated
by taking into account the sum of the abundances of

all genera identified.

Data analyses

Median values were calculated for all parameters
and used to characterise nutrient levels, chlorophyll
a, genus richness and genus abundance in lakes.
Median values were used because they decreased
the bias caused by a few extreme values in the
datasets.

To assess the relationship between nutrient
concentrations and chlorophyll a, a principal
component analysis (PCA) was used to analyse the
chemical data. The chlorophyll a was projected as a
supplementary variable in the PCA, with the scalar
product associated with the row weights of the
analysis, to identify its degree of correlation with the
set of chemical parameters.

Phytoplankton diversity was assessed through

total genus richness, median genus richness and
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median evenness. Evenness was determined by
Pielou® evenness index, J = H/Hmax, Where H is the
Shannon diversity index and Hn. is the maximum
value of H. The relationships between chlorophyll a
concentration and richness and evenness were
assessed using general linear models and employing
a logistic model for genus richness and a Poissonian

model for evenness (the statistical distribution was

checked using Pearson's Xz test). Quadratic

regressions were used to identify any significant
deviations from linearity. Values of chlorophyll a
concentration were logy transformed to meet
assumptions of normality (validated using the
Shapiro test).

The Bray-Curtis dissimilarity index was used to
measure differences in genus composition among
lakes and was calculated for all pairs of lakes. The
index varied from 1 (no taxa in common) to 0
(identical taxonomic composition in both lakes).
Euclidean distance was used to measure similarity in
chlorophyll a concentration among lakes and was
calculated for all pairs of lakes. The statistical
significance of the Mantel correlations between
dissimilarity in genus content and chlorophyll a
concentration distance among lakes was determined
from 20,000 permutations of the lakes. The

correlation between the relative abundance of each
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taxon and chlorophyll a concentration was assessed
using Spearman's rank correlation test.

R software was used for all statistical analyses (R
Development Core Team, Vienna, Austria, R

Foundation for Statistical Computing, 2008).

Results

Relationship between phytoplanktonic biomass
and lake productivity

The median, minimum and maximum concentrations
of nitrogen, phosphorus and chlorophyll a in the
water are indicated in Table 1. Water nutrient
concentrations and chlorophyll a contents generally
were high, and almost all lakes ranged between
eutrophic and hyper-eutrophic, according to the
OECD trophic status characterisation developed for
lakes and rivers (S¢,ndergard et al. 2005).

Table 1: Median, minimum and maximum
concentrations of phosphorus, nitrogen and
chlorophyll a content in the water (pg.L'1).

Total P Total N Chlorophyll a
Median 520 3950 93
Minimum 250 2110 11
Maximum 1290 6320 404

Variation among lakes explained by the first and
second axes of the PCA contributed to 50 % and 26
% of the total inertia of the dataset, respectively (Fig.

1). The first axis was strongly correlated with total



nitrogen, total phosphorus and phosphate. The
second axis was positively correlated with
ammonium concentration and negatively correlated
with nitrate concentration. The chlorophyll a
concentration appeared to be strongly correlated with

total nitrogen, total phosphorus and phosphate on

the first axis.

Fig. 1: Supplementary projection of chlorophyll a
concentration in a principal component analysis of
nutrient concentrations in the water. Axes 1 and 2
represented 50% and 26% of the variability,
respectively.
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Relationship between genus richness, evenness
and phytoplankton biomass

Among all lakes sampled, 94 genera belonging to 7
major taxonomic groups were identified. The total
genus richness varied from 18 to 45 genera, with an
average of 30 genera per lake (Fig. 2). We found no
linear relationship or curvilinear relationships
between total species richness and chlorophyll a (2
181=83.4 p=0.66 and y? 15,=82.8, p=0.46 respectively).
The median genus richness varied from 6 to 21
genera, with an average of 12 genera per lake. We
curvilinear

found no linear relationship or

relationships between species richness and
chlorophyll a () 18:=56.7 p=0.75 and * 15=56.25,
p=0.56 respectively). The evenness varied from 0.49
to 0.96, with an average of 0.83 per lake. We did not
detect any significant linear or curvilinear
relationships between evenness and chlorophyll a (2

181=6.2, p=0.81 and x?1,=6.16, p=0.82, respectively).

Relationship between community assemblages
and phytoplankton biomass

Phytoplankton taxonomic dissimilarities calculated for
all pairs of lakes (Bray-Curtis index) varied from 0.19
to 0.92, with an average value of 0.58 (+0.12). These
dissimilarities were positively but weakly correlated
with differences in chlorophyll a concentrations

(Mantel statistic r=0.1253, p=0.0012).
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The class Chlorophyta was the most abundant
taxonomic group and accounted for 50% of
phytoplankton abundance per lake in average, but its
abundance was negatively correlated with
chlorophyll a concentration (S=219072, p=0.001,
rho=-0.31). The relative abundance of Diatoms and
Dynophyta also decreased when chlorophyll a
concentration increased (S=61966, p=2.6x10",
rho=0.63 and S=212404, p=0.006, rho=-0.27,
respectively). In the contrast, the relative abundance
of cyanobacteria was strongly and positively
correlated with chlorophyll a concentration (S=61966,
p=2.6x10", rho=0.63). The relative abundance of
Euglenophyta was not correlated with chlorophyll a
concentration (S=164352, p=0.89, rho = 0.013).
Chrysophyta and Cryptophyta were scarce in all
lakes, and their abundances also were not correlated
with chlorophyll a concentration (S=18809, p=0.2,

rho=-0.12 and S=172916, p=0.7, rho=-0.04,

respectively).
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Discussion

The shallow lakes sampled were ranged along a
productivity gradient, which was characterised by
concentrations of total phosphorus, total nitrogen and
orthophosphates. Nitrate and ammonium
concentrations were negatively correlated, probably
because the high demand for oxygen for organic
matter mineralization during and after algal blooms
leads to a strong decrease in oxygen and a reduction
of nitrate to ammonium (Reynolds 1984). A strong
relationship between chlorophyll a and nutrient
concentration also was observed, in accordance with
previous results demonstrating a well-established
positive relationship between nutrient loading and
phytoplankton biomass in eutrophic lakes (Souchu et
al. 2010). Consequently, phytoplankton biomass
appears to be good indicator of productivity in
eutrophic aquatic ecosystems (Huot et al. 2007).
Total genus richness, median genus richness
and evenness did not correlate with chlorophyll a
concentration. Nutrient concentration influenced
phytoplankton biomass, but did not affect diversity,
which conflicted with our hypothesis and previous
studies (Leibold 1999; Jepessen et al. 2000) At the
highest lake productivity levels, diversity was as high

as that found at other levels of productivity; however,

the genus composition were more similar among
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lakes when phytoplankion biomass was more
similar. Differences in phytoplankton community
structure among lakes became more pronounced
when we examined the relative abundance of taxa
across a gradient of phytoplankton biomass. The
relative abundance of Cyanobacteria increased, and
the relative abundance of Chlorophyta, Diatoms and
Dynophyta decreased, when phytoplankton biomass
increased. Increasing productivity did not change the
genus richness and evenness in lakes, and all
taxonomic groups occurred at all productivity levels,
however community composition varied across the
productivity gradient. Cyanobacteria are relatively
more shade-tolerant and have a competitive
advantage in eutrophic lakes containing high
phytoplankton biomass (Jensen et al.1994; Scheffer
et al. 1997). However, their maximum growth rate is
lower than that of most other groups, and under less
turbid conditions, groups such as Chlorophyta have a
competitive advantage and may become dominant
over Cyanobacteria (Levine and Schondler 1999;
Olding et al. 2000).

The large number of species in most plankton
communities contradicts the competitive exclusion
principle, a discrepancy that was first noted by
Hutchinson (1961) as Ghe paradox of the planktonO
According to the principle of competitive exclusion,

however, the number of coexisting species in
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equilibrium cannot exceed the number of limiting
factors (Tilman 1982). The experiments dealing with
such topic have demonstrated that the intensity of
competition in phytoplankton communities remained
constant or may decreased with increasing nutrient
levels, but competitive exclusion still occurred
(Passarge et al. 2006). In natural situation, studies
frequently afford contrasting results for the highest
productivity level, because high end of the trophic
gradient include frequently few points (Dodson et al.
2000, Hambright and Zohary 2000, Interlandi and
Kilham 2001, Grover and Chrzanowski 2004).
Reynolds (1997) suggests than many
environmental variables, besides nutrients rule the
growth and survival of several phytoplankton
species; therefore, the diverse combinations of many
limiting factors along the nutrient gradient may
promote high diversity across the productivity
gradient. Furthermore, phytoplankton communities
may never reach equilibrium, because significant
environmental fluctuations and spatial heterogeneity
affect the extremely very short-ived organisms
(Hutchinson 1961; Roy and Chattopadhyay 2007).
The anthropogenic context of the shallow lakes in the
Dombes area may further favour the non-equilibrium

of community dynamics and prevent competitive

exclusion. Indeed, disturbance and connectivity are
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particularly high and may allow species coexistence
and promote diversity. Indeed, these shallow lakes
are dewatered annually, which potentially disturbs
phytoplankton communities to a great extent, which
likely favours biodiversity, according to the
intermediate disturbance hypothesis (Huston 1979).
Furthermore, the number of microbial species and
individuals representing those species is so large that
geographical barriers rarely restrict their dispersal
(Finlay 2002). Consequently, the high connectivity
between lakes, resulting from ditch networks and
geographical  proximity, may also enhance
phytoplankton cell dispersion (Kristiansen 1996) and
species coexistence (Mouquet and Loreau 2002).
High migration rates and high connectivity throughout
the entire Dombes area may maintain persistent
local species, even in communities with strong
competitive  interactions.  Another  proposed
explanation proposed for the maintenance of non-
equilibrium dynamics is the theory of complex
dynamics and spatio-temporal chaos (Roy and
Chattopadhyay 2007). Modelling and laboratory
experiments have shown that competition in
phytoplankton communities frequently may resemble
chaos, with the continuous appearance and

disappearance of species within the community

(Scheffer 2003).



Because phytoplankton organisms are short-
lived and small, studies of phytoplankton community
dynamics at a large scale challenge general theories
that describe patterns of productivity and species
diversity in nature. Community dynamics highlight
the importance of considering the ecological context
and spatial and temporal scales in the study of
communities (Chase and Leibold 2002; Aarsen,

Laird and Pither 2003).
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RESULTATS

3.3 Eutrophisation, perturbations anthropiques et

communaut(s de plantes aquatiques

3.3.1 Eutrophisation, perturbations anthropiques et richesse

spl cifique

MANUSCRIT C: Arthaud F., Vallod D., Robin J., Wezel A. & Bornette G. Disturbances
control plant species richness along productivity and dispersal gradients in shallow lakes.

Question pos’e

La relation entre richesse splcifique et friquence de perturbations (RS-FP) a ['tl]le sujet
de nombreux travaux thCoriques et expl[rimentaux, mais peu se sont int[ress(s [ |@ffet de
contraintes comme la productivit[lou la connectivitl] sur cette relation. IndCpendamment des
autres contraintes, la relation entre richesse splcifique et frfiquence de perturbations forme
une courbe en cloche (figure 3.1). Les travaux concernant la productivitl] pridisent qu@Qne
faible productivitl] ralentit la succession et tronque la partie droite de la courbe en cloche
(relation RS-FP positive) tandis qu@ne forte productivit' accll re I@xclusion compltitive et
tronque la partie gauche de la courbe (relation RS-FP n[gative). LAQugmentation de la
probabilit’] d@nmigration accllire la succession via une forte colonisation des esplces et

tronque la partie gauche de la courbe (relation RS-FP positive).
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Figure 3.1 : Schima des hypoth[ses concernant |I@ffet de la productivit(] et de la connectivit(]
sur la relation entre richesse spicifique et frCquence de perturbation
M(thodes :

Ces pridictions ont [t testles en confrontant la richesse splcifique des plantes
aquatiques recensie dans 60 [tangs avec la date du dernier assec (frfquence de
perturbations), la concentration en chlorophylle a (productivit) et le nombre dOtangs en
amont (probabilit’]d@nmigration).

Risultats :

La richesse splcifique est maximale [1une frCquence de perturbations intermdiaire pour
les plus faibles concentrations de chlorophylle a qui correspondent 1 des [cosyst mes
misotrophes. L@ugmentation de la concentration en chlorophylle a diminue la richesse
splcifique qui devient corr(1[e positivement avec la friquence de perturbations. La richesse
splLcifique est la plus faible pour les frrquences de perturbations les plus faibles et lorsque le

nombre dOtangs en amont augmente.
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Discussion :

Les hypothises concernant la relation entre richesse spicifique et frlquence de
perturbations ont [t(] validies pour les productivit's fortes et interm(diaires, le jeu de
donnles ne permettant pas de tester pour les faibles productivit's (oligotrophes).
Concernant la connectivit[], les rlsultats obtenus sont contraires aux hypoth(ses, sugglrant

que le gradient amont-aval intLgre d@utres processus en plus de la dispersion des individus.

121






MANUSCIT C - RESULTATS

Disturbances control plant species richness along productivity

and dispersal gradients in shallow lakes

Florent Arthaud, Dominique Vallod, Jo[1 Robin, Alexander Wezel & Gudrun Bornette

Arthaud F. (Corresponding author, florent.arthaud@univ-lyon1.fr) & Bornette G. (gudrun.bomette@univ-
lyon1.fr): University of Lyon, F-69622, Lyon, France; University Lyon 1, Villeurbanne; CNRS, UMR5023, LEHNA-
Ecology of Natural and Man-Impacted Hydrosystems. Vallod D. (vallod@isara.fr), Robin J. (robin@isara.fr) &
Wezel A. (wezel@isara.fr): ISARA-Lyon, Research Group Ecosystems and Aquatic Resources, 23 rue Jean

Baldassini, 69364 Lyon Cedex 07, France.

123



MANUSCIT C - RESULTATS

Abstract
Question: The intermediate disturbance hypothesis (IDH) predicts the highest species richness at intermediate
levels of disturbance, but some studies have shown that productivity and dispersal may both modify this pattern,
outlining the need for further studies on the effects of disturbances along productivity and dispersal gradients. In
this paper, we analysed plant species richness in relation to (1) the disturbance frequency that affects the
ecosystems, measured as the years since the last disturbance, (2) productivity and (3) the connectivity to similar
nearby ecosystems, a proxy for the potential inputs of diaspores.
Location: Shallow lakes of the Dombes region, France
Methods: Every 5-7 years, the shallow lakes are emptied and left to dry out for one year. These drought
disturbances lead to the complete destruction of submerged aquatic plant communities. Sixty lakes arranged
along a gradient of productivity were selected for this study. The probability of diaspore inputs was considered to
increase from upstream to downstream, as lakes are organised in hydrologically connected networks via ditches
in which downstream lakes receive water from upstream lakes. Aquatic plant species richness (through
systematic summer vegetation sampling), time since last disturbance (last summer drying), productivity
(estimated through chlorophyll a concentration) and the probability of diaspore inputs (assessed through the
position in network) were recorded.
Results: Species richness decreased with the time since the last disturbance for all lakes, but there was a
significant interaction with the chlorophyll a concentration and with the position of the lake in the network. At the
lowest productivities, the relationship between disturbance and species richness was hump-shaped whereas
when productivity increased, species richness decreased with decreasing disturbance frequency. A lake®
position in the network did not influence species richness during the first two years after disturbance, but from the
3" year onwards, an increasing number of upstream lakes showed decreased species richness, contradicting the
expected trend of increasing species richness with diaspore inputs.
Conclusion: This study indicates that the relationship between species richness and disturbance is strongly
affected by both productivity and connectivity and that these factors should be taken into account in further
developments of the IDH theory.

Keywords: Macrophyte; Dry period; Temporary water; Nutrient; Eutrophication; Metacommunity; Connectivity
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Introduction

Disturbances are unpredictable events causing
partial or total destruction of biomass and are
considered to be key processes ruling diversity
patterns (Huston 1979; Pickett and White 1985;
Grime 2002). Disturbances are mainly characterised
by their nature, frequency and intensity. Theoretically,
very high disturbance frequencies and/or intensities
decrease species richness because few species
may tolerate the events. Low disturbance
frequencies and/or intensities allow the more
competitive species to dominate the community, also
resulting in a decrease of species richness. The
intermediate disturbance hypothesis (IDH) thus
postulates that a peak in species richness should
occur at intermediate intensities and frequencies of
disturbance, allowing the coexistence of both
competitive species and disturbance tolerant species
(Connell and Slatyer 1977). Although this model is
currently accepted, it is under discussion because
some studies of the relationship between disturbance
and species richness have had conflicting findings
(e.g. increasing or decreasing, reviews in Mackey
and Currie 2001; Shea et al. 2004; Randall et al.
2007).

Such contrasting trends may relate to productivity
levels (Huston 1979) or between-patch dynamics

(Pickett 1980) that may vary among ecosystems.
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Concerning productivity, experiments and modelling
suggest that the effect of disturbances may be higher
at low productivity levels because of lower growth
rates and subsequent competition pressure, and
lower at high productivity levels where growth rate
and competition are potentially high (Pollock et al.
1998; Kondoh 2001; Wilson and Timan 2002;
Cardinale et al. 2006). These results suggest that the
relationship between disturbance and species
richness may occur in three forms: negative
relationships at low productivity, unimodal at
intermediate productivity and positive relationships at
high productivity.

The effects of disturbance on species richness
are also related to the ability of species to reach the
disturbed patches (Wilson 1994). High disturbance
frequencies favour ruderal species that generally
have a high fecundity and good dispersability, but are
unfavourable for the best competitors, because the
recurrence of disturbance events does not allow
them to reach reproductive maturity and because
their diaspore abundance and dispersability tend to
be low. In contrast, low disturbance frequencies
favour competitive species to the detriment of the
ruderal species that tend to disappear (Grime 2002;
Roxburgh et al. 2004; Cadotte 2007). In isolated

habitats, characterised by low dispersal between
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patches, disturbances may have a stronger negative
effect on species richness because adapted species
may have difficulty reaching the newly disturbed
patches. In contrast, in connected habitats,
disturbance-intolerant species may be able to persist
at the regional community scale and to recolonise
disturbed patches from adjacent undisturbed
ecosystems ([Istman et al. 2006; Matthiessen et al.
2010).

Studies that explicitly considered either the effect
of productivity or the role of dispersal on the
relationship between disturbances and species
richness are few and often show contrasting results.
Furthermore, the roles of productivity and dispersal
rate are usually not considered simultaneously. One
exception is Dickson & Foster (2008) who
demonstrated that plant species richness following
disturbances in grasslands was higher both with
richer seed pool and with lower productivity.

Shallow lakes are good model systems for
testing such hypotheses. Indeed, lakes are spatially
delineated, being aquatic @landsOin a terrestrial
landscape (Cottenie et al. 2003). Among aquatic
communities, previous studies have demonstrated
that aquatic plants are strongly affected by
disturbances, connectivity and productivity when

considered separately (Bornette et al. 2001).
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Human management of shallow lakes often
involves an alternation between wet and dry periods,
the frequency of which generates a hydroperiod
gradient from ephemeral to near permanent (De
Meester et al. 2005; Wiliams 2005). Such long-
lasting drought disturbances may lead to the
destruction of vegetative parts of all submerged
aquatic plants (including subterranean organs) that
grow naturally in the lakes during the period with
water and have a strong effect on species richness
and succession (Wilcox and Meeker 1991;
Casanova and Brock 2000; Van Geest et al. 2007).
The nutrient content of water is influenced by
agricultural practices around the lakes and
management practices on the lakes. These factors
lead to great variations in productivity among lakes
within  the same landscape, ranging from
mesotrophic to hypertrophic situations (Hansson et
al. 1998, Wezel et al. submitted). Increasing nutrient
concentrations increases competition not only
among aquatic plants but also between aquatic
plants and phytoplankton, whose biomass is also
ruled by productivity, leading ultimately to plant
disappearance (Declerck et al. 2005). In addition,
human-controlled lakes are often organised in
hydrologically connected networks, and those

located downstream in the network are partially filled

by a network of ditches bringing water from lakes



located upstream or from the respective catchments
of the lake. Water is a major dispersal vector for
vegetation (Boedeltje et al. 2004; Nilsson et al. 2010),
and increased hydrological connectivity increases
species richness (Borette et al. 1998; Coops et al.
1999). The probabilty of diaspore inputs,
consequently, should be higher in the downstream
lakes that receive diaspores from upstream lakes
when these lakes are emptied. In contrast, the most
upstream lake in a network is filled exclusively with
water drained from terrestrial areas of its catchments,
and thus diaspore input is potentially the lowest.

In this paper, we studied aquatic plant
communities in  periodically  drought-disturbed
shallow lakes that vary according to productivity and
connectivity in order to relate species richness to (1)
the disturbance frequency that affect ecosystems, (2)
the productivity of the lakes, and (3) their connectivity
to similar nearby ecosystems, a proxy for the
probable input of diaspores. The frequency of
disturbance is defined as how often a disturbance
event occurs and is the reciprocal of the time
between disturbances, which is commonly measured
as the time since last disturbance (Shea et al. 2004).
In our study, this corresponds to the time since the
last dry year of the lake.

The following hypotheses were tested: (1) the

relationship between disturbances and species
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richness is hump-shaped with maximal values for
intermediate disturbance frequency; (2) at the lowest
productivity and/or connectivity, species richness
decreases with increasing disturbance frequency,
whereas at the highest values of either one of these
two parameters, or both acting simultaneously,
richness increases with

species increasing

disturbance frequency.

Methods
Study sites

The study was conducted in the Dombes region
of southeastern France, characterised by more than
1000 man-made shallow lakes organised in
connected networks. Their surface area varies
considerably from less than 1 ha for small, shallow
lakes to more than 100 ha for the largest lakes. Their
average depth is approximately 1 m. The
management of the lakes consists of alternating fish
farming and crop production in the same area. The
lakes are emptied completely every 5-7 years for 1
year either for cereal cultivation or for the lake bottom
to lie fallow. Thus, a drought period coupled in most
cases with tillage of the soil bed in preparation for
cropping, is a disturbance for natural aquatic plant
communities, as all vegetative individuals disappear
during this period. Sixty shallow lakes were selected

and surveyed during 1 year, either in 2008 (28 lakes)
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or 2009 (32 lakes). In 11 lakes, the last dry year was
1 year prior to the sampling, in 18 lakes 2 years prior,
in 15 lakes 3 years prior and in 16 lakes 4 years prior
or more (Table 1). After a dry year, lakes are filled
with water coming from either the lake network
upstream, or from rainfall in the catchment.
Therefore, the number of lakes located upstream of
the studied lake was determined by a ground survey
combined with hydrographical and topographic maps
of the study region and aerial photographs. The latter

were also used to determine the lake area.

Aquatic plant species richness

The established lake vegetation was sampled in
the second half of June. Quadrats of four square-
metres, dispatched along 5 transects parallel to the
flow direction were sampled (Figure 1). In all lakes,
the 5 transects were located along the right and the
left sides of the lake (along helophyte belts), in the
centre of the lake, and between the central transect
and the side transects. Along each transect, the
sampled quadrats were separated by 50 metres, so
that the number of quadrats sampled was
proportional to the lake area. For each quadrat, the
submerged and floating aquatic plants (angiosperms
and Characeae) were identified to the species level.

Helophytes were not recorded because they do not
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suffer in the same way from drought disturbances

and nutrient constraints as aquatic vegetation does.

Lake productivity

Phytoplankton biomass, estimated from the
concentration of chlorophyll a, is strongly linked to
nutrient content and is a good indicator of productivity
in shallow lakes (Huot et al. 2007, Arthaud et al.
submitted).

Chlorophyll a concentration was measured in
water samples collected from April to June 2008 or
2009 in all lakes when the recruitment and growth of
aquatic plants took place. The sampling was done
every two weeks in April and every week from May to
June. Samples were collected at the deepest location,
i.e., near the outlet of each lake, in the upper 50 cm of
the water column with a Van Dorn water sampler.
After extraction over 24h in a 90% acetone solution,
chlorophyll a was measured with a Shimadzu UV/NVIS
spectrophotometer UV-2101 PC (Shimadzu Cor.) at
630, 645, 663 and 750 nm. The chlorophyll a
concentration per unit volume was then calculated

using the Parsons & Strickland® method (1963).
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Figure 1. Sampling design of the established
vegetation

Data analyses

Species richness is affected by the sampling
effort, as area or sample size affects the number of
species recorded (Connor and McCoy 1979). To test
this effect, we tested the measured species richness
against estimators. No such significant differences
were found using three estimators: Jacknife, Chao
and Bootstrap, (calculated using the
Oegan(package for R software). We therefore
considered that our vegetation survey procedure was
adequate for measuring the species richness of the
lakes.

Lake areas and chlorophyll a concentrations
were logyo transformed before statistical analyses to
meet assumptions of normality (validated using
Shapiro tests). The relationships between species
richness and environmental parameters (area,
disturbance frequency, productivity and connectivity)

were assessed using the general linear models

analysis of covariance (GLM ANCOVA) with a
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Poisson model (the statistical distribution was

checked using Pearson's XZ test). The independence

of the covariates, a necessary assumption for a
ANCOVA, was verified. Chlorophyll a concentration
did not differ among the number of years since the
last dry year (Analysis of Variance: F3;5=10.1
p=0.12), although it tends to be lower the first year
after summer drying. Chlorophyll a concentration
was not correlated with the number of upstream

lakes (linear regression analysis: F1g=0.001 p=0.98).

Results

A total of 55 aquatic plant species was recorded
for all lakes surveyed. The species richness per lake
ranged from 0O to 29 species, with an average of 11.5
species. Lake area was positively correlated with
species richness (Table 1) and was consequently
included in the GLM ANCOVA. Disturbance
frequency, productivity and number of upstream
lakes were also significantly correlated with species
richness and their interaction tends to be significant.

Species richness significantly differs according to
the numbers of years since the last dry year (Table
1). It was highest the 1% year (p=0.002), it did not
significantly differ between the 2™ and 3" years, and
it was significantly lower after 4 or more years

(p=0.013; figure 2a).
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Table 1. Results of the ANCOVA relating
environmental variables and species richness

df gewanc p-value
Area 1 1008 1.5x10°
D (disturbance 3 4052 8.3x10°
frequency)
P (productivity) 1 13560 2.4x10°
N (number of upstream 1 2196 4x10°
lakes)
DxP 3  9.01 0.03
DxN 3 893 0.03
PxN 1 1.39 0.24
DxPxN 3 7 0.07

Species richness was strongly and negatively
correlated with chlorophyll a concentration (table 1;
figure 2b), and there was a significant interaction
between disturbance frequency and chlorophyll a
concentration (figure 2). The 1% year after a dry year,
species richness was not correlated with chlorophyll
a concentration. In contrast, for all the following
years, species richness was negatively correlated
with chlorophyll a concentration. The slope of the
regression was higher the 2™ year and did not
significantly differ between the 3 year and the
following years. To summarise, at lower productivity
(chlorophyll a concentraton < 10ug.L”, n=16),
species richness and disturbance frequency
relationship were related through an unimodal
relationship, with the highest species richness in the

2" year after the last dry year. At intermediate and
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high productivity (chlorophyll a concentration 15-
45ug.L", n=15 and > 75ug.L™", n=15, respectively),
species richness decreased with decreasing
disturbance frequency, with species richness being

lower in lakes with higher productivity (figure 3).
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Figure 2. Relationships between species richness
and number of years since last dry year (top) and
chorophyll a concentration (bottom).
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There was also a significant interaction between

disturbance frequency and connectivity as assessed
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by the number of upstream lakes (table 1). Species
richness was not correlated to the number of
upstream lakes the 1% and 2™ year after drying, but
was negatively correlated from the 3 year onwards
(figure 5). No significant interaction between
chlorophyll a concentration and the number of

upstream lakes was found (table 1).
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Figure 5. Relationships between species richness
and number of upstream lakes by number of years

since the last dry year.

Discussion

Contrary to IDH and our first hypothesis, we
found that species richness was highest immediately
after disturbance and then decreased with lower
disturbance frequency. High species richness of the
lakes immediately after a dry year may be explained
by the fact that drought and subsequent reflooding
may act as a germination triggers (Jutila 2001; Brock
et al. 2003; Hlzel and Otte 2004), especially in

wetlands which are characterised by high seed
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density (Bossuyt and Honnay 2008, Arthaud et al.,
submitted).

A hump-shaped relationship between species
richness and disturbance frequency occurred at the
lowest productivities was observed, contrary to our
hypothesis that there would be a negative
relationship. This is likely because oligotrophic lakes
did not specifically occur in our sampling design, so
the first part of the productivity gradient is not present.
Species richness was significantly and negatively
related to disturbance frequency at intermediate and
high productivity levels. High productivity is
characterised by high phytoplankton biomass, which
reduces light availability for submerged aquatic
vegetation, and ultimately leads to its competitive
exclusion and a phytoplankton-dominated stage
(Scheffer et al. 1993).

The number of upstream lakes did not influence
species richness immediately after disturbance (the
1st and 2nd years), but from 3 years later and
onwards, species richness decreased along the
upstream-downstream gradient. This result suggests
either that hydrochory (water dispersal through
ditches networks) may not be the only method of
aquatic plant dispersal between lakes or that other
factors limit plant recruitment in the downstream
lakes. Other dispersal agents, such as waterbirds,

may also contribute to plant dispersal (Figuerola and
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Green 2002; Soons et al. 2008). Lake density and
proximity in the landscape can also increase
dispersal and, therefore, species richness at local
scales (Linton and Goulder 2000; Dahlgren and
Ehrdln 2005; Capers et al. 2010). Some factors
related to the upstream-downstream gradient may
negatively affect species richness. The runoffs from
agriculture lands and ditch networks may increase
the herbicide concentration in the lakes located
downstream in the networks (review in Krutz et al.
2005). Indeed, plant species may have differing
herbicide sensitivities leading to a decrease in
species richness rather than to the disappearance of
all species at critical thresholds (Mohr et al. 2007;
Coutris et al. 2010). Drought may also favour
herbicide degradation, possibly explaining why
species richness decreases only from the 3rd year
onwards after dry year.

The study of the combined effects of all factors
acting on plant richness may provide a better
understanding of mechanisms because it permits us
to determine whether the factors act antagonistically
or additively on species richness. In our study, we
found that plant species richness in a given year is
determined by interactions between disturbance
frequency and both lake productivity and

connectivity, the latter seeming to affect more than

just propagule emigration. These results suggests



that aquatic plant metacommunities may be better
described by species sorting perspective, as
dispersal may not be sufficient to alter their

distribution (Leibold et al. 2004).

The present study indicates that the relationship
between species richness and disturbance may be
strongly altered by productivity and connectivity, and
helps explain why previous studies sometimes
contradicted IDH theory (Randall et al., 2007). In our
case, unexpected hump-shaped relationships
between richness and disturbances for low
productivities may be either related to the absence of
strictly oligotrophic lakes or to the very high and
similar disturbance intensity that affected these lakes.
Indeed, in the present study, disturbances resulted in
the complete destruction of all submerged species
(both above and below ground vegetative organs).
The recovery of plant communities thus relies
exclusively on seeds stored in the seed bank, i.e.,
ruderal species (Arthaud et al., submitted). The
intensity and frequency of disturbances are usually
considered to be spatially correlated, consequently
only a few studies have assessed how theses
parameters interact (Collins et al. 2001; Shea et al.
2004). However, these two parameters may interact
and affect community richness in different ways.

Increasing disturbance frequency may increasingly
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affect long-lived species, whereas disturbance
intensity may affect the degree of competitive release
in communities after disturbance (Collins et al. 2001).
In the same way, a high disturbance frequency may
limit sexual reproduction but allow regeneration from
vegetative organs, whereas a high disturbance
intensity, as in the present study, may lead to the
total destruction of vegetative organs and a recovery
reliant essentially on resilience (Connell and Slatyer
1977). Further refinement of the IDH model may
clarify the relative effects of disturbance frequency
and intensity on species richness, as well as the
ways they may interact, leading to different curve

shapes.
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3.3.2 Eutrophisation, perturbations

fonctionnelle

MANUSCRIT D :

RESULTATS

anthropiques et diversit’

Arthaud F., Vallod D., Robin J., & Bornette G.Eutrophication and drought disturbance

shape functional diversity and life-history traits of plants in shallow lakes.

Question :

Les stratgies des plantes, en fonction des contraintes de |@nvironnement, ont [t[]

beaucoup dicrites mais peu [tudiCes empiriqguement. Parmi les mod(les les plus cit(s, ceux

de Grime (1979) et Kautsky (1988) dl crivent les stratl gies attendues en fonction du niveau

de productivit[l et de stabilitl]des cosysti mes (frrquence de perturbations) (figure 3.2a). La

diversitl] fonctionnelle est suppos’e maximale pour une productivitl] et une friquence de

perturbations intermdiaire, la communautl] contenant 1 ce niveau une combinaison

d@spl ces caract(ristiques de chacune des 4 strat[ gies et de strat[ gies interm[diaires.

>
>
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2 S
3 Tall or floating forms/ Small forms/ It
3 Many vegetative High fecundity with Z
a propagules/ only seeds / g
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Many vegetative
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Low functional
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Figure 3.2a: Strat'gies (gauche) et diversit[] fonctionnelle (droite) attendues le long des

gradients de productivit( et de perturbations.
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RESULTATS
M(thodes :

Ces pridictions ont [t[] testles en utilisant les donnles de diversit] et d@bondance
relative des plantes aquatiques, recensies dans 60 [tangs, combinies [ leurs traits
d@istoire de vie relatifs [1leur morphologie, leur long(vit[l et leur fLcondit[l La friquence de
perturbations est mesur’e par la date du dernier assec et la productivit[] par la concentration
en chlorophylle a.

R(sultats :

La diversit[ fonctionnelle est corr17e ni'gativement avec la concentration en chlorophylle
a, quelle que soit la date du dernier assec (figure 3.2b). Les fortes productivit(s et faibles
frfquences de perturbations favorisent les esplces flottantes avec organes de riserves
pratiquant une reproduction vi gl tative. Les faibles productivit's, quelle que soit la friquence
de perturbations, favorisent les petites esplces sans organes de rserves et ne pratiquant
pas de reproduction v gl tative. Le jeu de donnles n@ pas permis de tester les hypoth(ses

concernant les fortes productivit[s et fortes frCquences de perturbations.

>
>

Low functional
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D

----------- 1 W ————— -~
High functional : High functional
diversity | diversity
IIf /
Caulescent %r:le;lsgégssf Rosette

Without storage organs

A 4
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Figure 3.2b : Diversit[] fonctionnelle et distribution des traits d@istoires de vie observies le
long des gradients de productivit(’ et de friiquence de perturbations.
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RESULTATS
Discussion :

L@ypothise concernant la diversit'] fonctionnelle n@ pas [t(] validie, car la diversitl]
fonctionnelle diminue fortement pour les fortes productivit's. Dans un systime non limitant
en nutriments, les plantes aquatiques sont peu compl(titives pour la lumilCre vis [ vis du
phytoplancton. Les hypothses concernant les traits d@istoire de vie des plantes ont [t[]
valides pour les fortes productivit's et faibles frrquences de perturbations, mais seulement
partiellement validies pour les faibles productivitts, quelle que soit la frCquence des
perturbations. Les plantes aquatiques possident certaines caractlristiques qui pourraient
complexifier la construction d@n mod(le statique des strat gies adaptatives, comme une
forte plasticit[] ph notypique ou le dlveloppement d@rganes de riserves pouvant servir [Ila

reproduction vl gl tative.
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Abstract Theories that link plant strategies and abiotic filters discriminate three main strategies: competitive,
ruderal or stress-tolerant species in the productivity-disturbance framework, and suggest that functional diversity
is higher at intermediate productivity and disturbance. The way such abiotic filters screen plant traits in aquatic
plant communities has been poorly tested, despite the interest of such material (lack of support tissue and
mechanical resistance, high sensibility to nutrient availability). Furthermore, the tests led to contrasting results,
probably because some of them were tested only an short part of the stress or disturbance gradients. We tested
if functional diversity and abundance of life history traits corresponding to morphology, fecundity and longevity of
aquatic plants were shaped by disturbance and productivity.

Fitfty-nine shallow lakes arranged along a gradient of productivity (estimated through chlorophyll a
concentration) and disturbance frequency (drought) were selected. Every 4-7 years, the shallow lakes are
emptied and left to dry out for one year, lead to the complete destruction of submerged aquatic plant
communities. Aquatic species were sampled in all lakes, and life history traits were documented for each species
(morphology, fecundity and longevity). Indices of functional diversity were then calculated (richness, dispersion
and evenness).

Increasing chlorophyll a concentration decreased functional richness and dispersion but not functional
evenness. Functional diversity, whatever the index used, did not differ according to disturbance frequency. High
productivity and low disturbance frequency favoured floating species with storage organs and vegetative
reproduction. Low productivity whatever the disturbance frequency, favoured small species without storage
organs and sexual reproduction. Lakes with high disturbance frequency and productivity did not occur in our
sampled design.

The present study partly supports the Kautsky® model of plant strategies. Functional richness appeared
strongly affected by productivity, but less by disturbance frequency. Increasing productivity induces increasing
phytoplankton biomass, and phytoplankton is a better competitor for light than aquatic plants, strongly screening
plant traits: the high turbidity at high productivity levels favours storage organs and vegetative reproduction,

allowing aquatic plants to reach the photic zone.
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Introduction

Several sets of plant life-history traits have been
proposed as adaptations to factors of environmental
disturbances and productivity (e.g. Southwood 1977;
Paine and Levin 1981; Grime 2002). CSR theory
predicts 3 strategies, ruderal, stress-tolerant and
competitive, excluding the possibility of plant species
to grow in an environment characterized by both a
high degree of disturbance and a low productivity
(Grime 2002). However, the exclusion of plant
species in case of simultaneous disturbance and
limitation of resources is highly questionable (Grubb
1985; Westoby 1998). The Kautsky model (1988),
drawn from observations on aquatic macrophytes led
to define not only three but four strategies (CSRB),
splitting the stress-tolerant strategy into GtuntedCand
®iomass-storerOspecies, according to high or low
disturbance respectively. Ruderal species are
characterized by small growth forms with a low
longevity and a large production of seeds, these latter
being the main type of perenniating organs.
Competitive species are characterised by growth
forms optimizing the access to light (tall or floating), a
long or relatively short longevity, a small production of
seeds and dormant buds as alternative perenniating
organs. Stunted and biomass-storer species are
characterised by a high longevity, a low seed

production and storage systems in stems or roots.

MANUSCIT D - RESULTATS

Stunted species tend to be very small, whereas
biomass-storer are large species.

As a result, Grime (1973) postulated that
functional diversity had a humpbacked relation to
stress and to disturbance. At a low stress or
disturbance level, competitors may dominate
communities. At high level of disturbances or stress,
most species are supposed to be respectively of type
R (ruderals) or S (stress tolerant). In all these
situations, functional diversity is thus supposed to be
low. In contrast, for moderate disturbance and
productivity, several functional types may coexist.
Modelling corroborated these patterns of functional
diversity in response to environmental strains
(Colasanti et al. 2001). However we know little about
how far environmental factors effectively impact
functional diversity (Petchey and Gaston 2007).

Wilson and Lee in their review (2000), claimed
that few studies really tested CSR or CSRB theory,
which partly failed as a predictive model at the
community level. At our knowledge it is still true now.
Moreover, conceptual models have been very rarely
tested at the community scale for aquatic plants (but
see Bornette et al. 1994; Willby et al. 2000; Riis et al.
2001), such studies suggesting that aquatic plant
traits may fit better with the predictions than what is
observed among terrestrial plants. One possible
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reason is the low gravity that prevails in aquatic
ecosystems. In such situations, most aquatic species
are characterized by few support tissues (Rascio
2002), and thus may be more vulnerable to
disturbances (Bornette et al. 2008). In the same
way, decreasing nutrient stress increases
competition among aquatic plants but also between
aquatic plants and phytoplankton, whose biomass is
also ruled by productivity, leading ultimately to plant
disappearance (Declerck et al. 2005). Consequently,
we suggest that aquatic plants may be a good
material for testing the conceptual models linking
stress, disturbances and plant traits, and we aimed in
the present paper to determine whether key aquatic
plant traits are shaped by nutrient stress and
disturbance, and how such strains rule functional
diversity.

For this purpose, we studied how life history traits
of aquatic plant communities where shaped by
productivity and disturbance frequency gradients.
The selected life-history traits were key traits involved
in plant fitness, i.e. those related to morphology,
longevity and fecundity. Firstly, we tested whether
functional diversity was higher at intermediate
productivity and disturbance frequency. Secondly we

hypothesized that life history traits were shaped by

disturbance and productivity, in a way of validating
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the hypotheses suggested by the conceptual models
of Grime and Kautsky, i.e.:

i) concerning morphology, species with leaf
arrangement allowing a better availability of light (tall
form or floating) were hypothesized to be more
abundant at high productivity and tall forms to be
more abundant at low disturbance frequencies; ii)
concerning longevity we assumed that perennial
species were more abundant at low disturbance
frequencies and at low productivity; iii) conceming
fecundity we assumed that species with a high
number of reproductive organs were more abundant

at high disturbance frequencies and high productivity.

Shallow lakes appear good systems for testing
such hypotheses. The nutrient content of lakes is
influenced by management practices around and on
the lakes, and consequently, varies greatly among
lakes within the same landscape, ranging from
mesotrophic to hypertrophic (Hansson et al. 1998;
Wezel et al. submitted). Human management of
shallow lakes often involves an alternation between
wet and dry periods, the frequency of which
generating a hydroperiod gradient from ephemeral to
near permanent, leading to a gradient of disturbance
frequencies among lakes (De Meester et al. 2005;

Williams 2005).



Methods

Studies sites

The study was conducted in the Dombes region of
southeastern France (46;0000@®, 05;0100@),
which is characterised by more than 1000 man-
made shallow lakes. Their average depth is
approximately 1 m. The management of the lakes
consists in altemating fish farming and crop
production in the same area. The lakes are emptied
completely every 4-7 years for 1 year for cereal
cultivation on the lake bottom. Cropping is a very high
disturbance for natural aquatic plant communities, as
all vegetative individuals are destroyed during this
period. After this dry year, lakes are filled again with
water drained from the lake catchment.

Fifty-nine shallow lakes were randomly selected
and sampled, either in 2008 (29 lakes) or 2009 (30
lakes). Their surface area varies from 2.5 ha for the
smallest lake to 79 ha for the largest ones.
Disturbance frequency was defined as how often a
disturbance event occurred, which is commonly
measured as the time since last disturbance (Shea et
al. 2004). In the present set of lakes, the last dry year
was 1 year prior sampling for 11 lakes, 2 years prior
sampling for 18 lakes, 3 years prior sampling for 15
lakes and 4 years prior sampling or more for 15

lakes.
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Sampling of established vegetation

The established vegetation was sampled in summer,
during the second half of June in both years. For all
lakes, aquatic vegetation was systematically
sampled in the aquatic zone along five transects
parallel to the flow direction. Two were located along
the helophyte belts on each side of the lake, one in
the centre of the lake, and two between the central
transect and each side transect. Side transects were
positioned in the open water zone, at a distance of 5
m from the helophyte belts, in order to avoid shade
by riparian vegetation. Quadrats of 4 m2 separated
by 50 m were regularly distributed along each
transect, so that the number of quadrats sampled
increased proportionally with the lake area. For each
quadrat, the percentage cover of submerged and
floating aquatic plants (angiosperms and Characeae)
was recorded using Braun-Blanquet cover-
abundance estimates (1 =010 5%; 2 =510 25%; 3 =
25 to 50%; 4 = 50 to 75%; 5 = 75 to 100%). The
Braun-Blanquet scores for each species were then
converted to mean values of percentage cover
(2.5%; 15%; 37.5%; 62.5% and 87.5%) for allowing
statistical analyses (van der Maarel 2009).
Helophytes were not recorded because they do

not encounter in the same way drought disturbances
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and nutrient constraints as aquatic vegetation that

occurred in open water does.

Species traits

Information on the species traits was obtained from
Grime et al. (1990), Wilby et al. (2000) and personal
information ~ (conceming  leaf  arrangement).
Morphology was characterised by leaf arrangement
(rosette, caulescent or floating) and size (small, i.e.
average size approx. <30cm, medium, ie average
size approximately comprised between 30 and 60
cm or tall, ie size ranging from 60 cm to more than 1
m). Floating species were separated between free-
floating species and tall rooted species with floating
leaves, the latter being called tall floating. Species
longevity discriminated annual species, and
perennial species with or without storage organs
(dormant buds for pseudo-annuals and rhizomes or
tubers for true perennials). Fecundity was the
number of reproductive organs year " individual”, and
ranged from medium (10-100) to high fecundity (100-
1000). The reproductive pattern was also identified
by distinguishing species reproducing only sexually
(seeds) or both by sexual and vegetative

reproduction (seed + rhizomes, stolons, dormant

buds, turions or fragmentation).
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Lake productivity

Phytoplankton  biomass, estimated by the
concentration of chlorophyll a, is strongly linked to
nutrient content, and is a good indicator of
productivity in shallow lakes (Huot et al. 2007;
Arthaud et al. submitted). Chlorophyll a concentration
was measured in water samples collected from April
to June 2008 or 2009 in all lakes where the
recruitment and growth of aquatic plants took place.
The sampling was done every two weeks in April and
every week from May to June. Samples were
collected at the deepest location, i.e. near the outlet
of each lake, in the upper 50 cm of the water column,
with a Van Dom water sampler. After extraction over
24h in a 90% acetone solution, chlorophyll a was
UVNIS

measured with a Shimadzu

spectrophotometer UV-2101  PC  (Shimadzu
Corporation, Kyoto, Japan) at 630, 645, 663 and 750
nm. The chlorophyll a concentration per unit volume
was then calculated using the Parsons & Strickland®

method (1963).

Data analyse

Functional diversity indices

The functional diversity of a community is usually

approached through the measurements of traits and



described by three kinds of indices, that can be
combined to calculate different facets of functional
diversity: functional richness, functional evenness,
and functional divergence (Mason et al. 2005). Many
ways to measure each indices of functional diversity
have been proposed in the literature (see the reviews
of Mouchet et al. 2010; Schleuter et al. 2010). In the
present study we used indices developed by (Villl ger
et al. 2008), considered as appropriate to revealing
assembly rules that underlie community structure
(Mouchet et al. 2010). Their functional richness indice
®RicO efficiently differentiates assembly rules
whatever the species richness, their functional
divergence indice ®DivChas the highest power value
whatever the assembly rule or the richness value
and their functional evenness indice GEveQis the
only one allowing to consider simultaneously several
life history traits (Schleuter et al. 2010).

The index of functional richness FRic for
categorical traits was measured as the number of
unique trait combinations (Lalibert] and Legendre
2010). The index of functional divergence FDiv
cannot be computed for categorical traits, so it was
replaced by the FDis index developed by (2010) that
summarizes both functional richness and FDiv. FDis
equals 0 in communities with only one functionally

singular species.
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Relative abundance of life history traits

We used an individual trait approach where the
relative abundance of each trait was studied
individually. The relative abundance of a given trait
corresponds to the sum of the relative abundance of

all species carrying this trait.

Statistical tests

Chlorophyll a concentrations were logq transformed
before statistical analyses to meet assumptions of
normality (validated using Shapiro tests). The
between richness and

relationships species

environmental parameters (area, disturbance
frequency, productivity and connectivity) were
assessed using the general linear models analysis of
covariance (GLM ANCOVA) with a binomial model
(values of the three indexes of functional diversity
and data of relative abundance being ranged
between 0 and 1). The assumption of independence
of the 2 covariates (productivity and disturbance
frequency) was verified prior to the ANCOVA;
chlorophyll a concentration did not differ among the
number of years since the last summer drying
(Analysis of Variance: F35=10.1 p=0.12), although it
tends to be lower the first year after summer drying.

R software was used for all statistical analyses (R

Development Core Team, Vienna, Austria, R

Foundation for Statistical Computing, 2008) and @DO
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R package was used to implement distance-based

FD Framework (Lalibert7and Shipley 2010).

Results

Relationships between functional diversity and

environmental parameters

In order to test whether there was a possible bias
due to the effect of lake area on diversity, we added
lake area in the GLM ANCOVA. Lake area was
neither correlated with functional richness nor
functional diversity (F15=0.90 p=0.35, F1s5=1.84
p=0.18; respectively), and was consequently deleted
from the model.

The model demonstrated a significant interaction

OYear 1

OYear 2

Logit Functional Richness

1 10 100 1000

Chlorophyll a concentration (ug.L")

Logit Functional Dispersion

between disturbance frequency and chlorophyll a
concentration for functional richness (Table1, figure
1). The 1% year after summer drying, functional
richness was not correlated with chlorophyll a
concentration. For all the following years, functional
richness was strongly and negatively correlated with
chlorophyll a concentration. Functional richness did
not significantly differ according to the numbers of
years since the last summer drying.

Functional dispersion was strongly and
negatively correlated with chlorophyll a concentration
and did not differ according to the numbers of years
since the last summer drying (Table 1). Functional
evenness was not correlated with chlorophyll a

concentration and did not differ according to the

number of years since summer drying (Table 1).

OYear 3 @ Year 4 or +

1 10 100 1000
Chlorophyll a concentration (ug.L™")

Figure 1. Relationships between functional richness (left), functional dispersion (right) and chlorophyll a concentration by the

number of years since summer drying (indicated by a shaded point for each lake). Lines correspond to significant negative

relationship between functional richness and chlorophyll a concentration, excepting for the first year after summer drying (open

circles, no relationship), and between functional dispersion and chlorophyll a concentration.
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Table 1: Results of the GLM ANCOVA relating environmental variables, functional diversity and relative
abundance of life history traits.

Chlorophyll a Chlorophyll a
Summer drying ,
concentration concentration x Summer
drying
Functional diversity
Functional Richness F45=70.71 p=3.10"" F350=2.79 p=0.049 F350=2.38 p=0.08
Functional dispersion F5,=10.6 p=0.0026 F359=1.16 p=0.33 F359=0.44 p=0.73
Functional evenness F59=2.29 p=0.14 F359=0.47 p=0.71 F359=0.69 p=0.57
Morphology
Free floating F150=7.58 p=0.008 F359=0.27 p=0.85 F350=1.44 p=0.24
Tall floating F159=21.19 p=3.10"° F350=1.15 p=0.34 F350=1.47 p=0.23
Tall caul. F459=7.88 p=0.007 F350=3.67 p=0.018 F350=0.52 p=0.67
Tall caul.: polynomial F450=4.87 p=0.032
Medium caul. F359=21.49 p=3.10"° F35=1.79 p=0.16 F350,=3.03 p=0.037
Small caul. F459=22.86 p=2.10"° F350=0.06 p=0.98 F350=5.64 p=0.002
Medium ros. F159=19.44 p=5.10'5 F350=5.18 p=0.003 F359=0.33 p=0.81
Small ros. Fq50=7.24 p=0.0096 F350=0.32 p=0.81 F350=0.86 p=0.47
Longevity
without
storage F1’59=20.5 p=41 0-5 F3‘5g=1 .62 p=02 F3‘5g=2.35 p=008
organs
Annual
with
storage F1,5g=3.5 p=0.067 F3,59=0.05 p=0.98 F3,5g=0.87 p=0.47
organs
without .
storage F1,59=24.2 p=91 0 F3’59=3.98 p=001 3 F3‘5g=1 .74 p=017
organs
Perennial
with
storage F1,50=9.56 p=0.003 F359=0.19 p=0.9 F350=1.14 p=0.34
organs
Fecundity
Medium Only seed F1,59=19 p=6.10-5 F3‘5g=1 .6 p=02 F3‘5g=1 22 p=031
number  of
reproductive Seed  +
organs vegetative F150=8.51 p=0.0053 F359=0.41 p=0.75 F359=2.27 p=0.092
propagules
High number only seed F159=9.49 p=0.003 F350=7.07 p=0.0005 F350=0.28 p=0.84
of
reproductive Seed  +
organs vegetative F159=0.07 p=0.79 F350=1.25 p=0.3 F350=1.12 p=0.35
propagules
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Relationship between relative abundance of life

history traits and stress and disturbances

Morphology

Relative abundance of tall floating and free-floating
species was positively correlated with chlorophyll a
concentration, but did not differ according to the
number of years since the last summer drying (Table
1). The relationship between relative abundance of
tall caulescent species and chlorophyll a
concentration was hump-shaped; lower the first
years and from 4™ years onwards, and was higher
the 2™ and 3" years. The 1 year after a drought, the
relative abundance of small and medium caulescent
species was positively correlated with chlorophyll a
concentration, while species richness was negatively
correlated with chlorophyll a concentration the
following years. The relative abundance of medium
rosette species was negatively correlated with
chlorophyll a concentration and was higher the 1%
year after summer drying, but did not significantly
differ among the following years. The relative
abundance of small rosette species was negatively
correlated with chlorophyll a concentration, and did

not differ according to the number of years since

summer drying.
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Figure 2. Modelling of the relative abundance of plant
growth forms according to chlorophyll a concentration the
1% years after summer drying (top), 2™ year and 3" years
(middle) and the 4" year or more after summer drying

(bottom).

The modelling of the distribution of morphology
trait was based on significant relationships between
traits and abiotic strains and shown the distribution of
traits along the productivity and disturbance gradients

(Figure 2). Small and medium rosette species were



dominant the 1% years at low chlorophyll a
concentration. Small and medium caulescent
species were dominant the 1% years at intermediate
chlorophyll a concentration and from 2™ year
onwards at low chlorophyll a concentration. Tall
caulescent species were dominant the 2™ and 3
years at intermediate chlorophyll a concentration. Tall
floating and free-floating species were dominant from
2™ year onwards at high chlorophyll a concentration
and from 4™ year onwards at intermediate chlorophyl
a concentration. Dominant traits related to high
chlorophyll a concentration the first year may not be
predicted, because chlorophyll a concentration did
not reach high values the first year after summer

drying (not higher than 50ug.L™).

Longevity

The relative abundance of annual species without
storage organs was negatively correlated to
chlorophyll a concentration, whereas the relative
abundance of annual species with storage organs
(perenniating through turions as storage organs)

tended to be positively correlated to chlorophyll a
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concentration. The relative abundance of both
categories of species did not differ according to the
number of years since summer drying.

The relative abundance of perennial species
without storage organs was negatively correlated to
chlorophyll a concentration and was higher the first
year after summer drying, but did not differ among
the following years. The relative abundance of
perennial species with storage organs was positively
correlated to chlorophyll a concentration and did not
differ according to the numbers of years after
summer drying.

The modelling of the distribution of longevity traits
based on significant relationship between traits and
abiotic strains is presented on Figure 3. The
abundance of annual and perennial species was
similar whatever disturbance frequency and
productivity. Species without storage organs were
dominant at low chlorophyll a concentrations,
especially the 1% year for perennial species, whereas
species with storage organs were dominant at high

chlorophyll a concentrations.
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B Perennial with storage organs
100% 1

Relative abundance
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50
Chlorophyll a concentration (ug.L™")

Perennial without st. org.
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Figure 3. Modelling of the relative abundance of the different modalities of species longevity according to chlorophyll a

concentration the 1% year after summer drying (left), and from the 2™ year onwards (right).

® High: seed + vegetative High: only seed

100%

75%

50%

25% |

Relative abundance

0% .
0 50
Chlorophyll a concentration (ug.L™")

Relative abundance

® Medium: seed + vegetative

100%

75%

50%

25%

0%

w Medium: only seed

150 200250

100
Chlorophyll a concentration (ug.L™")

0 50

Figure 4. Modeliing of the relative abundance of the different modalities of species fecundity according to chlorophyll a

concentration the 1% year after summer drying (left), and from the 2™ year onwards (right).

Fecundity

The relative abundance of species reproducing only
with seeds, whatever the number of reproductive
organs was negatively correlated to chlorophyll a
concentration. Those having a high number of
reproductive organs were more abundant the first
year after summer drying, whereas the abundance of

those with a medium number of reproductive organs
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did not differ according to the number of years after
summer drying.

Concerning species that reproduce with both
seeds and vegetative propagules, the relative
abundance of species with a high number of
reproductive organs tended to be positively

correlated to chlorophyll a concentration, whereas

the one of species with a medium number was not



correlated to chlorophyll a concentration. The relative
abundance of both types of species did not differ
according to the number of years after summer
drying.

The modelling of the distribution of fecundity traits
along productivity and disturbance gradients is
presented on figure 4. Species with a medium
number of reproductive organs were dominant
throughout both gradients. Among these species,
those with only sexual reproduction were dominant at
low chlorophyll a concentration, whereas those with
vegetative and sexual reproduction were dominant at

high chlorophyll a concentration.

Discusion

Functional diversity in the productivity-disturbance

framework

Functional richness, dispersion and evenness were
not related in the same way with productivity and
disturbance frequency. Functional richness and
dispersion did not fit the hypothesis. Indeed, they
were not lower at the extremity of productivity and
disturbance gradients, but did not differ according to
disturbance frequency and were negatively
correlated with productivity (except for richness that

was not correlated with productivity the first year after
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disturbance). Functional evenness did not fit also the
hypothesis because it did not differ according to
disturbance frequency and productivity.

The first result suggests that increasing
productivity selects for the more competitive species,
leading to low functional richness and functional
dispersion at high productivity levels. A low diversity
was not observed for low productivity but it may be
due to a lack of oligotrophic lakes in our sampling
design. The absence of trend for evenness suggests
that whatever functional richness and dispersion, the
life history traits that occur at a given level of
productivity are equally abundant in the communities.

Disturbance frequency did not correlate with
functional diversity, whatever the index tested. In our
sampling design, disturbances are highly
homogeneous among ecosystems, and consist in a
long-term drought (1 year long) and crop cultivation.
This technique is used since several centuries, at the
scale of the whole region, and has potentially
screened a common set of species able to face
these events, whatever their frequency. The range of
disturbance frequencies may also not be sufficiently
high for observing any variation through time in trait
content.

Our results contrast with the theory, which

predicts a humped back relationship between indices

and strains (Grime 2002). The only one study
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available (Nielsen 2003) also contradicts the theory,
but did not exhibit the same pattern as the one
demonstrated in the present study. Indeed, this
author demonstrated that functional richness,
diversity and evenness of coastal macrophytes
colonizing intertidal rocks were lower for high
disturbance (assessed through the biomass of
herbivores) and that functional evenness was higher
for high productivity (only where herbivore biomass

was low).

Distribution of life-history traits in the productivity-

disturbance framework

Some life history traits that were abundant at both
high productivity and low disturbance frequency
relate to the competitive strategy, i.e. tall species with
floating leaves, or free floating species, both
optimizing light uptake. At high productivity, the
present results demonstrated that species allocating
more energy to storage organs were strongly
favoured, contrary to what is expected for competitive
species. In aquatic ecosystems, increasing
productivity leads to increasing competition pressure
by phytoplankion and to the necessity for aquatic
plants to reach the photic zone, close to the water

surface. As increasing productivity correlates with

increasing light stress, it may explain the increasing
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allocation to storage organs, as such trait is usually
associated to stress-tolerators (Grime 2002).
Increasing productivity also favoured species with a
medium fecundity and various reproductive
strategies (both vegetative and sexuate). The
performance of vegetative propagules (e.g. turions,
dormant apices) may be higher than the one of
seeds to reach the photic zone and to be recruited
when the light availability decreases, because
vegetative propagules may store more reserves
(KlimeSov(1and Klimes 2007). Storage organs and
vegetative reproduction seem consequently to be
key traits increasing the competitive ability of aquatic
plants in eutrophic situations, even if turions may be
inhibited by high turbidity values (Jian et al. 2003).

At low productivity, and whatever the disturbance
frequency, the results were poorly consistent with
what was expected from the stress-tolerant strategy,
i.e. a long established phase, and the occurrence of
storage organs (Kautsky 1988). Indeed, species
without storage organs were the most abundant, and
perennial species were as abundant as annual
species. In shallow lakes, above ground plant
biomass strongly decreases in early autumn and is
low or absent in winter (Pourriot and Meybeck 1995;
Sayer et al. 2010b). This pattern is probably due to

the strong temperature decrease in winter in shallow

lakes, which does not allow the survival of vegetative



aboveground parts of the plants to survive, contrary
to what is observed in some other aquatic
ecosystems (e.g. groundwater supplied riverine,
wetlands Bornette and Large 1995). As a
consequence, the competitive hierarchy is reset each
spring, allowing the maintenance of annual, usually
small and poorly competitive species in the
community if the trophic level remains low, and that
even at low disturbance frequency. The dominance
of species only reproducing sexually and with a
medium number of reproductive organs was
consistent with what was expected from the Giomass
storerOstrategy, but not with the GtuntedOstrategy,
which was supposed to be characterized by medium
fecundity and many various types of vegetative
diaspores, in the CSBR model of Kautsky (1988).
The aquatic species able to reproduce vegetatively
without storage organs, corresponding to the
GtuntedOstrategy, may be disfavoured by drought
disturbances, as vegetative propagules lie at the
sediment surface, and are probably easily destroyed
by drought (KlimeSov(land Klimes 2007).

At low productivity, plant morphology differed
according to disturbance frequency. For high
disturbance frequency, our results were consistent to
what was expected by the GtuntedGstrategy, i.e. the
dominance of small and medium rosettes. However,

at low disturbance frequency, small and medium
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caulescent species dominated, contrary to what was
expected by the model, as Giomass storersOare
supposed to be large species. These results partly
confirm those of Willby et al. (2000), who also found
the dominance of species having medium rosettes in
disturbed habitats, whatever the productivity level.
They however contradict those of Van Geest et al.
(2005) whose found tall floating perennial in lakes
that are temporary dewatered. However, in this last
situation, the disturbance intensity was probably low,

as it did not induce sediment drying.

In our sampling design, we did not surveyed
lakes with high disturbance frequency and
productivity. However, the relative abundance of
species with high number of only sexual reproduction
increased when the disturbance intensity increased,
in accordance with what is expected from the ruderal
strategy. For hydraulic disturbances, previous studies
demonstrated that vegetative reproduction was
favoured (Combroux et al. 2001; Combroux et al.
2002; Boedeltje et al. 2003), but the present study
demonstrated that drought disturbances seems to
favoured species that invest in high seed production,
similarly to what is frequently observed in terrestrial
herbaceous communities (Grime 2002). In fact,
drought destroys all vegetative individuals, whereas

seeds of many species may persist and support
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desiccation (KlimeSovil and Klime§ 2007), which
result being consistent with the particularly high
density of seeds found in these ecosystems (Arthaud

et al. submitted).

Concluding remarks

The present study partly supported the CSRB model
(Kautsky 1988), even if the whole range of
productivity and disturbance gradients were probably
not represented in the studied ecosystems.
However, our results suggest that strategies may be
screened not only by disturbance frequency, but also
by the nature of the disturbing event. Indeed, drought
kills all vegetative parts of aquatic plants. For such
disturbances, the recovery of aquatic plant
communities does not rely on plant resistance, but
only on resilience through seeds tolerating drought
(Combroux and Bornette 2004). In the present study,
the drought disturbance was of very high intensity in
all cases (1 year of complete drought). However, in
natural ecosystems, the drought intensity may vary,
allowing, if the disturbance intensity is low, some
plants to resist the disturbing event, through
dormancy (deep anchored rhizomes) or phenotypic
plasticity (Barko and James 1998; Greulich et al.
2001; Puijalon and Bornette 2006). Such plasticity

may result in an enhanced resistance to drought if
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the species is able to produce an emerged growth
form (as many rosette growth forms does). Plasticity
may also induce a better resilience, if species are
able to switch from sexual to vegetative reproduction
depending on the disturbance nature or intensity
(Combroux and Bornette 2004; St cklin and Winkler
2004).

Several traits were not considered in the present
study, but mat be considered in further studies on
plant survival strategies along productivity gradients,
as they may greatly affect the tolerance of species to
productivity. During the recruitment phase, seedlings
must tolerate the competitive pressure of
phytoplankton until they have reached the photic
zone. Two traits may inform on this tolerance: the
quantity of resources stored in the seed, and the
seedling extension ability in shade (Ganade and
Westoby 1999). The light compensation point of
species may also strongly determine the species
tolerance to light stress induced by competition
between aquatic plants and with phytoplankton
(Spencer and Rejm['nek 2010) and the question of a

disconnection between juveniles and adults for this

trait is opened.
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RESULTATS

3.3.3 Eutrophisation et relation entre plantes aquatiques et banque

de propagules

MANUSCRIT E : Arthaud F., Mousset M., Vallod D., Robin J., Wezel A. & Bornette G.
Vegetation-propagule bank relationships along a light stress gradient.

Question pos/e:

Nos risultats ont dCmontr] que les communaut’s de plantes aquatiques sont fortement
rLgies par l@utrophisation qui induit un stress lumineux liC] [1la biomasse phytoplanctonique.
Peu dOtudes se sont int[ress(es, in situ, [11@ffet du stress lumineux sur IQtablissement des
communaut’s et sur la relation entre vigltation ['tablie et banque de propagules. Le stress
lumineux devrait diminuer la richesse et I@bondance de la banque de propagules ainsi que
son recrutement et sa contribution [la vigltation [tablie.

M(thodes :

Ces hypothises ont [t[]test[es en utilisant les donnles de diversit'] et d@bondance de la
vigltation [tablie et de la banque de propagules et la similaritt] entre les deux
compartiments, pour 25 [tangs. Le stress lumineux a [t[1 mesur(] par la concentration en
chlorophylle a.

Risultats :

La concentration en chlorophylle a diminue fortement la richesse et I@bondance de la
vl gltation [tablie, mais n@st pas corrllle (] ces mi.mes param(tres de la banque de
propagules. Lhdice de similarit'] entre vigltation [tablie et banque de propagules est
nlgativement corr(1(] [1I@ugmentation de la chlorophylle a.

Discussion :

L@utrophisation n@ pas d@ffet sur le contenu de la banque de propagules, mais limite son

recrutement. Dans les [tangs hyper-eutrophes, la constitution de la banque de propagules

pourrait se faire par deux processus : soit par la dispersion temporelle, I@ssec [tant initiateur
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de succession cyclique avec alternance entre des [tats clairs (dl veloppement de plantes
aquatiques et production de propagules) et des [tats turbides (pas de plantes aquatiques et
banque de propagules en dormance); soit par la dispersion spatiale, les propagules
contenues dans la banque des [tangs hyper-eutrophes (puits de propagules) pourraient
provenir des [tangs voisins [] fort diveloppement de plantes aquatiques (sources de
propagules). Ces deux processus seraient [ |@rigine de la diversitl] potentielle lire (I la

banque de propagules, pouvant s@xprimer si le niveau trophique des [tangs diminue.
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ABSTRACT

The way light stress control plant species during the recruitment phase is a key process controlling plant
biodiversity. However, light stress is still under-studied, despite it probably shapes strongly plant species
according to their shade tolerance during the recruitment phase. Furthermore, such studies usually consider
endogenous light stress, produced by the plant cover itself, and not exogenous light stress, produced by any
factor independent from the plant community. The aim of the present study was to investigate how light stress
induced by phytoplankton biomass, i.e. independent from vegetation, rules the recruitment and establishment of
plant species from the propagule bank. The hypothesis was that the increase in light stress decreases 1) aquatic
plants and propagule bank abundance and diversity and 2) the recruitment success of plants from this bank. This
hypothesis was tested by sampling in 25 lakes organized along a light stress gradient: 1) propagule banks before
the recruitment phase, when the lakes are devoted of vegetation (i.e. at the end of winter), and 2) established
vegetation at the beginning of summer, and 3) phytoplankton biomass during the recruitment and establishment
phase. The phytoplankton biomass was negatively correlated with the richness and abundance of established
vegetation, but was not correlated with the propagule bank (neither species richness nor propagule abundance).
The similarity between propagule bank and established vegetation decreased significantly with increasing
phytoplankton biomass. The contrast in species content between vegetation and propagule bank for the highest
light stress suggests a very low recruitment rate of species in such situations, but ask the question of the origin of
the bank species richness. It may result from dispersal of propagules from other surrounding aquatic ecosystems.
Propagules may also have been produced within the lake, suggesting a persistent propagule bank and strong

year-to-year variation in light stress intensity and recruitment success.
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Introduction

Vegetation-propagule  bank relationships are
frequently used for measuring the potential
biodiversity of ecosystems (Hopfensperger 2007), to
understand how environmental variations affect
reproductive success and plant establishment (Bonis
et al. 1995; Caballero et al. 2008; Gioria et al. 2010),
or for providing indications of ecosystem functioning
for management and restoration purposes (Bakker
et al. 1996; Bossuyt and Honnay 2008; Klimkowska
et al. 2010). Studies that focus on vegetation-
propagule bank relationships have demonstrated the
great variations that occur among ecosystems
(Hopfensperger 2007; Bossuyt and Honnay 2008).
Stress and disturbances strongly affect
propagule abundance in the bank and vegetation-
propagule  bank relationships.  Disturbances
frequently favour ruderal species that usually
produce more seeds than plants of later
successional stages (Grime 2001). Disturbed
habitats are consequently, in most cases,
characterized by an abundant propagule bank
(Schippers et al. 2001; Klimkowska et al. 2009). The
nature of disturbances also affects directly (through
the impact on reproduction) or indirectly (through any

impact on the bank) propagule abundance in the

bank, and consequently vegetation-propagule bank
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relationships  (Sletvold and Rydgren 2007;
Klimkowska et al. 2009).

Biotic and abiotic stress factors can have a major
influence on vegetation-propagule bank
relationships. Stress limits available resources for
flower production (Jiang and Kadono 2001; Wise et
al. 2008) and is likely to reduce the probability of
regeneration from propagules (Keddy 2007).
Consequently, stress is considered to disfavour seed
production (Grime 2002), but favours vegetative
reproduction (Onipchenko et al. 1998). Beside seed
production, the similarity between vegetation and
propagules in the bank also differs according to the
nature of the stress and to the ecosystem
considered. Altitude for instance, either decreases
(Peco et al. 1998) or has no effect (Funes et al. 2001)
on vegetation-propagule bank similarity. Kitajima and
Tilman (1996) also demonstrated experimentally that
vegetation-propagule bank similarity decreased
along an increasing nitrogen gradient. However,
other results showed that similarity increased with
nitrogen increases under natural conditions (Osem et
al. 2006). Light availability (frequently driven by
canopy density) is considered to have a great effect
on propagule bank expression (Rico-Gray and
Garcia-Franco 1992; Bossuyt and Hermy 2001;
Bossuyt et al. 2002; Devlaeminck et al. 2005;
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Hopfensperger 2007). However, these authors
usually considered two contrasting situations (open
and closed canopy), in which light attenuation was
due to shade induced by the vegetation itself. In this
situation, some long-lived (e.g. trees) may dominate
the established vegetation but poorly contribute to the
bank (Bossuyt and Hermy 2001; Thompson et al.
2002). The way increasing light availability
(disconnected from canopy density and other
competition effects due to the vegetation itself)
affects vegetation-propagule bank relationships has
never been explicitly tested. New studies are
consequently necessary to elucidate how a light
gradient affects propagule bank and vegetation-
propagule bank relationships.

Shallow lakes are particularly valuable
ecosystems to study how light availability affects the
relationship between propagule bank and vegetation.
These ecosystems are frequently abundant on the
landscape scale, and clearly spatially delimitated.
They are often eutrophic, and when influenced by
human activities, they present diverse nutrient levels
(S¢,ndergaard et al. 2005). In such lakes, the nutrient
level is consequently not a limiting factor for plant
growth, but high eutrophication leads to high
phytoplankton biomass and low light availability, and

consequently affects the recruitment and the growth

of all submerged aquatic vegetation (Scheffer et al.
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1993). The aim of the present paper was to analyse
the effect of light attenuation due to phytoplankton
biomass on aquatic vegetation and propagule bank
richness and abundance, and the relationship
between them.

The first hypothesis was that increasing light
attenuation due to increasing phytoplankton biomass
would lead to the decrease of species richness and
abundance of established vegetation. Indeed, only
species tolerant to low light availabilty may be
recruited and high light limitation may decrease plant
growth, leading to a low plant abundance in summer.

The second hypothesis was that increasing light
attenuation due to increasing phytoplankton biomass
would lead to the decrease of recruitment success of
plants from the banks, and consequently to the
disjunction  between species richness and
abundance of propagule bank sampled in winter and
of species richness and abundance of vegetation
that established the following summer.

To test these hypotheses, the present study
assessed:

- the correlation between phytoplankton biomass and
light attenuation, to valdate the fact that
phytoplankton biomass governs light availability.

- the correlation between phytoplankton biomass with

1) species richness and abundance in the

established vegetaton and 2) the relationship



between propagule bank and established vegetation,

in terms of both species content and abundance.

Material and methods
Study sites

The study was conducted in the Dombes area in
South-East of France (46;j0000@®, 05;0100@),
characterized by about 1,100 man-made shallow
lakes organized into connected networks (from 2 to
20 lakes connected in a chain for draining and/or
filing). According to Sgndergaard® typology of
shallow lakes, their water quality ranges from
eutrophic to hypertrophic, depending on the nutrient
level and chlorophyll a concentration (S¢ndergaard
et al. 2005). Their surface areas varied greatly from
less than 1 ha up to more than 100 ha for the largest
one (Saint-Cyr et al. 1977). For the present study, 25
lakes were studied (13 in 2008 and 12 in 2009). We
randomly selected lakes of similar size (4-12 ha) in
order to avoid any size effect on species richness
(MacArthur and Wilson 1967; M¢ller and Rordam
1985). This absence of size effect was tested and

validated (see following section and table 1).

Sampling of established vegetation

The established vegetation was sampled in summer,

during the second half of June in both years. In all
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lakes, aquatic vegetation was systematically
sampled in the aquatic zone along five transects,
parallel to the flow direction. Two were located along
the helophyte belts on each side of the lake, one in
the centre of the lake, and two between the central
transect and each side transect (Figure 1, left). Side
transects were positioned 5 m from the helophyte
belts to avoid shade by riparian vegetation. Quadrats
of 4 m? separated by 50 m were regularly distributed
along each transect, so that the number of quadrats
sampled increased proportionally with the lake area
(25-40 quadrats). For each quadrat, the percentage
cover of submerged and floating aquatic plants was
recorded using Braun-Blanquet cover-abundance
estimates (1 = 0 to 5%; 2 = 5 to 25%; 3 = 25 to 50%;
4 =50to 75%; 5 = 75 to 100%). The Braun-Blanquet
scores for each species were then converted to
mean values of percentage cover (2.5%; 15%;
37.5%; 62.5% and 87.5%) for allowing statistical
analyses (van der Maarel 2009). Lakes are bordered
by perennial helophytes that are never submerged.
These species were not recorded because they did
not suffer the constraints of water turbidity with the
same intensity as aquatic vegetation. Only species
that occurred in open water and that are mostly
submerged were considered (hydrophytes and
amphiphytes). Water depth of the lake was

measured in each quadrat of established vegetation.
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The bottom of the lakes was relatively flat with a

median depth of about 60 cm.

Propagule bank sampling

Propagules are considered as any structure having a
dispersal or propagation function, e.g. seeds, spores
or vegetative parts able to grow when separated
from the parent plant. In our study, the propagule
bank therefore referred to all viable sexual and
vegetative propagules (e.g. dormant apicies,
rhizomes, turionsE ) of aquatic plants, including
oospores of Charophytes, present in the lake
sediments.

As there is no aquatic vegetation during winter in
shallow lakes (Sayer et al. 2010a; personnal
observation), to quantify the propagule banks that
may potentially contribute to the established
vegetation the following summer, substrate samples
were collected in March, the same year as
vegetation sampling. For this purpose, the water-
body was divided into three sections and was

sampled in one half along an upstream-downstream
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gradient (Figure 1, right). For each section, three
transects were selected, separated by ten meters
and positioned perpendicularly to the axis linking the
upstream inlet to the downstream outlet. Samples
were collected at three water depths (40, 70 and 80
cm) along each transect. In total 27 samples were
collected in each lake. Each sample corresponded to
three sediment cores collected using a 5 cm internal
diameter-coring device, randomly collected within a 1
meter-diameter circle. As we aimed to identify the
propagules that may be potentially recruited during
the following spring, only the top five centimetres of
sediment were kept, as this was considered to be the
maximum depth at which germination can take place
(Dugdale et al. 2001).

Propagule bank composition and abundance
were assessed by the emergence method. While
failing to take into account all the propagules present
in the bank, this method is considered to be an
accurate measurement of the active part of the bank
(van der Valk and Davis 1978). Seedling emergence
was monitored in a climate-controlled room providing

environmental conditions adapted to aquatic plants
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Fig. 1. Sampling design of the established vegetation (left) and the propagule bank (right).

growing in such ecosystems: an average air
temperature of 20;C and a photoperiod of LD 10:14.
All samples were independently spread in plastic
trays (235 x 175 x 90 mm) filled with 3 cm of river-
washed sand to allow sufficient depth for seedlings to
root. Each sample (a mixture of the three cores) was
carefully mixed and spread homogeneously on the
top of the sand within one box (final depth of spread
substrate approximately 1 cm). All trays were then
filed to the top with rainwater. Rainwater was used,
as it had a similar pH to the water filling the lakes
(slightly acid due to the clay sediments) and was
devoid of any seed. Only one treatment (inundated)
was used, because propagules establish themselves
after the winter filling of the lake, and no aquatic
vegetation remains in the lake during the dewatering
period in autumn (personal observation). The
sprouting of seeds was monitored from March 2008

to February 2009 and from March 2009 to February

2010, respectively, for the two sets of lakes.
Seedlings were recorded monthly, identified,
counted, and then removed from the tray in order to
avoid competition and allelopathic effects. Most
seedlings were identified to the species level, some
to the genera level. Helophytes present in the bank
were not included in the data set, in accordance with

the strategy employed for established vegetation.

Phytoplankton biomass and light gradient

Chlorophyll a was used as a proxy of phytoplankton
biomass, which is directly related to light attenuation.
Water samples were collected from all lakes every
week from May to June, i.e. when the recruitment
and growth of aquatic plants took place, in the same
year as the corresponding propagule banks and
vegetation were sampled. Depth-integrated samples

were collected in the upper 50 cm of the water

167



MANUSCIT E - RESULTATS

column zone with a water sampler (Uwitech, Austria)
at the deepest-lake station. After extraction over 24h
in a 95% acetone solution, chlorophyll a was
UVNIS

measured with a Shimadzu

spectrophotometer UV-2101  PC  (Shimadzu
Corporation, Kyoto, Japan) at 630, 645, 663 and 750
nm. The chlorophyll a concentration per unit volume
was then calculated using the Parsons and
Strickland formula (1963).

In the 12 lakes monitored in 2009, water
transparency was measured using a Secchi Disc in

the same place and at the same time as water

samples, to measure light attenuation.

Data analysis

For a given lake, species richness was the total
number of species recorded respectively in the
established vegetation and in the propagule bank.
Species richness measured using a non-exhaustive
sampling programme is affected by the sampling
effort, as the area or sample size affects the number
of species recorded (Connor and McCoy 1979). For
each lake, difference between observed species
richness and predicted species richness were tested
with student conformity test by means of three
different estimators, Jacknife, Chao and Bootstrap,

whose their theoretical values and standard error
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were calculated using the @eganOpackage for R
software. In the present datasets (established
vegetation and propagule bank) and for each lake,
the species richness measured was not significantly
different from species richness predicted, meaning
the sampling pressure used (in terms of number of
samples) was accurate for assessing species
richness at the lake scale, both in the bank and in the
established vegetation.

For each sampling plot, cumulated species
abundance was calculated for both established
vegetetation (cover) and propagule bank (density).
Secondly the values were averaged per lake,
providing for each lake two values, averaged plant
abundance in the established vegetation and
averaged propagule bank density.

Median chlorophyll a values were used in all
statistical analyses to reduce the bias due to the few
extreme values that may occur within datasets
(Dagnelie 2007). The Bonferroni correction was used
to address the problem of multiple comparisons.
Bonferroni adjusted p-value is the normal p-value
multiplied by the number of dependent or
independent hypotheses tested on the whole dataset
(Dagnelie 2007). The normality of the distribution was
checked using Shapiro-Wilk normality tests and the
Poisson distribution was checked with the

corresponding chi-squared statistics (dispersal test).



Chlorophyll a concentrations and Secchi Disc
transparency were Logy transformed to reach
normality. Linear regressions were used to test the
relationships between phytoplankton biomass and
light availability. As expected, the Logarithm of
Secchi Disc transparency was linearly and negatively
related to the logarithm of chlorophyll a (R? = 0.62,
Bonferroni adjusted p-value = 0.003). We tested that
no relationship existed between lake depth and
phytoplankton  biomass (rho=0.03, Bonferroni
adjusted p-value =n.s.), in order to avoid any
confounding effect of depth on light attenuation. The
factor that prevented light from reaching the bottom
of shallow lakes was thus chlorophyll a and not their
depth.

Abundance in established vegetation and
propagule bank did not follow a normal statistical
distribution, even after log-transformation, neither
was a Poisson distribution observed for species
richness. We therefore had to use Spearman's rho
correlation coefficients to test the correlation between
parameters. As expected there was no significant
relationship between lake size and species richness,
either in the vegetation or in the bank (Table 1).

In order to compare species composition
between the propagule bank and the established

vegetation, we calculated S¢rensen® coefficients of

similarity (S¢rensen 1948). This coefficient is based
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on the presence/absence of species: S=2c/(a+b),
where a and b stand for the total number of species
in the bank and the established vegetation,
respectively, and ¢ stands for the number of common
species in the bank and in the vegetation. A value of
1 indicates an identical composition while a value of 0
indicates that the two datasets have no species in
common. Statistical analyses were performed using

R software.

Two other possible biases linked to the
management of these lakes had to be considered to
avoid any confounding effect between these
practices and the tested light gradient. The first one
concermed extensive fish production, as fish may
affect vegetation and propagule bank at high
densities (grazing and foraging activities, or sediment
re-suspension, Zambrano et al. 2001; Scheffer and
Van Geest 2006; Xiao et al. 2010). Fish producers
were interviewed about quantities stocked in each
lake for each species. Fish density was not
correlated with chlorophyll a (rho=0.11, Bonferroni
adjusted p-value =n.s.), nor with plant cover or
propagule abundance (Table 1). It was thus
considered that lakes did not differ with regard to fish
impact. The second bias was linked to the possible
effect of dewatering on vegetation. All the lakes were

emptied, fished, and refilled each winter, so they did
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not differ for this particular parameter. Approximately
every four years, they are left empty for a year for
crop cultivation. Managers were interviewed about
the number of years since the last drought, and the
possible effect of this parameter on chlorophyll a was
tested, but appeared not to be significant (K=3.42,

Bonferroni adjusted p-value =n.s.).

Results

A total of 47 aquatic plant species was recorded in
the established vegetation (Appendix 1). Species
richness per lake ranged from 0 to 22 species, with
an average of 10 species. The mean plant cover per
lake was 30%, with a minimum of 0% and a
maximum of 110%. Species richness and plant
cover in established vegetation decreased strongly
with increasing median chlorophyll a concentrations
in the water (Table 1; Figure 2).

Forty-three species were identified in the
propagule banks and the species richness per lake
ranged from 4 to 24 species, with an average of 16.
The mean propagule bank density per lake was
3,524 propagules per m?, with a minimum of 75 and
a maximum of 14,000 propagules per m?. Propagule
density and species richness in the bank were not
correlated with median chlorophyll a concentrations
(Table 1; Figure 2).
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Fig. 2. Species richness in established vegetation
(black dots) and in the propagule bank (empty dots)
against median chlorophyll a concentration.

In all lakes except four, the richness in the propagule
bank was similar or higher than the one in the
established vegetation (Figure 3). The Sgrensen
index of similarity between the propagule bank and
the vegetation ranged from 0 to 61%, with an
average of 35%. For two lakes, the S¢rensen index
was equal to zero, and the established vegetation

comprised zero and two species, respectively. There
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Fig. 3. Species richness in the bank against species
richness in the vegetation.
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Table 1. Correlation between vegetation and lake characteristics

Established vegetation

Propagule bank S¢rensen similarity

rh Bonferroni rh Bonferroni rh Bonferroni
0 adjusted 0 adjusted 0 adjusted
Species richness
lake area 0.1 n.s. 0.1 n.s.
chlorophyll a - 0.002 - n.s. - 0.002
fish density - n.s. - n.s. - n.s.
Cumulated
chlorophyll a - 0.004 - n.s.
fish density - n.s. n.s.
n.s. = non significant
was no correlation between the density of Discussion

propagules in the bank and the plant cover in the
lake (rho=0.32, Bonferroni adjusted p-value = n.s.),
but species richness in the bank and in the
vegetation were correlated (rho=0.60, Bonferroni
adjusted p-value =0.025). The S;rensen index was
strongly and negatively correlated with median

chlorophyll a concentrations (Table 1; Figure 4).
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Fig. 4. Sirensen similarity index between the
established vegetation and the propagule bank
against the median chlorophyll a concentration.

The present results confirmed a previously shown
negative relationship between chlorophyll a and
aquatic plant richness and abundance (Scheffer et al.
1993; Jeppesen et al. 2000; Declerck et al. 2005).
Other studies, based on artificial shading
experiments, showed that the growth, abundance,
and diversity of submerged aquatic plants decreased
strongly when irradiance decreased (Dawson and
Kern-Hansen 1979; Zhu et al. 2008). Contrary to our
hypotheses, chlorophyll a concentrations were not
correlated with propagule bank species richness and
density. However, as expected, the similarity
between prop agule bank and established vegetation
diminished when light stress increased. In all lakes
except four, there were fewer species in the
established vegetation than in the bank. The

propagule banks were species rich but differed little

171



MANUSCIT E - RESULTATS

between lakes. Thus, light attenuation, through high
phytoplankton biomass, limited species recruitment
from the bank in situ, leading to low vegetation cover.
In contrast, emergence conditions in the climate-
controlled room were not light limited, thus allowing
plant recruitment from the bank. We observed two
distinct patterns along the light stress gradient. For
the lowest light stress, species richness was relatively
high in both vegetation and propagule bank and the
similarity between both was also high and similar to
what is usually observed in aquatic ecosystems
(Hopfensperger 2007). With greater light stress,
species richness was high in the propagule bank and
very low in the established vegetation, and
consequently the similarity between them was low.
Temporal or spatial propagule dispersal
potentially maintains species richness, with abundant
propagules in the bank. Year-to-year variations in
phytoplankton biomass may induce such a pattern.
Several turbid lakes had low plant cover but high
seed density and richness the year of sampling,
suggesting that plant growth and reproduction may
vary strongly from year to year. The light status of a
given lake may oscillate from a clear water state, in
which propagules are abundantly recruited from the
bank, to a light limited state unfavourable to
propagule

recruitment, plant growth  and

reproduction. Previous results suggest that shallow
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lakes may switch repeatedly back and forth between
a vegetation-dominated clear water state and a turbid
state (Hargeby et al. 2004; van Nes and Scheffer
2007). Most propagules may consequently be long
lived (Grime 2001), and not germinate during
unfavourable years, leading to a persistent and
species-rich propagule bank. Our own results appear
contradictory to the few papers dealing with the effect
of light limitation: in forested areas, where most
studies have been done, high species richness
occurs both in vegetation and in propagule banks
(Bossuyt and Hermy 2001; Hopfensperger 2007).
Furthermore, propagule banks are composed mainly
of ruderal and shade intolerant species (Bossuyt and
Hermy 2001; Devlaeminck et al. 2005), inducing a
low similarity between established vegetation and
propagule banks. The absence of a persistent
propagule bank issued from established shade
tolerant species may be explained by selection
pressure. Such species may produce few short-lived
seeds (Hermy et al. 1999; Bossuyt and Hermy 2001;
Devlaeminck et al. 2005) rather than long-lived seeds
with a high ability to disperse over time (Hermy et al.
1999).

Spatial dispersal, through either hydrochory or
zoochory may also contribute to propagule bank
enrichment in lakes. Shallow Dombes lakes show a

high degree of connectivity compared to other lake



systems, both because of the high lake density in the
one area and the presence of direct connections by
means of ditches. Litle is known about the
effectiveness of spatial dispersal, but birds may
contribute significantly to plant dispersal (Figuerola
and Green 2002). Some species with high buoyancy
(van den Broek et al. 2005) may also disperse
spatially within lake networks during the yearly
emptying and refiling processes (Merritt and Wohl
2002), but may not be recruited due to low light
availability in turbid lakes acting as sink.

The present study shows that decreasing light
availability in shallow lakes leads to an increasing
contrast between propagule bank and established
vegetation, and that a rich and dense propagule
bank persists despite high light stress and scarce
established vegetation. The environmental factors
that lead to the occurrence of a persistent propagule
bank have yet to be elucidated. Temporal dispersal
of propagules in the soil, or spatial dispersal of
propagules from other ecosystems could potentially
contribute to propagule bank enrichment in such
light-stressed ecosystems. It is also necessary to
understand which life history traits are required for
propagule recruitment and adult success. Indeed the
stress intensity may cause sufficiently strong
differences in local species demography to affect

local community composition, from the species
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sorting process (Leibold et al. 2004). In this context,
propagule recruitment may be related to a high
seedling tolerance to light limitation involving several
traits, such as stem elongation rate, stored resources
and the minimum light requirement and
compensation point of seedlings (Baraloto and
Forget 2007; Valladares and Ninements 2008).
Adult performance may be related to high
competitive ability (allowing the plant to reach the
water surface) or to high reproduction rates (allowing
the plant to reach favourable patches) (Grime 2001;
Lamb and Cahill 2006). This selection pressure may
lead to a strong trade-off between traits encouraging
seed dispersal and those promoting adult

performance (Levins and Culver 1971; Cadotte

2007).
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Appendix 1. Every species sampled in established vegetation or propagule banks

Number of lakes in
which it occurs in the

Average plant cover

Number of lakes in
which it occurs in

Average number
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Specie ‘ _ (%) in estal_)lished of propagules in
established vegetation vegetation the propagule bank  the bank per m2
Alisma gramineum 1 0.01 0 0
Alisma plantago-aquatica 11 0.71 24 561
Callitriche brutia 0 0 2 2
Callitriche hamulata 2 0.33 21 234
Ceratophyllum demersum 9 0.71 5 8
Chara braunii 5 0.67 25 412
Chara globularis 0 0 1 1
Chara vulgaris 0 0 1 0.5
Damasonium alisma 1 0.003 0 0
Elatine alsinastrum 7 1.25 15 58
Elatine hexandra 2 0.10 17 494
Elatine hydropiper 2 0.30 12 144
Eleocharis acicularis 6 0.79 24 263
Glyceria fluitans 4 0.12 3 1
Hydrocharis morsus-ranae 2 0.01 1 0.5
Juncus articulatus 0 0 15 75
Lemna minor 15 0.59 21 212
Lindernia procumbens 0 0 1 2
Ludwigia palustris 10 0.81 14 286
Luronium natans 1 0.09 0 0
Marsilea quadrifolia 1 0.02 0 0
Mentha aquatica 4 0.03 0 0
Myriophillum spicatum 9 4.48 6 4
Najas marina 15 7.12 15 40
Najas minor 13 0.78 16 66
Nitella flexilis 4 0.17 7 16
Nitella gracilis 1 0.04 6 78
Nitella tenuissima 1 0.12 11 43
Nymphoides peltata 6 2.23 1 1
Oenanthe aquatica 6 1.24 20 55
Polygonum amphibium 18 0.94 0 0
Potamogeton acutifolius 4 0.77 3 6
Potamogeton berchtoldii 0 0 3 2
Potamogeton crispus 12 0.80 5 3
Potamogeton gramineus 6 0.31 0 0
Potamogeton lucens 6 0.24 1 0.5
Potamogeton natans 2 0.10 0 0
Potamogeton nodosus 11 1.00 6 13
Potamogeton obtusifolius 5 0.59 11 12
Potamogeton trichoides 5 0.40 5 4
Potamogeton x angustifolius 2 0.06 0 0
Ranunculus flammula 6 0.27 5 4
Ranunculus peltatus 10 1.85 13 10
Ranunculus sceleratus 0 0 8 14
Riccia fluitans 4 0.01 9 236
Rorripa amphibia 2 0.12 8 4
Sagittaria sagittifolia 6 0.48 9 22
Samolus valerandi 0 0 2 0.5
Sparganium angustifolium 1 0.003 0 0
Sparganium emersum 1 0.01 22 79
Spirodela polyrhiza 8 0.23 8 41
Trapa natans 3 0.01 0 0
Utricularia intermedia 1 0.01 0 0
Utricularia vulgaris or 16 2.04 10 12
U. australis
Zannichellia palustris 2 0.07 5 4
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3.3.4 Relation richesse sp(_cifique et richesse fonctionnelle

LOtude des riponses en termes de diversit's spLcifique et fonctionnelle aux contraintes
environnementales am(liore la comprChension de la relation entre habitats et communauti’s
vigltales. La richesse fonctionnelle et la richesse splrcifique sont corrles nigativement
avec le niveau trophique, suggirant que la compltition avec le phytoplancton exclut toutes
les esplces appartenant [1un mime groupe fonctionnel. La richesse splcifique est corrl1e
positivement avec la superficie de |Otang alors que la richesse fonctionnelle ne varie pas.
Cela sugg’re que pour un niveau trophique donn(, chaque groupe fonctionnel associl est
prisent quelle que soit la superficie mais serait reprisentl] par peu d@sp.ces dans les
tangs de petite superficie et par beaucoup d@sp ces dans les [tangs de grande superficie.
De mime la richesse splcifique diminue avec |@ugmentation du dilai [coul ] depuis le
dernier assec alors que la richesse fonctionnelle ne varie pas. Cela sugglre que pour un
niveau trophique donn(}, chaque groupe fonctionnel associ’l est prisent quelle que soit la
date du dernier assec mais serait reprisent.] par beaucoup d@splces dans les [tangs
r_cemment ass[ chis et par peu d@sp ces dans les [tangs ass[ chls depuis longtemps.

La comp!tition entre les esplces de plantes aquatiques d@n mime groupe fonctionnel
serait plus forte dans les petits ['tangs et (1un stade de succession de plusieurs annl’e apr(’s
assec, entralnant une diminution de la richesse sp(cifique au sein des groupes fonctionnels.
L@ugmentation de la compl(tition entre le phytoplancton et les plantes aquatiques
entralnerait quant (] elle, I@xclusion de la totalit ] des esplces du groupe fonctionnel et sa
disparition de la communaut. Dans la suite de ce travail, il apparalt indispensable de tester
les hypoth(ses prisentles de manilre schi matique sur la figure ci-dessous (figure 13) :

Hypothise 1 : L@ugmentation de la productivit'] augmente la pression de comptition du
phytoplancton sur les plantes aquatiques et entraine I@xclusion de toutes les esplces

appartenant [Jun mime groupe fonctionnel.
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Hypothi'se 2 : La succession et la diminution de la superficie augmente la pression de
comp(titon au sein de chaque groupe fonctionnel, entrainant l@xclusion progressive

d@splces et la diminution de la richesse sp(cifique au sein de ce groupe.
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Figure 13 : Reprisentation hypothltique des liens entre richesse sprcifique et productivit’]
d@ne part, et superficie ou frrquence des perturbations d@utre part. Chaque couleur identifie
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DISCUSSION ET PERSPECTIVES

4.1 Fonctionnement des [tangs

Les risultats que j'ai obtenus au cours de ma thi'se concernant le fonctionnement des
‘tangs et des communaut’s vigltales m'ont permis de consolider un cadre conceptuel
jusque-l1 aliment(] par des [tudes rlalisles essentiellement en milieu semi-naturel, en
I'enrichissant de donnles concernant I@npact de stress et de perturbations d®rigine

anthropique (figure 14).

_____________________
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Figure 14 : Synth'se des rl sultats prisentl’s dans les diffl rents manuscrits.
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J@i contribull [ dimontrer que |@utrophisation n@st pas lice de falon simple aux
pratiques anthropiques du bassin versant. La principale difficult’] rCside dans la complexit]
des paysages agricoles et la d termination d@ne [chelle pertinente. Pour identifier le rile de
ces pratiques sur lI@utrophisation, la prise en compte du bassin versant dans son ensemble
semble prifirable [1la considlration uniquement de la zone bordant IOtang, car elle permet
de mieux intCgrer les pollutions potentielles (Declerck et al. 2006 ; Manuscrit A). NC'anmoins,
cette prise en compte se heurte [ la difficultl] de considirer avec pricision le rCle des
connections hydriques, du fait des activit's anthropiques (syst mes permettant I@uverture, la
fermeture ou la dlviation des canaux ; drainages souterrains ; hauteur d®au rigissant le
sens dOcoulement lorsque les pentes sont faibles).

Ces risultats ont initil’] de nouveaux travaux, qui intCgrent les systimes de foss('s et leur
rCle dans les apports en nutriments [1IQchelle des ri’seaux dOtangs et de leur bassin versant
dans sa globalit’. LOtude des pollutions liCes aux produits phytosanitaires permettrait
d@tigrer le rile des herbicides sur les communaut’s vig/tales, mCme si des risultats
priliminaires ont relevi] la difficult’’ de ditecter et de tracer de tels composis dans le
paysage complexe de La Dombes.

Le rile des pratiques piscicoles n@ pas [t traitt] de manilre fine dans ce travail.
Toutefois, I@npact du nourrissage compl mentaire, de la fertilisation et du chaulage sur les
processus d@utrophisation fait IObjet dQne publication en cours de ridaction et montre en
particulier que ces pratiques augmentent la concentration en phosphore dans le sidiment
(Wezel A., Robin J., Guerin M., Arthaud F., Vallod D. Effects of shallow lake management on
water quality, sediment and fish production in extensive fish culture in the Dombes region,

France).
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L@utrophisation apparalt comme un facteur fortement structurant des communaut(s
vigltales.

L@ugmentation de la biomasse du phytoplancton est accompagnie d@n changement de
la communaut(] phytoplanctonique qui cependant ne modifie pas la richesse et IQquitabilit’
au sein des communautl's. La prise en considlration des dynamiques saisonnilres devrait
permettre une meilleure comprhension de la relation entre biomasse et diversit[]1selon que
le systi me atteigne ou non un [quilibre (Hutchinson 1961; Roy and Chattopadhyay 2007).

Les traits fonctionnels impliquis dans IQtablissement des plantes aquatiques dans des
conditions de tris forte turbidit[] induite par I@utrophisation restent [ identifier. Les graines
avec beaucoup de riserves devraient augmenter |@utonomie des germinules, leur
permettant de supporter plus longtemps la carence lumineuse. De mime, les esplces
prisentant une croissance rapide et [(rigie des germinules pourraient atteindre plus
rapidement la zone photique. Une autre stratgie pourrait consister [1 prisenter un point de
compensation faible vis [1vis de la lumilre (Binzer et al. 2006; Middelboe et al. 2006). Les
deux premilres stratgies peuvent se rapprocher de la stratgie compl(titive, tandis que la
dernifre est plutlt caractristique des esplces stress-tollrantes. Une approche
Tcophysiologique visant [1mesurer ces 3 traits de performance des esplces avec les patrons

observi’s des communaut(’s est envisage.

Mes rCsultats ont montrl que la pratique de I@ssec inite une succession des
communaut’s des plantes aquatiques. De plus I@ssec pourrait constituer une [tape clef de
cette succession, permettant la reproduction des esplces amphiphytes (figure 15).
L@lternance de communauts d@®spices strictement aquatiques et de communauts
amphiphytes gin(rie par les assecs augmente la diversit[] splcifique et fonctionnelle
comparativement 1 un systime stable (Riis and Hawes 2002; Van Geest et al. 2005). La

reconstitution de la banque de propagules de certaines esplces pourrait reposer sur la
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phase d@ssec. En effet, certaines espices se diveloppent abondamment en condition
d@ssec et produisent une grande quantit] de graines (Oenanthe aquatica, Juncus
articulatus, eleocharis ssp, observations personnelles). L@lternance de phases d@ssec et de
phases en eau pourrait [tre assimille [ un systfme source-puits non pas spatial, mais
temporel, avec une forte croissance et une forte reproduction pendant la phase d@ssec
(source) puis une croissance faible et peu de reproduction pendant la phase en eau (puits).

Il est ainsi privu de considlrer plus syst_matiquement la phase d@ssec dans la suite de
cette [tude, ce qui a drji1 [tr] fait pour certains [tangs suivis de falon pluriannuelle.
Quantifier la reproduction sexule et vigltative ainsi que le recrutement [ partir de cette
banque au cours de la succession permettrait de comprendre les micanismes impliquls

dans la dynamique temporelle de la banque de propagules.

Figure 15: Exemple d@n [tang en assec montrant la colonisation par des esplces
amphiphytes (A : Ranunculus sceleratus, Rorippa palustris, E ; B: Carex spp., Juncus
articulatus, E ; C : Polygonium spp., E ; © Florent Arthaud)
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Les risultats de ce travail peuvent s@ppliquer [1 de nombreux autres [cosystimes
aquatiques, outre les [tangs agro-piscicoles soumis [I|@ssec. Des plans d@au caract(ris(s
par de fortes fluctuations du niveau d@au d@rigine naturelle ou anthropique existent
‘galement en rigion miditerranlenne (Grice, Turquie, Espagne) ou tempirie (Pays-
Bas ;(Coops et al. 2003). Le changement climatique devrait [galement accentuer les
fluctuations de niveau d'eau et contribuer [ ['tendre ce phi’homne [ de nombreux types de
zones humides, dont on ne connai pas la vulnCrabilitC] relative aux exondations et aux

sl cheresses (Scheffer and van Nes 2007; Erwin 2009).

4.2 Dynamique spatiale et temporelle: une question de
r_ f_rentiel

4.2.1 Dynamique temporelle: approche diachronique versus

synchronique

Ce travail a permis de d_montrer que la richesse splcifigue des plantes aquatiques
diminue au cours du temps apris I@ssec. L@ssec agit vraisemblablement comme une
perturbation initiant une succession cyclique et permet le recrutement de nombreuses
esp.ces rudlrales immidiatement apris IOvinement. Au del] du patron successionnel
moyen mis en [vidence par I@nalyse synchronique d@n grand nombre dOtangs, IOtude
pluriannuelle de quelques [tangs montre qu® existe une variabilit_ autour de cette tendance
moyenne, en particulier en ce qui concerne la richesse splcifique, le recouvrement des
plantes aquatiques et la concentration en chlorophylle a (figure 16). Dans certains ['tangs, on
observe ainsi, grice aux suivis diachroniques dont on dispose, qu@ne ann(e floristiquement
riche peut succider [ une annle pauvre en esplces. Ceci sugg re que d@utres facteurs,
potentiellement li's aux modalitl’s de gestion annuelle des [tangs (densit] de poissons,

fertilisation, nourrissage), ou 0 la variabilitt]  climatique interannuelle
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Figure 16 : Variabilit[1 de la concentration en chlorophylle a, de la richesse splcifique et du

recouvrement des plantes aquatiques dans des [tangs suivis pendant plusieurs annies.
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(templratures printanilres et estivales, vent) pourraient gini'rer de la variabilit'] autour du
patron moyen identifi’] dans cette ['tude, et contribuer [T augmenter ou diminuer la richesse

splcifique une annle donnlke.

4.2.2 Dynamique spatiale : approche [ IOchelle de la rCgion ou du

r_seau

Mes r(sultats ont montriJune diminution de la richesse splcifique des plantes aquatiques
dans les tangs situls le plus en aval dans les riseaux dOtangs. Or I@ypoth[se [tait une
plus grande diversit[]en aval, du fait de I@Qugmentation de la superficie du bassin versant de
IOtang et donc de I@bondance et de la diversit[] potentielle des propagules. Une premi’re
"tude, visant [1mesurer la richesse splcifique de la banque de propagules entre des [tangs
connect’s semble montrer qu@lle est stable ou augmente d@mont en aval (sauf en fin des 2
chalnes prisentles en haut de la figure 17), sugglrant une dispersion croissante des
propagules de I@mont vers I@val. La dispersion pourrait [tre efficace, mais le recrutement
des propagules dispers_es pourrait [tre limit[] de manilre croissante vers I@val, du fait par
exemple d@ne accumulation croissante de nutriments (non dimontrCe [1IQchelle de IGtude)

ou de produits phytosanitaires, tels les herbicides (non di' montrie [galement).

Il apparatl donc nlcessaire, suite [ ces premiers risultats, de suivre la dynamique
successionnelle au sein de riseaux dOtangs, afin de mesurer I@nportance des processus de
dispersion spatiale et temporelle impliqul’s dans la structure des communauti's vigltales [

|Ochelle du paysage.
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Figure 17 : Variabilit' de la concentration en chlorophylle a, de la richesse splcifique des
plantes aquatiques et de la banque de propagules dans des [tangs appartenant [1la mi'me

chalne selon le gradient amont-aval.

4.3 Implications en termes de gestion et conservation

Les [tangs d@rigine anthropique sont glr(s traditionnellement depuis plusieurs silcles
pour r[pondre [l'attente des pisciculteurs, des agriculteurs et des chasseurs. A ces usages
divers s'est ajout’] un rile de priservation de la biodiversit'| avec notamment des enjeux
formalisi's pour certaines rigions dans le cadre de Natura 2000. De plus, en 2000, les [tats
de I@nion europenne ont signilune directive cadre sur [@au (DCE) qui vise [Ir tablir le bon
"tat [cologique de tous les milieux aquatiques d@i 2015, sauf d(rogations justifi_es par des
raisons techniques ou [conomiques. Les [tangs piscicoles rellvent des masses d®au

fortement modifi_es ou artificielles, pour lesquelles est demand ] d@tteindre le bon potentiel
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‘cologique ([tat [cologique prenant en compte les pratiques anthropiques associles). En
tenant compte de ce cadre riglementaire, et face 1 une demande sociale croissante, il
convient de dlvelopper des travaux de recherche sur les outils de diagnostic de IOtat des
rcosystimes de type [tang.

Aujourd®@ui, il n@xiste pas de liste difinie d@hdicateurs pertinents pour [valuer |Qtat
rcologique des [tangs. Les connaissances manquent particulii'rement sur la mise en relation
d@hdicateurs traduisant le fonctionnement trophique et [cologique d@n [tang, afin
dOptimiser la biodiversit[] vig[tale et animale. En effet, les rares travaux sur ce type de
plans d@au traitent les probl matiques de fonctionnement trophique (Hansson et al. 1998;
Gulati and van Donk 2002; Danger et al. 2009), souvent ind pendamment des indicateurs de
biodiversit'1(Gee et al. 1997; Declerck et al. 2005; Scheffer and Van Geest 2006).

Parmi les indicateurs du niveau trophique des [cosyst'mes aquatiques, le dosage des
nutriments dans |@au et les s diments (azote, phosphore, matilres organiques) et de
certains param(tres abiotiques (pH, oxygine dissous, calcium, sulfates) permettent de
mesurer |@bondance et la biodisponibilit[] potentielle des (I ments nutritifs (Michelutti et al.
2002; Smolders et al. 2006; Jones and Elliott 2007). Au sein des indicateurs biologiques, la
caract/risation des communaut’s phytoplanctoniques apparat [galement incontournable
comme intCgrateur instantan’] du niveau trophique d@n plan d®au, du fait de la liaison
directe entre les caract(ristiques physico-chimiques de la masse d@au et la structure des
communaut’s (Dickman et al. 2006 ; Manuscrit B). Par ailleurs, I@bondance du
phytoplancton affecte fortement les plantes aquatiques (Blindow et al. 1993; Scheffer et al.
1993) qui sont des indicateurs consid(r(s comme tr(’s pertinents pour caractiriser les
rcosystimes aquatiques, du fait en particulier de leur capacit’] [ informer sur la qualitl] de
|@au (Schneider and Melzer 2003; Stelzer et al. 2005). De plus, les vigltaux aquatiques
sont des acteurs cll's du fonctionnement des [tangs. En tant que producteurs primaires ils

fournissent de la nourriture (Lauridsen et al. 1993; Gross et al. 2001) et peuvent de plus
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servir d@abitat et de refuge [ beaucoup d@splces animales (Dvofaki and Bestz 1982;
Stansfield et al. 1997). Les plantes aquatiques peuvent donc [tre consid(res comme un
groupe indicateur intCgrateur de la biodiversit'] animale car la structure des diff(rentes
strates v[ gl tales caractlrise chaque habitat ou mosaique d®@abitats, qui abritent eux mmes
une faune particuliCre.

Les risultats obtenus permettent d@pprofondir les connaissances sur le fonctionnement
"cologique de tels milieux et de mesurer la capacit[] des communaut’s v gltales [lint[grer
le fonctionnement [cologique de ces [cosystimes. Ces indicateurs, pour [tre pertinents,
doivent en particulier intC grer la dynamique spatiale et surtout temporelle de ces ['tangs, afin
de gommer la variabilit'] interannuelle liCe []la succession cyclique et [J 1@t roglnlit ] des

pratiques d@ne annle sur |@Qutre.
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- Des indicateurs [/1Qpreuve du temps :

Les fortes variations d@ne annie sur I@utre, conduisent [ int_grer IOtude de plusieurs

indicateurs permettant d@pporter des informations sur I@nsemble des pas de temps

pertinents par rapport (I la dynamique de IOcosystime. L@nsemble de ces indicateurs est

schimatis(1dans le tableau ci dessous :

Pas de temps

Court :

journalier, saisonnier

Intermdiaire :

annuel

Long:

pluriannuel

Indicateur de
dysfonctionnement

[cologique

- Forte concentration en
chlorophylle a

-Communautidu
phytoplancton dominie

par les cyanobact(ries

- Forte concentration
printanire en chlorophylle a
- Faible abondance et

faible richesse des plantes

aquatiques

- Faible abondance et
faible richesse de la banque
de propagules

- Abondance des groupes
fonctionnels des plantes
aquatiques diff_.rente de celle
pridite par le niveau
trophique et la dernilre annle
d@ssec

Risque d@lt( ration
[cologique

Bloom phytoplanctonique
-> disparition des plantes
aquatiques [tablies

- mortalit[] des poissons

Pas de contribution [la
banque de propagules
- diminution du potentiel

[cologique

Etat d(jlItr(s critique

Solution et pLriode
d@ction

Immdiate

- Limitation imm(diate
des intrants (arr(ter ou
diminuer le nourrissage et

la fertilisation)

- Alration

L'annCe suivante

- Limitation [moyen terme
des intrants (arr(ter ou
diminuer la fertilisation par
fumier ou autre)

- Mettre en assec

- Diminuer la densit1de
poissons (et les classes de
taille ou les esplces de type

fouisseur)

Pendant plusieurs annles

- Limitation [Jlong terme
des intrants (modifier les
pratiques de fertilisation et de
traitement phytosanitaire sur
le bassin versant)

- Augmenter le rythme des
assecs

- Favoriser la dispersion
de propagules pour ri tablir un
potentiel [cologique

- Limiter la colonisation

aviaire
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La banque de propagules appara’t comme un param(tre biologique plus informatif du
fonctionnement des [cosystimes sur le long terme, car son contenu fait abstraction des
fluctuations interannuelles de biodiversit[ (Bossuyt and Honnay 2006). En effet, j@i d_ montr(]
que des [tangs pouvaient prisenter une abondance et une richesse en plantes tr(’s faibles,
mais une banque de propagules riche, et ce pour diffC rents niveaux de chlorophylle a. La
banque de propagules constitule peut contribuer [Tun retour de la biodiversiti1dans les sites
qui apparaissent pauvres une anni e donnle. On peut ainsi distinguer 3 situations (Figure
18) :

1) Une situation ol la banque et la vigltation sont pauvres en espltces, ce qui tfmoigne
dQne forte charge trophique chronique, lile [1 des mauvaises pratiques rigulifres, [
I@bsence d@ssecs, ou [la dgradation de IQcosysti me (trop d@htrants phosphat(’s et/ou de
risidus d@®erbicides risultant de I@griculture pratiquie sur le bassin versant). Dans ces
‘tangs, un diagnostic plus pricis des causes du dysfonctionnement est (] envisager par le
gestionnaire.

2) Une situation o] la banque est diversifile, mais o[l la vig tation en place 1@nnie
dOchantillonnage est pauvre en esplces. Il faut alors pouvoir distinguer entre 2 situations ;
soit la banque est entretenue par la dispersion temporelle [ partir de pics de reproduction les
annles favorables, soit la banque est alimente par la dispersion spatiale (tang puits) [

partir de diaspores provenant de I@mont. Dans la 1™

situation on peut considlrer que
IOtang est en bon [tat mais que la banque ne peut s@xprimer I@nne dOchantillonnage du
fait dQn ou plusieurs facteurs ayant contribull (] favoriser la production phytoplanctonique et
Jasseoir sa dominance avant la germination de la vi gl tation. Dans la 2 ™ situation, on peut
considlrer que IOtang a une forte biodiversit | potentielle qui peut [ventuellement s@xprimer,
si le dysfonctionnement est diagnostiqulet ri’solu.

3) Une situation ol la richesse spicifique est [levie dans la banque et dans la vigltation.
Dans cette situation, la biodiversit(] recens e I@nn_e dOchantillonnage est repr_sentative de
la biodiversitl] potentielle du plan d@au, et elle fournit un diagnostic pertinent de IOtat

“cologique du plan d@au.

Ces risultats soulignent donc I@nportance, pour des [tangs dont la biodiversit[] varie
fortement dQne annle sur I@utre du fait des successions liCes [ I@ssec et de la variabilit[]
interannuelle liCe potentiellement aux pratiques, de disposer d@n indicateur qui transcende

ces variations interannuelles et donne une image [Ilong terme de IQtat de IOcosyst me.
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- Indicateurs [11@preuve de I@space :

Les facteurs rigissant la biodiversit’] dans les mita-[cosystimes dOtangs agissent (13

“chelles spatiales ([tangs, riseaux dOtangs et paysage ; Table 1). Par exemple o, vy et
y 2 caract(risent respectivement la richesse splcifique au sein d@n [tang, d@n riseau, ou
d@n paysage. A IOchelle de IOtang, la richesse o dipend des pratiques de cet [tang. Les
contrastes de biodiversit[! entre ri’seaux (B 2) risultent des diffirences de pratiques, de

gestion du bassin versant (1 IOchelle du paysage ou de la rigion. Parmi les [tangs d@n

ri’seau, les contrastes de biodiversit(] inter-ftangs (f 1) risultent des diffirences de

pratiques, de gestion du bassin versant et des diffi. rences de morphologie entre tangs du

riseau.
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R$eau
Etang d'angs Paysage
DiversitOintra a Y1 Y2
DiversitCinter B B
FrCquence
d'assec
Pratiques sur Histoire des

Morphologie de
Facteurs N le bassin versant pratiques
IQtang et contexte
rCgissant la

biodiversit

environnemental

Pratiques )
Hydrologie et )
piscicoles et Climat
connectivit(
agricoles

Table 1 : Relation facteurs de contrlle et biodiversiti dans les [tangs [ diff'rentes [chelles
spatiales. La diversitl] observie dans un [tang donn(l r[sulte de l@ddition des facteurs
agissant [Icette [chelle et aux [chelles suplrieures.

La prise en compte de la banque de propagules comme indicateur du potentiel [cologique
peut s@ppliquer aux 3 entit's spatiales en fonction de I@ffet de la connectivitisur la
dispersion des propagules (figure 19) :

1) Le potentiel [cologique peut s@xprimer [11Ochelle de IOtang dans le cas ollil y a peu
de dispersion de propagules entre les [tangs. LOtang est d(fini avec un mauvais potentiel

“cologique lorsque la richesse de la banque est faible (a), ind_pendamment de IQtat

Ccologique des [tangs [ proximit(L

2) Le potentiel [cologique peut s@xprimer [1Ochelle du ri’seau dans le cas ollil y a une
forte dispersion entre les [tangs d@n mme r(seau mais pas entre riseaux. Le riseau est
considlr[] comme ayant un mauvais potentiel [cologique lorsque la totalit’! des [tangs du

ri’seau prisentent une faible richesse de leur banque de propagules ( vy 1).

3) Le potentiel [cologique peut s@xprimer [11Ochelle de la rigion dans le cas ollil y a une

forte dispersion entre les riseaux dOtangs. La rigion a un mauvais potentiel [cologique,
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lorsque la totalit[] des [tangs de la rigion ont une faible richesse de leur banque de

propagules (v 2).
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Pas dispersion Dispersion intra réseaux Dispersion inter réseaux

1 étang = 1 état 1 réseau = 1 état La région = 1 état

Figure 19 : D[ termination de IOchelle spatiale pertinente pour exprimer le bon (bleu) ou le
mauvais (rouge) potentiel [cologique en fonction de la dispersion de propagules entre les

"tangs d@n mme riseau (trait plein) et entre les [tangs de riseaux diff_rents (trait pointill ).

Raret( et statut de conservation des esp_ces

LOtude de la raret’I n@ pas [t[1abordle dans notre travail car elle est reconnue comme
peu indicatrice du fonctionnement des [cosystimes, mime si les esplces rares peuvent
intervenir dans le turn-over des communaut(’s et favoriser leur stabilit[’ et leur r(silience
(Lyons et al. 2005).

Cependant la compr_hension des micanismes rigissant I@ccurrence des esplces rares
peut contribuer [ mieux contrCler le risque d@xtinction des esplces, dont les pratiques
agricoles sont une cause majeure, en particulier dans les [cosystimes aquatiques qui
abritent un grand nombre d@sp(ces dans de faibles superficies (MacAllsiter et al. 1997). La
r_gion dOtude, La Dombes, comporte une trentaine d@splces consid rles comme rares et
associl es aux milieux humides (esplces prioritaires au titre de Natura 2000 et esplrces
protgles par la ICgislation franlaise), dont une grande partie sont habituellement associles

aux vasil res oligotrophes (figure 20 ; Broyer et al. 1997).
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Figure 20 : Marsilea quadrifolia (Marsil_e [1quatre feuilles, gauche) et Damasonium alisma
(Damasonium en "toile, droite), deux esplces observies dans les [tangs [chantillonnTs et
faisant partie de |@nnexe 1 de la Protection nationale franlaise (© Florent Arthaud)

La pratique de I@ssec dans des syst mes eutrophes favorise la criation de niches au sein
desquelles la pression de compltition est faible, ce qui permettrait le maintien de telles
esplces. La disjonction entre la niche dicrite par les naturalistes, souvent sur des crit res
purement spatiaux et [ une [chelle spatiale riduite, et celle dicrite par les [cologues qui
intCgrent la dimension temporelle de la niche, identifire de manilre thorique par les travaux
de Keddy (Wisheu and Keddy 1992), a d[jJ [t[] d_montrCe pour d@utres esplces rares
aquatiques (Greulich et al. 2000a; Greulich et al. 2000b) et pourrait ['tre v(rifile [galement
pour certaines espl ces rares des tangs de Dombes.

Des travaux en cours (collaboration avec des membres de la Haute Ecole du Paysage,
d@hglnierie et d@rchitecture de Genlve (Suisse) et de I@niversit] de Stellenbosch (Afrique
du Sud)) abordent I@ffet de I@nt gration du statut de protection des esplces dans les
indicateurs et la valeur de conservation chez les plantes aquatiques et les macro-invertebr(s
des [tangs (Rosset V., Simaika J.P., Arthaud F., Bornette G., Samways M.J., Oertli B.,
Vallod D. Comparative performance of scoring methods used in the assessment of
conservation value of biodiversity in ponds and small lakes).
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Conclusion

Concilier biodiversit.] et activit_ s agricoles

La conservation de la biodiversit(] est indissociable des activitl's agricoles en raison de
leur rl’le historique dans la structuration des milieux et la diversit[1 des paysages. Le dlbat
relatif [11@npact de I@griculture sur la biodiversit[Ise focalise principalement sur les effets de
l'intensification des pratiques, associll [11'emploi de fertilisants minraux et de pesticides de
synthse, et par une "simplification" des paysages agricoles ri sultant de la sp[cialisation des
systimes de production. De nombreuses [tudes considirant les effets des pratiques
agricoles et des caractiristiques des paysages sur la diversittl dQne large gamme
d®@rganismes vivants confirment I@npact important de |@griculture sur la biodiversit[] []
diffc rentes [chelles spatiales (Le Roux et al. 2008). Cependant, des modes de production
moins intensifs peuvent avoir des effets bl nifiques sur la biodiversit[] qui s'expliquent par un

riCgime de perturbations interm(diaire et une plus grande hi'tlrognlit[ldes agro-syst mes.

Le maintien dQne mosalque paysag(re dynamique est donc un [ILment d[ terminant pour
la priservation de la biodiversitl! dans les paysages agricoles, contrairement [1 une
homognlisation spatiale et temporelle des pratiques pouvant entrainer une diminution de la

biodiversit[1 qui devient difficilement rCversible.
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