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Résumé

La clonalité chez les plantes correspond a la plidétion par voie végétative. Un individu
clonal est constitué de l'ensemble de ses descendgénétiquement identiques et
potentiellement indépendants (ramets), généralemadigis entre eux par des connexions.
L’intégration clonale conféere aux plantes des péips particulieres dont les principales sont
la capacité a coloniser I'espace via différent®syg’architectures, le stockage et le partage de
ressources entre les ramets. Les plantes clonalenent la matrice herbacée en prairies
paturées.

L'objectif de ce travail de thése est de testeydiithése selon laquelle le paturage
favorise les traits clonaux conférant aux plantes chpacités de résistance, notamment a la
défoliation (.e. pertes de tissus aériens) qu’il génére. Cette thgse a été testée au travers
d’'une approche pluridisciplinaire, combinant écdodes communautés, écophysiologie et
modélisation.

Des relevés de terrain réalisés en prairies n&greht montré que le paturage génere
une défoliation homogene a I'échelle du fragmemnal (inférieure & un métre) et agit
comme un filtre sur les traits clonaux. L'étude piée de la composition floristique et des
traits clonaux, issus de base de données ou mesupEsimentalement, suggére que le
paturage favorise les formes stoloniféres et cespés, tandis que les formes rhizomateuses
dominent en conditions non paturées. De plus, dégscassociés a la défoliation homogene
limitent l'investissement dans la propagation clen&a plasticité architecturale en réponse a
la défoliation expérimentale s’avere néanmoins ddaete de contraintes structurales propres
a I'espece. Par conséquent, il 'y a pas de coewergvers un seul type d’architecture, mais
il semble, au contraire, qu’une diversité d'arctlitees puisse s’exprimer en prairies paturées.
Enfin, bien que le paturage défavorise les orgameserrains spécialisés dans le stockage
(rhizomes), la constitution de réserves carbonéas da base des tiges des ramets serait
impliquée dans la résistance au paturage.

D’aprés les résultats de simulations numériques,féemes clonales optimales en
absence de défoliation et sous défoliation homogene similaires et tendent a produire des
réseaux agrégés de ramets. Au contraire, des wmslitde défoliation hétérogenes
favoriseraient la dispersion spatiale des ramets.

De maniere générale, le paturage semble favoeseformes clonales permettant de
maximiser l'occupation de l'espace et la constitutide stocks de réserves rapidement
mobilisables pour la repousse suite a la défohatiout en limitant I'investissement dans les
structures clonales codteuses.

Mots-clefs

Traits clonaux, architecture clonale, réservesaragbs, échelle d’hétérogénéité spatio-
temporelle, stratégies de réponse, prairies né&srehodéle individu-centré (IBM).






Abstract

Clonality in plant corresponds to vegetative muiltgtion. A clonal individual is composed
of genetically identical and potentially autonomalescendents (ramets), generally linked
altogether by connective stems. Clonal integratonfers on plants singular properties, the
main ones being the ability to colonize space thhodiverse clonal architectures, resource
storage and resource sharing between ramets. GQitards are dominant in the vegetation of
grazed meadows.

The objective of this thesis is to test the hypsithéhat grazing should promote clonal
traits conferring on plants resistance capacitiesgably to grazing-induced defoliatione(
losses of above-ground tissues). This hypothesis teated through a pluri-disciplinary
approach, combining community ecology, ecophysiplagd modelling.

In situ vegetation sampling carried out in natural prairidemonstrated that grazing-
induced defoliation is homogeneous at the scathefttlonal fragment (less than one meter)
and acts as a filter on clonal traits. The combimeestigation of specific composition and
clonal traits, documented from databases or mardt@xperimentally, suggests that grazing
promotes stoloniferous and caespitose growth formisile rhizomatous growth forms
dominate under ungrazed conditions. Moreover, castsciated to homogeneous defoliation
decrease the investment in clonal propagation. Kewerchitectural plasticity in response to
experimental defoliation depends on species-spesifuctural constraints. Consequently, no
convergence towards a single architecture was wbdeOn the contrary, a diversity of clonal
architecture is likely to express in grazed meaddwsthermore, although grazing disfavours
belowground storage organs (rhizomes), carbon vesaaking in the basis of ramet stems
seems involved in grazing resistance.

According to the results of numerical simulatioogtimal clonal growth forms in the
absence of defoliation and under homogeneous d&twii are similar. They tend to produce
aggregated ramet networks. By contrast, heterogendefoliation is likely to promote the
spatial dispersion of ramets.

Grazing appears to favour clonal growth forms teagble to maximize spatial
occupation and storage of resources, which can diglimed readily after defoliation, while
limiting the investment in costly clonal structures

Key words

Clonal traits, clonal architecture, carbon resenszmle of spatio-temporal heterogeneity,
response strategies, natural meadows, individusgdanodel (IBM).
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“Plants using similar modes of clonal growth canfbend in different habitats,

but also plants with different modes of clonal gitowan be found together in

the same habitat. The pertinent ecological quessomhether the observed

distribution of trait — environment relationshipfiects an ecological adaptation
to individual habitats that can help us interprieétevolution of clonality.”

KlimeSet al 1997
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INTRODUCTION GENERALE






1. La clonalité chez les plantes

1.1. Présentation de la clonalité

1.1.1. Définition
La clonalité est trés répandue chez les plantes, en particthiezr les plantes vasculaires.
Ainsi, environ 70% des espéces végétales des clitemtpérés ont été recensées comme
clonales (van Groenendel & de Kroon 1990, Klireeal. 1997). Elle peut étre définie comme
« la capacité a se propager et a produire des midemcEs par voie végeétative » (Bell 1984).
Elle est synonyme deroissance clonaleou encore denultiplication végétative (Schmid
1990). La clonalité ainsi définie se distingue dedproduction clonale (apomixie au sens
large ou agamospermie généralement plus employée chez les plantes)e Girniere
correspond a la production de descendants géngtepteidentiques a partir d’'une seule
cellule somatique. Dans ce cas, la méiose et anfiation n'ont pas lieu, et sont remplacées
par une simple mitose. Clonalité et agamospermésgntent des différences biologiques et
ecologiques (Herbert al. 1994 ; encadré 1). Le présent manuscrit ne podeesur la
croissance clonale.

La croissance clonale repose principalement suorgdnisation modulaire, trés
développée chez les plantes. Umdividu modulaire est constitué de la répétition
potentiellement infinie de sous-unités multi-cadivks et génétiquement identiques, les
modules (Harper 1977). Ces derniers présentent une certitonomie (Tuomi & Vuorisalo
1989). Ceci implique notamment qu’ils ont la cap@aa’acquérir au moins une partie des
ressources qui sont nécessaires a leur fonctiomerte de répondre aux conditions
environnementales locales, séparément du restmdeitdu (Tuomi & Vuorisalo 1989).

Cependant, bien que les modules présentent uneaggamomie, ils ne pourraient pas
se développer indépendamment du reste de la plemwtebranches des arbres). La clonalité
repose sur une modularité de second ordre (Alpesdtugafer 1997). Les modules clonaux (ou
ramets, Harper 1977) sont eux-mémes constitués de plhssienodules. lls sont
potentiellement indépendants, car ils possedens Iptopres systemes racinaire et aérien.
Ainsi, les ramets peuvent survivre et se développéme apres séparation de l'individu.
L’individu clonal (individu génétique ogene) consiste en I'ensemble des structures (ramets
et autres structures clonales que nous évoqueltdmgurement) dérivées d’'un zygote unique
(Harper & White 1974).
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Encadré 1. Deux visions de la clonalité : le cohcdp clone génétique et de clone

physiologique proposé par Herbeinal. (1994).

3
g
: o
5 Physiological clone
Unitary plants “Clonal” plants Aglm&:ﬁgmous
i Fragaria Taraxacum

T Wb &

Integration between ramets

Uncoupling genetic and physiological individuality

Role of clonality in reproduction
[ e
Ability to exploit heterogeneous environment

La figure ci-dessus, proposée par Herbeal. (1994) illustre la notion d’individu clonal et deagment clonal
(ensemble de ramets interconnectés entre eux tégration clonale).

Chez les plantes unitaires, I'expansion de l'indiivdans I'espace.€. dans le plan horizontal) est tres faible.
Chez les plantes clonales, au sens ou nous 'emeadians le présent manuscrit (a savoir des glajptieont la
capacité de se multiplier par voie végétativelldgré d’intégration entre les ramets est variabfepeut faire la
distinction entre le clone « physiologiquei»e (un fragment clonal de ramets reliés entre euxiqtagration
clonale) et le clone « génétique ixe(genet issu d’'une graine et correspondant a I'ehkeries fragment
clonaux produits par multiplication végétative aingtiquement identiques). Les deux cas représecié
different selon leur degré d'intégration clonalesa&oir la durée de vie et de fonctionnalité dameaions (cf.
stratégies clonales). La clonalité permet une esipanspatiale des fragments clonaux et des genaténmale
dans le cas de connexions dont la capacité d'étmmgat la durée de vie sont longues. Ces formasabés sont
également celles qui permettent une exploitatiofindtérogénéité spatiale efficace. Leur expansipatiale est
moindre dans les cas ou les connexions sont co(eesjui correspond le plus souvent a un fort de
d’intégration clonale) ou dans les cas ou leur eluté vie est courte (fragmentation importante gértédes
fragments clonaux de petite taille). A contrari@ngl ce dernier cas, I'expansion de l'individu giéneét est
importante. Chez les plantes clonales, la mul@gian végétative n'est pas le seul moyen de remtazhy la
plupart des espéces se reproduisant égalemenbigssexuée.

Dans le cas d'agamospermie (ou apomixie), I'indivitoduit des graines qui lui sont génétiquemeentidues
(méiose et fécondation remplacées par la mitosexpansion spatiale du clone est donc maximaleéigon
par les graines). A linverse, l'intégration cloeakntre les ramets est quasi nulle. Chez ces pla

I'agamospermitest le mode de reproduction principal.

12

2gré

nte

! Notons qu’Herberet al (1994) utilisent dans cette figure le terme denalité a la fois pour désigner
multiplication végétative et I'agamospermie. Dagpiésent manuscrit, nous distinguerons ces detionspen
réservant le terme de clonalité a la multiplicatidgétative.
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1.1.2. Origine phylogénétique
L’origine phylogénétique de la clonalité demeurea®e aujourd’hui mal connue. La capacité
de croissance clonale chez les plantes serait nattéae ancestral, puisque présent chez les
Rhyniopsida phylum a l'origine des autres groupes de plantasculaires (Mogie &
Hutchings 1990). Pourtant, et bien qu'a I'heureualte les angiospermes clonaux soient
relativement communs, ceux-ci dériveraient d’'unéarecnon clonal (Fischer & van Kleunen
2002). Un consensus existe selon lequel la cligneliez les angiospermes aurait une origine
multiple et serait apparue indépendamment dangsgigdignées (Mogie & Hutchings 1990,
Eriksson 1992, Klimesét al. 1997). Cependant, tandis que la présence denalit chez les
dicotylédones primitives reste controversée, eflais un caractere présent dés l'origine de
'apparition des monocotylédones. Par conséquentcapacité de croissance clonale est
aujourd’hui plus communément répandue chez les opuipl@dones que chez les

dicotylédones.

1.2. L'individu clonal

1.2.1. Une notion complexe
Pourtant claire en théorie, la notion d’individu,esn pratique, rendue difficile lorsque I'on
s’intéresse aux plantes clonales. L'individu clomelssédant un génotype unique et soumis a
sélection, est 'ensemble des structures issuasedseule graine. Du fait de leur potentielle
autonomie, des ramets séparés du reste du geneenpex leur tour se multiplier par voie
végétative. Bien que physiquement déconnectéglikess fragments clonaux (Eriksson &
Jerling 1990) ainsi produits appartiennent a un seunique individu clonal (Vuorisalo &
Tuomi 1986). Les points de vue génétique et ecqlagide l'individu clonal peuvent varier
(encadré 1). Ainsi, de nombreuses études expératesnts’intéressant a la clonalité
considerent comme genets des ensembles de ramedsixlinterconnectés. Cette appellation
est erronée puisqu’il s’agit en réalité de plusefragments appartenant parfois a un seul
individu clonal (Herberet al. 1994). En outre, excepté dans les cas ou les sarastent
physiquement reliés entre eux, l'identification m’individu clonalin situ est difficile et
nécessite le recours a des outils génétiques.ita n compte et la description de la clonalité
in situ sont souvent contraintes a se limiter a I'études daractéristiques des ramets,
considérés alors comme l'unité fonctionnelle d'iétéprincipal (Weiheret al. 1999) et,

eventuellement a celles des structures clonalelegusont directement rattachées.
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1.2.2. Organes clonaux et intégration physique
La croissance clonale peut s’exprimer de maniérée&gincluant la fragmentation de tiges ou
de racines, la production de bourgeons adventifsl'organes spécialisés (tiges modifiées,
bulbes, tubercules ; Klimest al. 1997). Parmi ces derniers, les organes d’origmdimaire
sont les plus frequemment répandus (van Groeneretaal. 1996; KlimeSet al. 1997;
KlimeSova & Klime§ 2008). Il s’agit notamment degds modifiées, a développement
plagiotrope (horizontal), souvent désignées sougrme général deonnexions Ces tiges
peuvent étre souterrainahigomes) ou aériennessfolonset tiges rampantes ounners?).

La production de connexions constituatiégration physique (encadré 1). Elle est a
'origine de formes de croissance clonale en résadel ramets reliés entre eux par des
portions de connexions, lespacers® (Bell 1984 ; Fig. I). Ces formes clonales fontbjet
d’études nombreuses (Klime&t al. 1997), car elles conférent aux plantes des pri@ié

physiologiques et écologiques particulieres (cfipatr propriétés clonales »).

tiges
ramet
racines
1
:
! i
1 1
! :
Z3 ! '
i ! : Fig. I. Forme de croissance clonale en
1 7 .z
! < spacer — : réseau. Les ramets sont reliés entre eux
| _ ' par des portions de connexions, les
_— > . . .
connexion spacers(intégration clonale).

1.2.3. Expansion dans le temps et dans I'espace
La clonalité confére aux plantes la possibilitésigtendre dans le temps et dans I'espace.
Ainsi, bien que les ramets aient une durée de iméée, la clonalité peut permettre a
l'individu clonal d’échapper a la sénescence, etdunférer une durée de vie et une expansion
latérale potentiellement illimitées, a condition’ilggoit constitué, a chaque instant, d’'un

ramet, ou au moins d’'un bourgeon, viable et capdblese multiplier par voie végétative

2 Tiges orthotropes devenant plagiotropes au coertear développement, et produisant des rametsvaawn
des noceuds

® Bien qu'il soit parfois employé comme synonyme amnexions, le terme anglophongpacet désigne
généralement la fraction de connexion reliant deurets consécutifs. C'est cette définition qui genéférée
dans le présent manuscrit, afin de le distingusrad@nexionsife. ensemble de spacers).
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(Sackville Hamiltonet al. 1987, Wikberg 1995). Ainsi, des fragments clonaexfaugére
aigle (Ptertidium aquilinun d’envergure supérieure a 500 m (Harper 1977, p5idGire
méme allant jusqu’a 1km et datés de 1000 ans (Mhet al. 1997) ont été recensés. L'age
d’un clone deCarex curvulaaurait été estimé a plus de 2000 ans (McLedlaal. 1997), celui
d’un clone de peuplieiPEpulus tremuloidgsa 10000 ans (Jonsdotét al. 2000). L'exemple
le plus marquant reste a I'heure actuelle celundilone de peupliePppulus tremuloidgs
daté a un million d’'années et s’étendant sur uniace de 43 ha (McLellaet al. 1997) !

De maniere plus générale, la clonalité est donwestduassociée au mode de vie
pérenne. Cependant, elle peut également s’expritmez des especes annuelles (ramets et
organes clonaux annuels). Dans ce cas, I'ensemblgedet meurt a la fin de la saison de
croissance. Il s’agit néanmoins d’un individu clpre@lui-ci ayant la capacité de produire des
descendants potentiellement autonomes par voidatége Cependant, la transmission de ses
genes aux géneérations futures repose exclusivesnetd reproduction sexuée des ramets. La
clonalité joue, dans ce cas, un rble dans la fitrdss I'individu, en multipliant le nombre

d’unités pouvant se reproduire sexuellement (legets).

1.3. La fitness chez les plantes clonales

1.3.1. Clonalité et reproduction sexuée
Bien qu'ayant la capacité de se reproduire par waigétative, les plantes clonales se
reproduisent également, dans la plupart des casjoma sexuée (reproduction mixte). Ainsi
gue le suggere l'existence de variations généticauessein des populations de plantes
clonales, la production de graines, permettantrdsdage génétique, reste un trait important
dans I'histoire de vie des plantes clonales (Edks§989, 1997). La reproduction sexuée est
indispensable a I'établissement d’'un nouveau gdnieaplication de la reproduction sexuée
dans la dynamique des populations de plantes @snalrie selon un gradient aux extrémités
duquel ont été proposées deux stratégies (Eriki980). La stratégiéSR (Initial Seed
Recruitment) ne fait intervenir la reproduction sexuée qu’'useule fois, lors de
I'établissement de la population qui croit, parslate, exclusivement par multiplication
clonale. Dans ce cas, la population est composée nbmbre fini de genets, qui tend a
diminuer avec au fur et a mesure que I'age de paufation augmente (McLellagt al. 1997).
A l'autre extréme, la stratégRSR (Repeated Seed Recruitmehtepose sur le recrutement

de nouveaux individus par voie sexuée de mani@@&téé au sein d’'une population établie.
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Le degré d’investissement dans la reproduction é&=xat la multiplication clonale est
trés variable selon les espéces (Eriksson 199#)véstissement dans I'un ou l'autre de ces
modes de reproduction, ainsi que leur valeur atigptaont depuis longtemps étudiés, et
demeurent, a I'heure actuelle un sujet phare deedaerche sur les plantes clonales. La
guestion majeure est de déterminer les forces aygirisent leur expression respective. Un
consensus théorique tend a admettre I'existenasodgromis entre reproduction sexuée et
croissance clonale, et a été confirmé par de namsbsedonnées empiriques (Eriksson 1997,
Piquotet al. 1998, Prati & Schmid 2000, Fischer & van Kleun@®2, Stocklin & Winkler
2004), bien que certaines études aient abouti aoglesions inverseg(g. Cain & Damman
1997). Outre son implication dans la réparationdtsamages de '’ADN, deux avantages de
la reproduction sexuée permettraient son maintiez ¢es plantes clonales (Eriksson 1997) :
(1) 'efficacité de dispersion spatiale par lesigea et (2) les bénéfices, a court terme, de la
variation génétique au sein d’'une population. Cellpermet notamment de faire face a
d’éventuels changements environnementaux impréesibmais également de limiter la
compétition intra-individuelle (Zobel 2008). Lesnctitions environnementales, notamment
I’hétérogénéité spatio-temporelle et, plus parieeiment son échelle, seraient des éléments
majeurs influencant I'équilibre entre les deux ndke reproduction. Dans les paysages
hétérogenes (hétérogénéité grossiere), la dispepso les graines sur de grandes distances
serait nécessaire a la colonisation de nouveauiatslet au maintien de la structure des
meétapopulations. La dispersion par voie clonalentja elle permettrait la colonisation rapide
de micro-habitats (hétérogénéité fine), notammprésaperturbation (Fahrigt al. 1994) et le
maintien des populations (Piquet al. 1998, Winkler & Fischer 2002, Stocklin & Winkler
2004).

1.3.2. Différentes approches de la fithess
La fitness est classiquement considérée comme dé&ilootion d’un individu aux futures
générations. Cette notion est cependant relativenvaigue et peut avoir plusieurs
significations, rendant son estimation difficileh&z les plantes clonales, la mesure de la
fitness est rendue plus complexe encore, principate du fait de leur organisation
hiérarchique (du ramet au genet) et de leur capaciproduire des descendants par voie
végétative et sexuée (Tuomi & Vuorisalo 1989).

Une premiere étape est de déterminer I'échellegaelée doit étre estimée la fitness
(Tuomi & Vuorisalo 1989, Wikberg 1995) En théoriaynité a considérer est l'individu

clonal (le genet). Cependant, un genet peut étnstitoé de plusieurs ramets ou fragments
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clonaux, plus ou moins dispersés dans l'espacepa&t, conséquent, situés dans des
environnements différents. Ceci est d'autant pluarqué dans des environnements
hétérogenes. La fithess d’un ramet peut différecale d’un autre ramet situé dans un micro-
habitat different (Winkler & Fischer 1999). L’évaliion du nombre de ramets et de leur
propre fitness semble donc permettre une appro}dmaelativement fiable de la fithess du
genet. Cependant, cette estimation ne prend pasoepte la limitation des ressources
provoquée par l'augmentation de la densité des tearag cours du développement de
lindividu clonal. En effet, la compétition inteamets peut limiter leur croissance ou le
contrble de leur production par le fragment clofdd Kroon & Kwant 1991, Winkler &
Fischer 1999). Plus que le nombre de ramets psdigitir densité, prenant en compte la
surface occupée par le genet, apparait un élémguatriant de I'estimation de la fithess d’'une
plante clonale.

Une seconde difficulté pour évaluer la fitness dindividu clonal repose sur la
capacité de reproduction mixte des plantes clon&lgsepté dans le cas de mutations, les
ramets sont génétiquement identiques a l'individtept, tandis que les graines, issues d’'un
brassage génétique, ne partagent que la moitialldéss d’un genet. En outre, les allocations
a la croissance clonale et a la reproduction sexpEevent étre contraintes par des
compromis, variables selon les espéces ou les timmglenvironnementales.

La mesure de la fitness d'un individu clonal esha@xtrémement complexe, voire
impossible. Plutét que de fithess, nous parleromsicdde performance et, plus
particulierement d@erformance clonale dans les cas ou la participation de la reprodacti
sexuée dans la production de descendants est oiraseiomasse ou le taux d’accroissement
relatif (RGR, Relative Growth Rate), le nombre dmets, le taux de multiplication clonale
(prenant en compte a la fois le nombre de rametslest estimateurs de leur propre
performance) ainsi que la surface couverte paetega un instant donné sont les estimateurs
les plus couramment utilisés (Liab al. 2003, Santamariat al. 2003, Puijaloret al. 2005,
Monro et al. 2007).

1.4. Propriétés clonales

1.4.1. Intégration clonale
Chez les formes clonales en réseaux, les rametsgnnectés entre eux par les connexions
(intégration physique). Lorsqu’elles sont pourvues de vaisseaux fonoets) ces

connexions peuvent permettre la translocation deinments et d'eau (seve brute) ou
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d’assimilats (seve élaborée) (Oboret al. 2001). Ce partage des ressources correspond a
I'intégration physiologique Mais les connexions peuvent également étre lgesidu
transport de substances non nutritives telles g@septytohormones permettant le contréle de
la croissance au sein du clone (Kun & Oborny 2088% substances messagers, notamment
impliquées dans l'induction des réponses a desagigexternes (Stuefet al. 2004, Gémez

& Stuefer 2006, Gome=zt al. 2007), mais également de maladies ou de pathogénes
(Wennstrom & Ericson 1992, Stuefet al. 2004, Koubek & Herben 2008). L'intégration
physique, notamment les connexions aériennes (stolilges rampantes), pourrait méme
faciliter la mobilité des micro-herbivores.(.invertébrés), en jouant le réle de ponts entre les
ramets (Stuefest al. 2004).

L'intégration physiologique est dépendante de ltamae vasculaire, a savoir les liens
existant entre les vaisseaux (Preteal. 1992). Ainsi, le transport de substances peutairav
lieu gqu'au sein dunités d’intégrationPU, Integrated Physiological Units Watson &
Casper 1984), conduisant a la sectorialité aedgration.

En général, les flux de xyléme et de phloéme saehtés par les relations sources-
puits internes a la plante (Marshall 1990). Aifdeg transports de seve sont généralement
orientés vers les zones de croissance active (H8Bp), a savoir les ramets non enracinés ou
immatures (Marshall 1990, Pried al. 1992, Alpert 1996) ou les extrémités des connexion
(transport acropétal, Landd al. 1992, Price & Hutchings 1992a, D’Hertefeldt & JAdsir
1999). Cependant, le transport de produits de ¢doslynthése peut également avoir lieu, dans
une moindre mesure, en direction des ramets ocal@sexions matures (transport basipétal,
Jonsdottir & Callaghan 1989, Pricet al. 1992, D’Hertefeldt & Jonsdéttir 1999). Des
conditions externes a la plante peuvent altérerrekdions sources-puits et augmenter le
degré d’intégration entre les IPUs (Priteal. 1992). Ainsi l'intégration physique permet le
soutien des ramets stressés ou endommaggsréssources limitantes, Hartnett & Bazzaz
1983, défoliation, Jonsdéttir & Callaghan 1989) pEadant, les ramets juvéniles restent en
général des puits plus forts que les ramets plés &ipnsdottir & Callaghan 1989, Alpert
1996). Ce soutien est limité dans le temps et&anapidement apres plusieurs événements
de défoliation (Jonsdottir & Callaghan 1989). Lludgnce des facteurs externes sur les
caractéristiques de I'intégration physiologiqueaddiion des flux, distance d’intégration, etc.)

reste donc limitée par les contraintes internesgdnte (Price & Hutchings 1992a, b).
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1.4.2. Architecture clonale
Dans le cas des formes de croissance clonale attiégs ou en réseau, I'architecture clonale
(i.e. la structure et la forme du réseau de connexidé®rmine la distribution spatiale des
ramets, et ainsi l'acquisition des ressources (Huddeal. 1999). Le réseau clonal est
hiérarchisé et les connexions distinguées selandelre. Les connexions formées a partir du
ramet initial sont dites primaires. Les connexiditydres supérieurs (secondaires, tertiaires,
etc.) sont généralement regroupées sous le termmrddications. L’architecture d’'un
individu clonal est déterminée par des régles dssance, telles que les patrons d’élongation
vs ramification (taux d’élongation, taux de ramitica, angle de ramification) et la distance
inter-rametsi.e. la longueur de connexion reliant deux ramets cartié’ (Bell & Tomlinson
1980, Oborny & Cain 1997, Marba & Duarte 1998, &gt al. 2005, 2007, Bruret al.
2007).

1.4.3. Plasticité intra-individuelle et réponse 'aétérogénéité environnementale
La plasticité phénotypique correspond a 'aptitdden génotype d’exprimer des phénotypes
variables en fonction des conditions environnenteastdBradshaw 1965). De part leur
organisation modulaire, les plantes exprimeraientplasticité phénotypique non pas a
I'échelle individuelle, mais a I'échelle intra-initiluelle (ou sub-individuelle, de Kroaat al.
2005). Chaque module aurait la capacité de répatelraniéere locale et semi-autonome aux
micro-conditions environnementales dans lesquelleg trouve. La plasticité individuelle
résulterait de I'intégration des réponses plassgmedulaires (de Krooat al. 2005). Cette
plasticité intra-individuelle a été plusieurs fdi@montrée chez des plantes non-clonales, tant
au niveau racinaire, en réponse a la micro-hétédgedes nutriments (Birch & Hutchings
1994, Hutchings & de Kroon 1994) gu'au niveau digges et des feuilles, en réponse
notamment aux conditions lumineuses locales (H&bétutchings 1997, Hutchings & de
Kroon 1994). A I'échelle individuelle, ces répondesalisées peuvent étre modulées par le
degré d’intégration physiologique entre les mod(®&zchs & Novoplansky 1997).

La plasticité intra-individuelle serait donc padiierement avantageuse chez les

plantes clonales, puisqu’elle leur offrirait la eafté d’exploiter efficacement des milieux

* En anglais, le termebtanching est généralement employé pour désigner le prosede ramification. Les
ramifications sont donc dénommébesanches (e.g. primary connectionsvs. ‘branch connectiony.

® ‘Distance inter-ramet ifiter-ramet distancg et ‘spacer length sont synonymes. A ne pas confondre avec la
longueur des entre-nceudm{ernode lengh} ‘spacer’ pouvant étre constitué de plusieunsesnceuds.
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hétérogenes (Hutchings 1999). La plasticité imidividuelle, chez les plantes clonales, peut
s’exprimer tant au niveau du réseau de connexibde Barchitecture clonalddraging) qu'a
I'échelle du ramet dpécialisatior) (Hutchings & de Kroon 1994, de Kroon & Hutchings
1995, McLellaret al.1997)

1.4.3.1. Capacité de foraging
Le foraging peut étre défini comme «le processais lpquel un organisme explore son
habitat, lui permettant d’en augmenter I'explodati et I'acquisition des ressources »
(définition adaptée de de Kroon & Hutchings 1996hez les plantes, cette propriété
correspond a la capacité de positionner préféttient les structures permettant
'acquisition des ressourceg.§. racines, organes photosynthétiques) la ou ceileiat
abondantes (foraging au sens large, Hutchings &rden 1994). Chez les plantes clonales,
le foraging est souvent considéré comme le posigorent des ramets dans les sites
favorables, reposant sur la plasticité architetgurainsi, un fort degré de ramification et des
entre-nceuds courts permettraient I'installationndgrand nombre de ramets dans les zones
favorablesij.e. riches en ressources. A l'inverse, des formesatésnavec des connexions peu
ramifiées et des entre-nceuds longs constitueraiast stratégie d’évitement des zones
défavorablesj.e. pauvres en ressources (Slade & Hutchings 1987hdez et al. 1994 ;
Fig. ).

Cette plasticité des connexions a été démontréeiaud’'un méme fragment clonal en
environnement hétérogéne (Hutchings & de Kroon L9%tamment en réponse a la
disponibilité en nutriments (Wijesinghe & Hutching899, Roiloa & Retuerto 2006) ou a la
compétition (Eriksson 1986, MacDonald & Lieffers9B9 Kleijn & van Groenendael 1999,
van Kleunen & Fischer 2001, Macek & LepS 2003).rBepie les mécanismes de foraging
soient peu connus, plusieurs auteurs ont suggérdeguapex des connexions en croissance
auraient la capacité de percevoir la qualité davilennement (Wijesinghe & Hutchings
1999, Eriksson 1986). Selon la qualité percue, I&mitre-noeud poursuivrait son élongation
(en conditions de mauvaise qualité) soit un nceucheamet seraient produits (en conditions
de bonne qualité).

La réponse architecturale en conditions hétérogapearait cependant limitée,
notamment par des contraintes structurales et ddations endogénes, indépendantes de
'environnement (de Kroon & Knops 1990), le foragin’ayant été démontré que chez un

nombre limité d’especes.
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1.4.3.2. Spécialisation des ramets et divisionrdudil
La plasticité morphologique et physiologique demets en réponse a la disponibilité locale
en ressources a été largement démontrée, et seggém@me un élément complémentaire,
voire prédominant sur la capacité de foraging (d@ol & Hutchings 1995). Chez des plantes
non-clonales, ou chez des individus clonaux seldppant en conditions homogenes, il est
généralement attendu que les ramets maximiserdptame des ressources rares et limitantes
pour la croissance de la plante. Ainsi, en cona#iombragées, les ramets investissent dans la
production de feuilles larges, ou dans I'élongaties pétioles afin de capter un maximum de
lumiere. Inversement, si ce sont les ressourcephémizes qui sont limitantes, les ramets
présentent un appareil racinaire tres développégh@aomene correspond a la spécialisation
pour les ressources rarespécialization for scarcityAlpert & Stuefer 1997 ; Fig. IlI). En
conditions hétérogénes, tous les ramets d’'un méome @’ont pas acces a la méme quantité
de ressources. Il a été démontré que les rameéssians les micro-sites riches tendaient a se
spécialiser dans 'acquisition des ressources arird $pecialization for abundancélpert
& Stuefer 1997 ; Fig. Il). Les ressources dispasbén grande quantité peuvent ainsi étre
redistribuées a I'ensemble du clone, notammentanmrets qui en manquent. Cependant, cette
propriété s’exprime principalement dans le cas@uxdessources sont distribuées de maniéere
hétérogene et inversée (hétérogénéité complémemtad ressources, Stuefer 1996, Alpert &
Stuefer 1997). Par exemple, des ramets situés dasssites ombragés mais riches en
nutriments investissent préférentiellement danmdauction de racines, tandis que les ramets
qui leur sont connectés, mais se développant deumbn ombragé et pauvre en nutriments,
investissent dans la production de tissus photbsyigues. Cette division du travail »
permet une acquisition importante des ressourceseséxploitation maximale des conditions
hétérogenes. La spécialisation peut également &eoird’'un point de vue physiologique.
Ainsi, il a été suggéré que l'augmentation de |lpacéé photosynthétique ou du taux
d’acquisition des nutriments permettaient aux ramesources » de répondre a la demande
des ramets « puits » (Roiloa & Retuerto, 2006). fBit de leur mise en place rapide, les
réponses physiologiques seraient plus efficaceslepieeponses morphologiques face a des
changements ponctuels et imprévisibles des conditamvironnementales tels que les pulses
de nutriments (Hutchings & de Kroon 1994). Qu’iitsmorphologique ou physiologique, ce
type de spécialisation fonctionnelle des ramets elpendant des conditions
environnementales, et est habituellement désigménepspécialisation « induite par les

conditions environnementales», «plastique » ou «spatiale » (Stuefer 1998 ; Fig. II).
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La division du travail peut également s’exprimetremamets de stade ontégénétique
différent. Elle est, dans ce cas, fonction des ciédmpropres aux ramets mais indépendante
des conditions environnementales. C’est dpécialisation «développementale> ou
« programmée ». ChezCarex bigelowii(Cyperaceae), Jonsdottir & Callaghan (1988, 1990)
ont montré que les ramets agés, dépourvus de sysigrien étaient spécialisés dans
'acquisition des ressources édaphiques grace aréseau racinaire tres développé.
Inversement, les ramets plus jeunes aux racinesi@eeioppées, fournissent les produits de
photosynthese aux autres parties du clone. L'dilmcales substances de défense contre les
herbivores peut elle aussi étre modulée par leestid développement des ramets. Ainsi,
Brathenet al. (2004) ont démontré, au sein de fragments clordarex stansque la
guantité ainsi que la toxicité des composés dendéfétaient plus importantes dans les ramets
fleuris que dans les ramets végeétatifs. Cette ailoe serait avantageuse, car elle permettrait
de protéger du paturage par les lemmings, lessfletrles graines, dont la production est

colteuse en énergie.

Fig. Il. Division du travail induite par les conidits
environnementales. (a) Spécialisation fonctionnadier

les ressources localement rares chez les plantes no
clonales ou des ramets isolés d’'une plante clorib)e.
Spécialisation fonctionnelle pour les ressources
localement abondantes chez un fragment clonal. Les
hachures (partie aérienne) indiquent une limitatleria
lumiere, les étoiles (partie souterraine) indiquane
limitation en eau. D'aprés Stuefer (1998).

La séparation de l'allocation a la reproductionusex et a la multiplication clonale
entre les ramets d’un méme fragment clonal (spgéat@n dans le mode de reproduction),
bien que suggérée par les compromis existant emsedeux fonctions, a rarement été
démontrée. D’'aprés une étude réalisée par ChagpeatStuefer (1999), cette division du
travail entre ramets de stades ontogénétiquesrd@if® s’exprimerait au cours d’'une seule

saison de croissance dans des fragments clona8xigris maritimusAinsi, les ramets les
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plus ageés (situés a la base du rhizome) se spsérialilans la reproduction sexuée, les ramets
les plus jeunes (ramets terminaux dépourvus délds)idans la fonction de stockage de
réserves, les ramets végeétatifs spécialisés dgimtasynthese (ramets possédant un appareil
aérien) se trouvant en position intermédiaire (Qeatier & Stuefer 1999). Cependant, la
signification écologique de cette spécialisationedi@pementale demeure inexpliquée et non
systématique. Par exemple, pour des fragments wtonaltivés en pots, la floraison des
ramets pouvait se produire quelle que soit leuitipossur le rhizome, indiguant une certaine
plasticité de cette fonction (Charpentier & Stueif@99).

La division du travail nécessitant des flux de semre ramets ne peut étre effective qu’au
sein de fragments clonaux chez lesquels lintégmatphysiologique et le partage des
ressources entre ramets est efficace (cf. § iniégrelonale).

1.4.4. Stockage de substances de réserves
La mise en place de réserves correspond au stodeagessources carbonées et/ou azotées
(Klime$ & KlimeSova 2002), non directement assitoliés par la plante mais remobilisables
pour sa croissance ultérieure (Chapinal. 1990). Tous les organes des plantes peuvent
potentiellement accumuler des réserves, mais teksta long terme, chez les plantes non
clonales, sont généralement établis dans les m¢uan der Meijderet al 1988).Chez les
plantes clonales, les potentialités de mise erepliecréserves sont accrues par la production
d’'organes spécialisés.@. stolons, rhizomes, bulbes, tubercules, etc.) eadeets nombreux
(Suzuki & Hutchings 1997). Parmi les plantes clesales capacités de stockage de réserves
ne sont cependant pas équivalentes, certaines asmstratégies clonales étant, de ce point
de vue, plus efficaces.

Les rhizomes, bulbes et tubercules sont généralemmmsidérés comme les
organes clonaux les plus impliqués dans le stockiegeeserves (Hartnett 1989, Suzuki &
Stuefer 1999, Asaedat al. 2006). Ainsi, dans une étude giynodon dactylonDong & de
Kroon (1994) ont suggéré que les rhizomes étaigiémentiellement des organes de réserve,
tandis que les stolons étaient plutét impliguéssdin croissance clonale et I'expansion
latérale. Néanmoins, Stuefer & Huber (1999) onhtr@que la survie de jeunes ramets de
Potentilla anserinaséparés du genet d’origine, était accrue loregue-ci étaient connectés
a un fragment de stolon. Cette observation, couplda quantité importante de cellules
parenchymateuses observée dans les entre-nceudldes, suggere donc le réle potentiel
de ces derniers dans le stockage de ressourcem, Enfbase des tiges est également

fortement impliquée dans la mise en place de résewinsi, les especes consolidatrides. (
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produisant des connexions trés courtes voire iteiss et des ramets nombreux),
notamment les plantes cespiteudas présentant une croissance en touffe) seraienbtepa
de monopoliser les ressources disponibles localeaetgronctuellement, et de les stocker dans
la base des tiges de leurs ramets (de Kroon & ®iclgje 990, Cheplick & Chui 2001).

1.5. Diversité des formes clonales
La croissance clonale chez les plantes vasculpeas s’exprimer sous différentes formes.
Plusieurs études ont donc eu pour objectif la detsan, la classification et I'évaluation de la

fonction des formes de croissance clonale.

1.5.1. Stratégies clonales
Selon Stearns (1976), une stratégie peut étre idéfmmme « un ensemble de traits co-
adaptés permettant a l'organisme de faire face s pteblemes écologiques donnés ».
Certaines classifications se sont cependant limitéeanger les plantes clonales le long de
gradients, selon leur degré d’expression d’'unenitpclonale donnée.

La classification phalange — guérilla(Lovett-Doust 1981) repose sur le fait que
I'architecture clonale peut varier de formes trempactes a des formes tres dispersées. Dans
le premier cas, les connexions ont généralementedé®-nceuds courts et un degré de
ramification important. Ces formes de type phalarégiltent en une agrégation importante
des ramets. Les graminées ou graminoides en tdidieses cespiteuses) représentent un cas
de phalange extréme. Les formes de type guéritlesgrlent des connexions tres peu
ramifiées et constituées d’entre-nceuds longs. aeets sont dispersés dans 'espace.

La définition de stratégies clonales peut égalemembser sur le degré d’intégration.
En effet, la durée de connexion entre les ramet&nelividu clonal d’origine {.e. durée
d’intégration physique) peut étre trés variablepetit étre classée le long d’'un continuum
(Oborny et al. 2001). La stratégiséparatrice ou désintégratrice est caractérisée par des
connexions éphémeres, de durée de vie inférieunen aan. A l'opposé, la stratégie
intégratrice désigne les individus clonaux chez lesquels lesmewions ont une durée de vie
de plusieurs années. Parmi les formes intégratiiaetirée de fonctionnalité des connexions
(durée d’intégration physiologique) peut varier m®@ins d'un an (stratégietégratrice
restrictive) a plusieurs années (stratémigégratrice extensive.

La prise en compte de traits clonaux sous-jacenfdusieurs propriétés clonales
permet une description plus complete des stratagyesles. Ainsi, de Kroon & Schieving

(1990) ont distingué trois stratégies clonalEgaging conservative consolidation sur la
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base de traits clonaux relatifs a I'architectuie,durée de vie des connexions, le degré
d’intégration physiologique, les capacités de shgek ainsi que la plasticité de ces traits en
réponse a la disponibilité et la distribution splatides ressources.

Lors de la prise en compte de plusieurs traits atlan il est parfois difficile de
déterminer leur réelle implication dans la répoage conditions environnementales, certains
traits pouvant étre corrélés entre eux (Wildetal. 2007). Ainsi, au terme stratégie, nous

préférerons I'utilisation des termesyndromes> ou «combinaisons de traits.

1.5.2. Classifications qualitatives
Certains auteurs ont cherché a classer les fortoesles en se basant sur leur description
morphologique et la caractérisation des différemtganes impliqués dans la croissance
clonale. Ces démarches peuvent étre complétéda pase en compte de caractéres relatifs
au degré d’expression d’'une propriété donné&e de I'ordre de la stratégie clonale, cf. § ci-

dessus)

1.5.2.1. Classification fonctionnelle de Grace (399
La démarche conceptuelle de Grace (1993) se camcsnt les plantes aquatiques, chez
lesquelles la clonalité est fortement représeriiie.se base sur la description de syndromes
de six fonctions associées a la croissance clor@mendant, plus qu’un systeme de
classification, I'objectif de l'auteur est de fournune comparaison fonctionnelle des
différents modes de reproduction clonale, et d’'stimeer la valeur adaptative dans diverses

conditions environnementales.

1.5.2.2. Typologie des organes de croissance aoftaGOs)
Cette démarche repose sur la description de tmadiphologiques relatifs a la croissance
clonale, notamment les organes clona@GQs, Clonal Growth Organs, Klimes et al.
1997), qui sont les organes a partir desquels edufir la multiplication végétative. lls
peuvent étre définis comme les organes « possémenbanque de bourgeons végétatifs et
fournissant les connexions vasculaires entre ¢es tb (Kleyeet al. 2008). La discrimination
des différents CGOs se base principalement surolegine (racinaire, caulinaire ou foliaire),
leur position (aérienne ou souterraine), leur dutéevie et leur fonction de stockage
(KlimeSova & Klimes 2008). Dix-sept types d’orgar@snaux ont été distingués (Klimes
al. 1997, KlimeSova & Klimes 2008, KlimeSova & de Be#009 ; Fig. IlI).
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Fig. lll. Les 17 types d’organes clonaux
(CGOS, Clonal Growth Organs) décrits
. % par Klimesova & Klimes (2008).
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Plusieurs études ont utilisé les organes clonamnw® base de leur classification. Ainsi, van
Groenendaekt al. (1996) ont proposé une classification des plantersales de la flore
d’Europe centrale. Il en émerge quatre groupedatdgs distingués sur la base de la durée de
vie et la distance de propagation de leurs orgatesux. Suite a ce travail, Klimeg al.
(1997) ont pris en compte non seulement des inflioma relatives a la durée de vie et aux
capacités d’expansion latérale des organes clonaais aussi au taux de multiplication
clonale ou encore a la taille et la position desidues de bourgeons végétatifs. Leur
classification aboutit a la description de 21 modescroissance clonale, de maniére a ce
gu’une espece n'appartienne gu’'a un seul typerfrané deux ou trois). Enfin, KlimeSova &
Klimes (2007) ont repris les CGOs et les ont claggéquatre catégories, sur la base du type
de banque de bourgeons végétatifs qui leur estigss(aériennes souterraine et annuelle
Vs pérenne). Bien que concernant la flore d’Eurog@rale, la typologie des CGOs ainsi que
les diverses classifications qui en ont été fagegvent étre étendues a d’autres zones au

climat tempéré, mais aussi aux régions arctiqueslarctiques (Klimeét al. 1997).

1.6. Ecologie et distribution des plantes clonales
La capacité de croissance clonale est largemenandge dans différents systemes

ecologiques, malgré des disparités selon les Haldtansidérés. Ainsi, les plantes clonales
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sont principalement rencontrées dans les milieuxnities, pauvres en nutriments ou
caractérisés par de faibles températures (van @noxelet al. 1996, Klime&t al. 1997).

Plus précisément, plusieurs études ont montré epiolmes de croissance clonale et
I'expression des traits clonaux sont dépendantsadeditions environnementales, et different
selon les communautés considérées (Klirieal. 1997, Tammet al. 2002, Sammugkt al.
2004, Halassyt al. 2005, Sosnovét al.2009). L'expression des formes clonales en réponse
a des facteurs environnementaux, notamment desripations, & moindre échelle spatiale
(e.g.au sein d’'une méme communauté) est, quant anatlies connue.

Par exemple, une majorité d’especes herbacéesndmwoautés prairiales présentent
la capacité de croissance clonale (KlimaSal. 1997). Cependant, I'impact du mode de
gestion de ces prairiese.(. régime de paturage, fauche, fertilisation, etaly $es

caractéristiques clonales de la végétation denygueonnu.

2. Le paturage

2.1. Impacts du paturage sur les plantes

2.1.1. Définition du paturage

Le paturage par les grands herbivores mammaliausages ou domestiques, est un facteur
biotigue complexe s’appliquant aux plantes, et potvetre décomposé en trois actions
majeures : la consommation de la biomasse aériesmejent désignée par le terme de
défoliation, le piétinement et lafertilisation via les dépdts d'urine et de feces. Deux types
d’effets peuvent étre dissociés lorsque le patuesgjeconsidéré a I'échelle de la plante. Les
effetsdirects représentent les effets sur la plante elle-méeseeffetandirects agissent sur
'environnement biotique et abiotique (Hulme 1996).

Malgré I'importance relative de chacun des troistdars associés au paturage, la
défoliation émerge comme I'élément principal impattla végétation (Kolhest al. 2004).
Par conséquent, la simulation expérimentale du rpg¢u est souvent simplifiée par
'application d’'une défoliation manuelle des plantégalement déesignée sous le terme de

coupe ¢uttingouclipping en anglais).

2.1.2. Effets directs
La défoliation, mais également le piétinement ahsdune moindre mesure, le dépbt de feces

endommagent les plantes et génerent la destrupi@otielle ou totale de tissus aériens
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(perturbation sensuGrime 1977) ou une perte de leur fonctionnalité. diétinement peut
rompre les tissus. Il est fréqguemment cité commeseaprincipale de la rupture des
connexions clonales, générant la fragmentationatheig(Charpentiest al. 1998, Fuhlendorf
& Smeins 1999). Selon son moment d’occurrence, éfolidtion peut étre a l'origine de
dommages causés aux bourgeons floraux, aux fleawraua fruits, pouvant ainsi limiter

I'ampleur de la reproduction sexuée (Bak&eal. 1983, Bakkeet al. 2006).

2.1.3. Effets indirects
Le paturage affecte également les plantes en rmaatlifieur environnement biotique et
abiotique. Le dépodt de féces, le piétinement eléiliation des plantes voisines générent
'ouverture de la canopée voire la création de éeoull en résulte des modifications des
interactions entre plantes, notamment la diminutiera pression compétitive. En particulier,
le paturage a souvent été associé a 'augmentdgda quantité et de la qualité de lumiére
atteignant le solg.g.Salaet al. 1986, Bakkeet al. 2003, Veeret al. 2008).

L’apport de nutriments via les dépots d'urine etfélees se traduit généralement par
'augmentation de la quantité et du taux de mingatibn d’azote dans le sa.(). Bakkeret
al. 2003, Rossignoét al. 2006, Olofssoret al. 2008, Veeret al. 2008). L’humidité du sol,
guant a elle, tend a diminuer en réponse au pauragamment du fait de la compaction
générée par le piétinement (Bakletral. 1983, Posset al. 2000), favorisant le ruissellement

de I'eau, plutdt que son infiltration (Rietkegkal. 2000).

2.2. Réponses des plantes au paturage

2.2.1. Stratégies de résistance au paturage et néps fonctionnelles

Le paturage agit comme un filtre environnementastea-dire un facteur supprimant les
especes qui ne posseédent pas les traits fonctorheet permettant de persister dans les
conditions qu'il génére (Diaet al. 1998). Les réponses des plantes au paturage &t a |
défoliation qui lui est associée ont été bien &esli(voir par exemple van der Meijdenal
1988, Juenger & Lennartson 2000, Tiffin 2000), maigerminologie employée pour les
décrire est variée voire conflictuelle, de mémesnés pouvant avoir des définitions
différentes. Nous nous placerons ici dans le cadfeni par Briske (1996) concernant la
réponse des plantes a la défoliation liée au pgeurbarésistancedésigne les mécanismes
permettant a la plante de survivre, se développse eeproduire dans des systemes paturés.

La résistance au paturage peut étre divisée en dmuposantes, définies principalement sur
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la base de la réponse de la plante a la défoliati@vitement correspond aux mécanismes
réduisant la probabilité et lintensité du paturagjappliquant a la plante, tandis que la

toléranceest la capacité de reprise de croissance et dedegtion aprés paturage.

2.2.1.1. Evitement

L’évitement peut étre constitutif, spatial ou temgdoL’évitementconstitutif, aussi parfois
désigné par le terme dkfense(de Jong & van der Meijden 2000), repose sur urepde
traits morphologiques et/ou biochimiques, repousses herbivores en rendant la plante
moins digeste (Mcintyrest al. 1999). Ainsi, les especes herbacées peuvent d¢ortes
composés secondaires toxiques tels que les alealoilds composés phénoliques ou
cyanogenes, les tannins ou la silice (Briske 19@6Intyre et al. 1999). La constitution
morphologique de la plante peut elle-méme constitue moyen de défense contre les
herbivores. La rugosité des feuilles et une fogteetir en tissus de soutien peu digestes, des
structures telles que des poils ou des épines pEméévitement de la plante par I’herbivore
(Briske 1996, Mcintyreet al. 1999). Ainsi, les espéces les plus digestes semérglement
défavorisées par le paturage, résultant en une entgtion de la fréequence des plantes les
moins palatables (Ward&t al. 2001, Diazet al. 2007).

Les mécanismes d’évitemesyiatial portent sur la structure verticale et horizontide
la plante, ainsi que sur la taille des feuillesigBe 1996), en réduisant I'accessibilité de la
biomasse aérienne aux herbivores. Des espéeceditietpdle ou a port prostré (notamment
les plantes en rosettes), dont les bourgeons ftoeawégeétatifs, ainsi que les méristemes
actifs sontprés du sol sont moins accessibles ou moins endommagées pagréads
herbivores, (Briske 1996, Mcintyed al. 1995, 1999, Bulloclet al. 2001, Noy-Meir et Briske
2002). En effet, la taille des plantes tend a glus petite en milieux perturbés (Lavoetlal.
1997). En outre, un port prostré et une architecttolonifere sont favorisés par le paturage
(Diaz et al.2007), tandis que les chamaephytes (dont les bonsgse situent entre 0 et 25 cm
au-dessus du sol), voire les phanérophytes (végélaugrande taille) sont sensibles au
paturage, certainement du fait de la position deslébourgeons les rendant facilement
accessibles aux herbivores (Mcintyteal. 1995).

L’évitementtemporel dépend dicycle phénologiqueale la plante : il consiste a passer
la période de paturage sous une forme peu acoessilsl herbivores, ou pour laguelle une
destruction partielle de la biomasse n'aura paffed’éélétére important sur la fitness de la

plante. Les especes annuelles éphémeres et laeplagérophytesi.€. passant la majeure
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partie de leur cycle phénologique sous forme déngsa ont une probabilité plus faible de
subir la perturbation due aux herbivores (Mcintgteal. 1995, Briske 1996). C’est aussi le
cas d'especes dont le cycle de vie est décalégpgort a la saison de paturage. Certaines
plantes terminent leur cycle de vie précocemeitles parties aériennes desséchent en été,
ne pouvant ainsi étre paturées (Sternletrgl. 2000). De plus, passer la saison de paturage
sous forme d’organes tels que des bulbes ou désegrpaermet a la plante de ne pas étre
endommagée (Milchunas & Noy-Meir 2002).

2.2.1.2. Tolérance et compensation
La tolérance au paturage consiste en faome reprise de croissance(Strauss & Agrawal
1999, Bullocket al. 2001) et uneeproduction importante aprés perturbation (Mcintyret
al. 1995, 1999). La plupart des travaux relatifs eefaroduction apres des perturbations telles
gue le paturage se sont focalisés sur la régéagrptir graines (niche de régénérasensu
Grubb 1977). A l'inverse, l'intérét porté a la cajté derégénération végétativé (niche de
persistance, Bond & Midgley 2001) est beaucoup péeent et s’est notamment accru au
cours de la derniére décennie (KlimeSova & Klime87, Lassaet al. 2009). La capacité de
régénération végétative a été principalement étudihez les plantes ligneuses chez
lesquelles elle est trés développée (voir par exeBellingham & Sparrow 2000, Del Tredici
2001, Bond & Midgley 2001, 2003, Lasst al. 2009), mais elle existe également chez les
plantes herbacées (KlimeSova & Klimes 2003, Klimnvas& Klimes 2007). Elle aurait un réle
au moins aussi important que la reproduction serti8erait notamment plus avantageuse en
conditions de perturbations fréquentes et d’'inténsiodérée (Bellingham & Sparrow 2001,
KlimeSova & Klimes 2003).

La tolérance repose essentiellement sur des casficgges morphologiques et
physiologiques : présence et activité de méristemhele bourgeons régénératifs, notamment
basaux (Mcintyreet al. 1999, Ferraro et Oesterheld 2002), quantité inapbet de substances
de réserve rapidement remobilisables (Strauss &awar 1999), reprise rapide de
I'absorption racinaire, augmentation de la SL¢Salaet al. 1986, Lattanziet al. 2004)

associée a la réinitialisation de l'activité phgtahétique, fort taux de croissance (Tiffin

® Resproutingen anglais. Ce trait a été principalement étu@iénaniére qualitative, selon la dichotomie des
plantes possédant cette capac#prqutersou resproutery versuscelles qui ne 'ont pasnpn-sproutersou
seeders

" SLA : Specific Leaf Aremu surface foliaire spécifique. Elle correspondratio de la surface foliaire par la
masse seche de la feuille.
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2000) et plasticité importante au niveau du dévyadopent et de I'allocation des ressources
(Strauss & Agrawal 1999, Barney al. 2005).

La notion decompensation(sensuMcNaughton 1983) permet de classer le degré de
tolérance le long d’'un gradient (Maschinski & Wiaith 1989, Stowet al. 2000). Lorsque
des plantes endommagées survivent et se développems que leurs performances
(croissance et reproduction) sont inférieures desetle plantes non endommagées, la
tolérance est incompléter{dercompensatiogensuStrauss & Agrawal 1999). La tolérance
compensatoire, voire sur-compensatoire fait réf&exu maintien voire a 'augmentation des
performances aprés paturage (respectiventembpensatioret overcompensatignStoweet
al. 2000).

2.2.1.3. Autres mécanismes de résistance au paurag
La classification des stratégies de résistance &urgge proposeée par Briske (1996) se
concentre essentiellement sur les mécanismes ebéeiit et de tolérance a la défoliation.
Néanmoins, comme nous l'avons vu précédemmentatierage est un facteur complexe qui
favorise les plantes résistantes ou tirant bénédiee conditions environnementales qu’il
génere.

La résistance au piétinementdépend principalement de la hauteur et du type de
plantes. Les graminoides cespiteuses ou rampantdars une moindre mesure, les plantes
en rosette présentent les meilleures capacitégsiance (Cole 1995), certainement car leur
tissus de soutien sont moins abondants et moirgses@ent endommageés par le piétinement.

Le paturage favorise également les traits permtettere dissémination et une
colonisation efficace des trouéesParmi ces traits, citons un cycle de vie courtue¢
dissémination des graines ou une expansion clonhalele longues distances (Faheigal.
1994, Mcintyreet al. 1995). Les graines et propagules propagés pahddsivores eux-
mémes, soit par I'intermédiaire de leur fourruépitoochorie Couvreuret al. 2008), soit
aprés passage par leur tube digesthdpzoochorie Moussie et al. 2005) sont
particulierement avantageux.

Enfin, la tolérance des plantes au paturage pewat @tcrue chez les especes
bénéficiant de la diminution de la pression conipgétiet de 'augmentation des ressources

lumineuses (ouverture de la canopée) ou des paésaatriments via les urines et les feces.
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2.2.2. Réponses a I'échelle de la communauté

2.2.2.1. Diversité et composition floristiques
Le paturage est généralement considéré comme teufae I'origine de I'augmentation de la
diversité spécifigue notamment en générant des modifications de likégei entre
compétition et colonisation (Bakket al. 2006). Ainsi, il est attendu que la consommation
d’especes dominantes diminue I'exclusion compétjtitandis que I'ouverture de trouées
favoriserait la germination et I'établissement geéses peu compétitives (OIff & Ritchie
1998). Cependant, plusieurs études ont conclu aetfets contrastés du paturage sur la
diversité (Milchunast al. 1988), allant de 'augmentation.§.Collins et al. 1998, Bakkeet
al. 2003, Kohyanet al. 2008) au maintiene(g. Stohlgrenet al. 1998, Adleret al. 2005) voire
a la diminution ¢.g.Wardleet al. 2001) de la diversité spécifique en réponse aurpde.

Les changements de diversité s’accompagnent gén&at de modifications de la
composition spécifique Les especes peuvent étre classées en fonctideudeéponse au
paturage. Les typemcreaser decreaseret neutral désignent respectivement des espéces
dont 'abondance augmente, diminue ou reste staddpectivement, en conditions paturées
par rapport aux conditions non paturées (Dykserh®9, Diazet al. 2001, Vesk & Westoby
2001, del-val & Crawley 2004, 2005). Une méme esppeut néanmoins présenter des
réponses contrastées en fonction des caractéastidui site étudié (Vesk & Westoby 2001).
En effet, de nombreux facteurs modulent 'impacpdturage sur les plantes, soit parce qu'ils
agissent comme des filtres principaux, favorisée®pression de certains traits, soit parce

gu'ils influencent la réponse des plantes sourasgsaturage.

2.2.2.2. Diversité fonctionnelle
Comme nous venons de le voir, la réponse des plantgaturage est généralement associee
a l'expression de traits fonctionnels. Sur la bdseces traits, les especes présentant des
réponses au paturage similaires peuvent étre regesuen groupes fonctionnels de réponse
(Lavorel & Garnier 2002). Ainsi, I'impact du patge sur les communautés végétales peut
étre estimé en termes, non plus de diversité spaeifmais de diversité fonctionnelle, définie
comme I'amplitude de différence de I'expressionraés au sein de la communauté (Tilman
2001). Bien que les impacts du péaturage sur lass tfanctionnels soit une thématique
largement explorée, les réponses au paturage meseate diversité fonctionnelle demeurent

moins connues. Il semblerait cependant que lesadispdu paturage sur la diversité
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fonctionnelle soient variables, et peu dépendantsaddiversité spécifique (de Belk al
2006).

2.2.3. Facteurs modulant I'impact du paturage swsl plantes et les communautés
De nombreux facteurs environnementaux filtrent d®lpd’espéeces et de traits (Diat al.
1998). L'étude des traits fonctionnels de réponsepaturage doit prendre en compte ces
divers filtres, et ne peut généralement s’appliquéea échelle régionale (de Bek al. 2005,
Diaz et al2007). Parmi ces facteurs,dentexte climatiqueest filtre important. Par exemple,
des climats secs ou subalpins et le paturage teraefavoriser les mémes traits. La
productivité du milieu a souvent été suggérée comme un factedulant les effets du
paturage sur la diversité et la composition spged#s (Pakeman 2004, Olff & Ritchie 1998,
Bakkeret al 2006, de Bellet al. 2006). Ainsi, 'augmentation de la diversité sfi§cie en
réponse au paturage s’exercerait principalemersg tenmilieux productifs, caractérisés par
des forts taux de croissance et des processuslaséxt compétitive rapides, en I'absence de
contrOle par les herbivores (de Be#b al. 2006, Marionet al submitted). Les impacts du
paturage sur la végétation sont également modaleseprégime d’inondation (Chaneton &
Facelli 1991, Oesterheld & McNaughton 1991, Indaetsal. 1999, Jutila 1999).

La réponse des plantes au régime de paturageastré@nt contrainte par des facteurs
intrinseques au paturage lui-méme, tels que sdortgse (Milchunaset al. 1988, Diazet al.
2007), lasaisonou il est appliqué, son intensité (régime de @ajey, letype et lataille des
herbivores (Bullock et al. 2001). Ainsi, le taux de mortalité (Bulloek al. 1994) ainsi que
les capacités de reprise de croissance et de rggioad (Sternberget al. 2000, Garcia &
Ehrlen 2002) sont differemment affectés selostéele phénologiquale la plante au moment
de la perturbation. D’autre part, les herbivoreggcande tailleg.g.bovins) seraient souvent
associés a l'augmentation de la diversité spéafiguar leur comportement alimentaire peu
sélectif et leur impact sur les espéces domingitakkeret al. 2006, de Belleet al. 2006).
Néanmoins, la sélectivité des herbivores dépendadguantité de biomasse qui leur est
accessible ainsi que du pool d’especes présentds,leur palatabilité relative (Bakket al.
1983, Fuhlendorf & Smeins 1999). En conditions nstees, une partie importante de la
végeétation est consommeée. Ainsi, en ne permetidatig especes les plus tolérantes de se
développer, un paturage intensif peut générer imendtion de la diversité (Olff & Ritchie
1998).

Enfin, de nombreuses études ont montré que le ggduagit sur 'hétérogénéité des

conditions environnementales et de la végétatioBpeddamment des facteurs cités
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précédemment, mais aussi déchelleconsidérée. L'échelle d’observation constitue donc
élément crucial a l'origine des variations de |pomse des communautés végétales au
paturage (Fuhlendorf & Smeins 1999, Adi¢ial. 2001, Marioret al in prep. a, b).

2.3. Paturage et hétérogénéité spatio-temporelle

Le paturage ne s’applique pas de maniére homogdaev@gétation. Le dépdbt de féces et
d'urine (OIff & Ritchie 1998), I'ouverture de la wapée et la création de trouées par
piétinement ou défoliation, ou encore la consomomagreférentielle de certaines plantes et
l'existence de zones de refus (Milchunas & Noy-M@P02) sont autant d’éléments
potentiellement générateurs d’hétérogénéité spathadleret al. 2001), tant du point de vue
des conditions abiotiques.§. compaction du sol, quantité de nutriments, midnmwat)
pouvant s’exprimer a différentes échelles (Rietkefrlal. 2000), que de la structure de la
végetation €.9. hauteur de la canopée, composition spécifiquerilolision horizontale des

especes).

2.3.1. Différentes échelles d’hétérogénéité
De nombreux travaux ont étudié les conséquencgmtlwmage sur les composantes biotiques
et abiotiques des prairies et leur échelle d’exgioes Il en ressort que le paturage s'applique
a diverses échelles (Adlet al. 2001, Veeret al. 2008). Plusieurs échelles peuvent étre prises
en compte lors de I'étude du comportement des Vams. Par exemple, la défoliation a lieu
a I'échelle de la bouchée (Schwinning & Parsons9)198ais peut s’étendre sur une surface
plus importante par de simples mouvements de &tiee(le fine) puis, par déplacement, a
I'échelle de la station d’alimentatiofeéding sitg voire entre patches de végétation. A des
échelles spatio-temporelles plus importantes, folidéon peut s’exprimer différemment
entre des communautés difféerentes (WallisDeVeesl. 1999). La défoliation tend a étre
orientée sur les especes les plus palatables. G@aperplusieurs études ont suggéré que la
sélectivité des grands herbivores mammaliens negiiopas s’exprimer & échelle fine, du fait
de leur grande taille. Ainsi, WallisDeVriest al. (1999) ont montré que les herbivores
sélectionnaient les patches de meilleure qualitégitimmnelle, mais que la défoliation a
l'intérieur de ces patches était un événement foibbie. En d’autres termes, la défoliation a
échelle fine (de la bouchée et de la station datitation) serait aléatoire et génératrice
d’hétérogénéité intra-patch (Schwinning & Parsd®@9l Adleret al.2001).

En paralléle, les dépbts de feces et d’'urine, iqpent de maniere localisée, créant

des micro-conditions de quelques dizaines de cemtam (Augustine & Frank 2001).
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Cependant, leurs effets sont parfois plus étengoigmment en fonction du comportement
des herbivores, qui peuvent déposer urine et fdems des zones de position fixeg(
latrines dans le cas de paturage équin, Loucougatayal. 2004). Enfin, d'autres
comportements tels que le piétinement ou le reposégalement générateurs d’hétérogeneéité
a diverses échelles (Oashal. 2008).

Le paturage modifie le milieu abiotique et la végén a diverses échelles. De
nombreuses études ont démontré la distributiorrdgd@e des ressources édaphiques et des
flux de nutriments dans des écosystemes variés ugtig & Frank 2001 et références
citées). Cette hétérogénéité dépend non seulenesntahditions abiotiques et floristiques
locales €.g.topographie, climat, composition floristique, Rexk et al. 2000, Augustine &
Frank 2001), mais peuvt également étre générésamulégs par le paturage. Comme nous
'avons vu préecédemment, les dépbts de feces end’'génerent le plus souvent des apports
d’azote et une augmentation du taux de minératisatLa modification des patrons de
distribution spatiale des ressources édaphiquedeppéturage a été démontrée a maintes
reprises. L’hétérogénéité résultante s’exprime \&erdes échelles, de quelques centimétres
(Augustine & Frank 2001), a quelques metres voiusipurs dizaines de metres (Augustine
& Frank 2001, Rossignadt al. 2006, Olofssoret al. 2008, Zhouet al. 2008). A contrario,
certains travaux ont montré le maintien de la itistion des ressources édaphiques a des
échelles comparables (Bakket al. 2003, Veenet al. 2008), suggérant des réactions
différentes en fonction des conditions d’études(dittude, type et nombre d’herbivores).

L’hétérogénéité de la structure du sol, sa teneuea et en éléments ioniques sont
également modifiées par le paturage, principaleméatla compaction du sol liée au
piétinement (Posset al. 2000, Rietkerlet al. 2000).

Le paturage modifie également la structure de tgtation et augmente la fréquence
des sites ouverts (Webet al. 1998). En lien avec les patrons spatiaux de lalidébn et du
piétinement, la présence de sol nu et la strusterécale (hauteur) de la végétation, ainsi que
la distribution horizontale des ressources lumiasust de la température du sol qui en
résultent (quantité de lumiere atteignant le sobjt généralement hétérogenes (de quelques
centimetres a plusieurs metres, Bakkeral. 1983, Rietkerket al. 2000, Augustine 2003,
Bakkeret al. 2003, Olofssort al. 2008).

2.3.2. Composition de la végétation
Les modifications de I'hétérogénéité des ressoudmphiques ainsi que de la structure

verticale de la végétation (hauteur de la canopéésence de sol nu) et des ressources
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lumineuses se traduisent généralement par des emma&mgs de la composition spécifique a
diverses échelles. Dans une étude relativementmamej Bakkeet al. (1983) ont observé
cette structuration de la végétation selon deugranix emboités : inter-communauté (‘macro-
pattern’) et intra-communauté (0.5-3 m, ‘micro-patt). Cependant, bien que la structure de
la végétation soit hétérogene a ces deux éché&lemmposition floristique, quant a elle, ne
s’est avérée variable qu’a I'échelle la plus large.formation de patches de végétation de
composition différente et de quelques métres aggesl centaines de metres de diametre, a
éte régulierement reportée (Possal. 2000, Adleret al. 2001, Augustine 2003, Loucougaray
et al. 2004, Oonet al2008).

L'impact du péaturage sur I'hétérogénéité des camult environnementales et de la
composition de la végétation explique, dans cesteas, I'augmentation de la richesse et de la
diversité spécifique observée en prairies patufBakkeret al. 2003, Andersoret al. 2004,
Zhouet al. 2008, Olofssort al. 2008).

2.3.3. Feedbacks entre paturage, conditions envitementales et végétation
Bien que s’appliquant de maniére hétérogene suwvifennement abiotique et sur la
veégetation, le paturage n’est pas toujours créatéd@térogénéité au sein de cette végétation.
Il a méme parfois été montré que le paturage teddénomogénéisation du couvert végétal
(Adler et al. 2001, Collins & Smith 2006). En effet, I'impactfedtif du paturage sur
I’hétérogénéité de la végétation dépend de l'irttigwa entre leurs patrons spatiaux respectifs
(Adler et al. 2001). En particulier, I'existence de feedbackseste paturage, les conditions
environnementales qu'il génére et la compositiotadegétation joue un réle crucial dans la
création et la préservation des patrons spatiala dégétation en prairies paturées.

La sélectivité des herbivores a I'échelle du patcplique que les caractéristiques de
la végétation, notamment sa composition et sonrdgd@cité intrinseque, orientent le
paturage vers les patches les plus palatablesfl@émcent ainsi son patron spatial (Bakker
al. 1983, Loucougaragt al. 2004). Les capacités de reprise de croissanca \d&gitation de
bonne qualité nutritionnelle apres paturage (corsgion) conditionnent donc I'existence de
feedbacks et leur direction (positive ou négatamtye paturage et qualité de la végétation. Si
le paturage diminue la quantité de tissus séneset¢r@ugmente la quantité et la qualité de la
végétation €.g. teneur en protéines plus importante dans les gedesilles), les zones
préférentiellement paturées seront les mémes (foéeictibilité spatio-temporelle du patron
spatial de la végétation et du paturage). Dansase(feedback positif), le paturage tend a

maintenir, voir a augmenter, I'hétérogénéité dedgétation a I'échelle du patch (Adketral.
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2001, Mouissieet al. 2008). A linverse, par des feedbacks négatifs, ggample dus a la
sélection de traits d’évitemeng.§. petite taille, substance de défense), le paturaigdra a
’lhomogénéisation du couvert végétal (Aditral. 2001).

Le paturage influence également la compositioradefétation de par son impact sur
I'hétérogénéité des conditions abiotiques. Les atarestiques de la végétation (structure,
composition floristique) peuvent a leur tour maelifies conditions abiotiques.§.infiltration
de I'eau, cycle de I'azote, Rossigradlal. 2006) et biotiquese(g. interactions compétitives).
Par conséquent, le paturage peut structurer laatge de maniére indirecte, par cette boucle

d’auto-organisation des patrons de végétatisalfcorganization Aladoset al 2007).

3. Questions, hypotheses et axes de travail

3.1. Clonalité et réponse au paturage
Bien que les études cherchant a caractériser dés fonctionnels de réponse au paturage
soient nombreuses, la clonalité y est rarementigecbu elle y est considérée comme un trait
elle-méme (Weiheet al. 1999, KlimeSova & de Bello 2009). Seules quelguésrmations
sur les formes de croissances clonales renconéréenilieux perturbés par la défoliation,
gu’elle soit due au paturage ou a la fauche, sispodibles. Diazt al.(2007) ont montré que
le paturage tendait a favoriser les formes stodved, tandis que les graminées rhizomateuses
ou stoloniferes apparaissent plus abondantes dengrhiries avec une longue histoire
évolutive de paturage (Mack & Thompson 1982). Dautre coété, plusieurs études ont
montré la dominance de formes clonales a faiblpaatés de propagation dans des prairies
ouvertes, notamment par la fauche (KlimeSetw/al. 2008).

De par les propriétés singulieres qui lui sontdig# leur expression variable, la
clonalité pourrait cependant jouer un rble majeansdles mécanismes de résistance au
paturage et, plus particulierement a la défoliatioril génére. Les propriétés clonales et les
traits clonaux qui les sous-tendent pourraient @mgliqgués dans différents mécanismes de
résistance au paturage, qu’ils soient associésstaxégies d’évitement ou de tolérance.
L’expression des traits clonaux pourrait notammedépendre des caractéristiques de la

défoliation (Tableau I).

3.1.1. Clonalité et mécanismes de résistance awzége
La présence d’'unkanque de bourgeons végétatifs stockée au niveawsdeganes clonaux

aurait deux avantages en prairies paturées. Laiggosobuterraine ou proche de la surface
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du sol des organes clonaux les rend difficilement acbéssipar les herbivores mammaliens
(évitement spatial). Les bourgeons végétatifs netlommagés peuvent intervenir dans la
tolérance de la défoliation en permettant la miidiigion végétative aprés péaturage
(KlimeSova & Klimes 2003, 2007).

Outre leur fonction de stockage de meéristemesopiganes clonaux peuvestocker
des quantités importantes de ressourcedirectement mobilisables au profit de la croisgan
compensatoire et de la régénération végétatives ggadurbation (Bell & Ojeda 1999, Klimes
& KlimeSova 2002).

3.1.2. Le cas particulier de I'hétérogénéité spaiale la défoliation
La défoliation et le piétinement pouvant endommaeeffleurs et les graines, paopagation
clonale sur de longues distancegsourrait permettre la colonisation des trouéedestzones
de sol nu ouvertes par le paturage de manieregfiieace que la propagation sexuée (Fahrig
et al.1994). Lintégration clonale ainsi que laplasticité intra-genet pourrait générer des
réponses efficaces a I'hétérogénéité spatio-tentipate la défoliation induite par le paturage.
L’intégration physiologique permet aux ramets itgacde soutenir la croissance
compensatoire des ramets défoliés (Jonsdottir SaGladn 1989, Hutchings 1999) et de
moyenner l'impact de la défoliation a I'échelle denet (Hartnett 1989). La défoliation
pourrait également induire une spécialisation daasfonctions de reproduction, les ramets

intacts se reproduisant par voie sexuée et lestsaenedommagés par voie clonale.

3.2. Axes de travalil
L’objectif principal de ce travail de thése estdaltercher a déterminer dans quelle mesure les
traits clonaux sont impliqués dans la réponse twstgs au paturage. Plus particulierement,
nous avons cherché a tester ’hypothesel@uéturage favorise les combinaisons de traits
clonaux qui conferent aux plantes des capacités degsistance, notamment a la
défoliation qu’il génere. Dans cet objectif, plusieurs axes de rechercheétinabordés, et
seront présentés dans le présent manuscrit. Lestiau® et hypothéses sont précisées en
introduction de chaque chapitre.

La premiere partie a pour objectif d’évaluer I'ifhce du paturage sur les traits
clonaux a I'échelle de la communauté. En nouséstant a des gradients croisés de paturage
et d’inondation, nous avons cherché a déterminefldence du paturage sur les traits
clonaux, et notamment dans quelle mesure cet impad moduler ou étre modulé par un

autre facteur environnemental. Nous avons ensuigrché a caractériser le lien entre
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différents critéres descriptifs de la défoliaticgngrée par le paturage (intensité, hétérogénéité
spatiale, variabilité temporelle) et les traitsnalax. Enfin, notre objectif a été de déterminer
'implication relative des traits clonaux et de deéponse a la défoliation dans les patrons
d’abondance d’espéces clonales en prairies patu@site premiere partie repose sur des
données récoltées sity, dans la base de données CLO-PLA3 (KlimeSova &K§ 2008) et
expérimentalement.

La seconde partie se focalise sur la réponse dghitacture clonale a la défoliation.
Les questions posées étaient les suivantes: #ilstene ou plusieurs réponses de
I'architecture clonale a la défoliation ? La réperarchitecturale a la défoliation est-elle
dépendante des traits clonaux des especes ? A &avéponse architecturale d’une espece a
la défoliation est-elle dépendante de ses caratitpres spécifiques.e. le type d’organe(s)
clonal(aux) produit(s) ou les contraintes strudteseconstitutives ? Cette seconde partie
repose sur deux expérimentations réalisées enetegrejardin.

La troisieme partie aborde les réponses physiol@mgiqdes plantes clonales au
paturage. Elle se concentre principalement sur dpacité de mise en place et de
remobilisation des réserves stockées dans la leséges et cherche a déterminer son réle
dans la résistance au paturage. Cette troisiemdie past constituée d'une revue
bibliographique et d’'une expérience de laboratoire.

Enfin, la quatrieme partie cherche a déméler lekesrérespectifs des traits
architecturaux et des traits physiologiques (iraégn physiologique et stockage de réserves)
dans la réponse de plantes clonales a divers pati®léfoliation. Cet objectif est abordé de
maniére a identifier les liens entre les traitsalax et les caractéristiqgues de la défoliation.
Ainsi, plusieurs composantes de la défoliation (peatage, grain, fréquence et intensité) ont
pu étre testées et mises en relation avec les oambns de traits clonaux dont elles
favorisent I'expression. Cette derniére partie sgpsur des données de modélisation

numerique.
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Tableau | — Hypothéses relatives au rble des tchitsaux dans la résistance a la défoliation irdpér le paturage. Seuls les traits impliqués tanésistance aux pertes de
tissus générés par la défoliation (effets direstsit pris en compte.

Mécanisme de résistance

Traits communément associé

Traits clonaux attendus

Evitement

Défenses

- Composeés secondaires toxiques

- Constitution morphologique

© Evitement spatial - Petite taille, port prostrértpm rosette - Organes clonaux porteur d’une banque de bourgeons
S - Bourgeons et méristemes proches du saouterraine (bulbes, tubercules, racines, rhizomes
S proche de la surface du sol (stolons rampants)
5
i Evitement temporel - Décalage phénologique - Ramets annuels a développement précoce ou automna
-% - Formes de résistance (graines) - Organes clonaux pérennes
E Tolérance
3 Croissance - Fort taux de croissance - Organes de stockage : bulbes, tubercules, rhigome
compensatoire - Substances de réserves (principalement), stolons (dans une moindre mesure)
- Stockage dans la base des tiges
Régénération végétative Bourgeons et meristemes végeétatifs actifd-ort taux de multiplication clonale
- Fort taux de ramification (architecture de typ@lange)
Evitement spatial - Connexions et distance inter-ramets longues itacthre
5 ’% de type guérilla)
s g
g :% Tolérance - Intégration physiologique extensive
Q c - Spécialisation des ramets non défoliés dans Uiadpn

des ressources




SITE D’ETUDE ET METHODOLOGIE GENERALE






1. Le Marais poitevin, un site d’intéréts écologiqa et patrimonial remarquables
Le Marais poitevin est la deuxieme plus grande zmmaide du territoire francais et la plus
importante du littoral atlantique. Il s’étend suf0l 000 hectares répartis sur trois
départements : la Vendée, la Charente-MaritimesDleux-Sévres (46°30" - 46°15’ Nord et
1°30’ — 0°35’ Quest). Le climat y est de type theratlantique a déficit hydrique estival.
Cette zone humide est constituée de terres gagnégel mer par des travaux de
poldérisation entrepris trés vraisemblablement ldeX*™ siécle. Elle recéle une diversité
rare. Elle est le lieu de passage et de séjousebnix migrateurs (Grue cendrée, Oie cendrée)
et abrite également de nombreux oiseaux nichewdgiB noire, Sarcelle d’été, Chevalier
guignette, Chevalier gambette, Barge a queue nGioenbattant varié) ainsi que d’autres
espéeces animales telles que la Loutre d’Europeedeélodyte ponctué. La végétation y est
diversifiée et comprend certaines especes protég#ies queRanunculus ofioglossifolius
Une telle richesse biologique est liée aux carast@riginaux de ces prairies naturelles

humides, notamment leur micro-relief et leur gespastorale singuliers.

1.1. Micro-topographie, sol et végétation
Les prairies humides sont divisées en trois ensesnldsus du dénivelé de 0.3 a 0.7 m associé
a une dynamique hydrique, des caractéristiquesipgidoes et une végétation particuliere.
Les dépressions inondablegbaisse$ sont inondées de quatre a six mois par an, ectifon
de la pluviométrie et de la gestion hydrique, cosaiut a I'expression d’une floleygrophile
(e.g. Glyceria fluitans Alopecurus geniculatysEleocharis palustris Oenanthe fistulosa
Trifolium fragiferun). Les replats ne sont jamais inondés et présentent une véggtatio
mésophile (e.g. Lolium perenng Gaudinia fragilis Cynosurus cristatysElytrigia repens
Hordeum secalinuin Entre les deux, lepentes sont caractérisées par des inondations
ponctuelles, mais surtout par une forte humiditévale (« bourrelet humide ») et des
remontées capillaires générant une salinité suyi@cimportante. Ces particularités favorisent
'existence d'une communauté végetateéso-hygrophile et halophile (Juncus gerardii
Alopecurus bulbosy®arapholis strigosaHordeum maritimumPlantago coronopuys

Le sol y est peu évolué, et caractérisé par sorrohyorphie importante. Trois
horizons peuvent étre distingués : le mat racinéibesux (horizon OL, de 5 a 15cm),
I'horizon Alg constitué d'un mélange de matiereamique et d’'une forte proportion d’argile
(usqu’a 30cm de profondeur) et I'horizon Cg trégilaux (Bouzillé 1992, Loucougaray
2003).
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(b)

Fig. IV. Vue aérienne (a) et représentation schigmeat

(b) du dispositif expérimental des Magnils-Reignd3s
paturage bovin, E, paturage équin, P : paturage
plurispécifique (bovin — équin), TNP : traitemenbnn
paturé (exclos). Les chiffres représentent la ahaem
nombre d’animaux par parcelle.
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Ce sol présente une salinité et une sodicitée demggl et variables selon le niveau

topographique : faibles au niveau des dépressiomsdables, intermédiaires au niveau des
replats et maximales sur les pentes. Ces variasergient dues a des différences dans la
durée d’inondation, mais également dans l'expressies phénomenes de percolation
(importante au niveau des dépressions et des sgpkd ruissellement et de remontées
capillaires (au niveau des pentes).

Les caractéristigues pédologiquesg(salinité et sodicité, cycles des nutriments) ainsi
gue la composition floristique sont également médsilpar le paturage, mode de gestion
ancestral de ces prairies naturelles (Bouzillé &rhade 1990, Loucougaray 2003, Rossignol
2006).

1.2. Un mode de gestion ancestral : le paturage camnal
Depuis leur création au % siécle, les prairies humides sont exploitées @anrpge libre
extensif, auquel elles doivent leur appellatioditiannelle de « marais communaux ». Des le
Moyen-age, les abbayes et seigneuries y autoriséésnpaysans a faire paitre vaches,
chevaux et oies. Ce mode de paturage traditionmd€ aonservé depuis lors. Aujourd’hui,
moyennant une taxe de paturage, les éleveurs peyviestaller leurs troupeaux d’avril a
décembre. Seize communaux d’une superficie de2®Blahectares sont soumis a ce paturage

pluri-spécifique.

1.3. Le dispositif expérimental des Magnils-Reigner
Le communal des Magnils-Reigners (46°26'20" Nofd12'12" Ouest) est le troisieme par sa
superficie (234 hectares). Au nord de ce commumaklispositif expérimental d’environ 20
hectares, permettant de contrdler le type et legemaent en herbivores, a été installé en 1995
(Amiaud 1998). Ce dispositif est composé de 11gims: cing enclos de 1 hectare paturés
par des bovins, trois enclos de 2 hectares soumipatarage équin, deux enclos
plurispécifiques (paturage bovin et équin) de 2dres et un exclos sans paturage (Fig. V).
Au moment de linstallation du dispositif expérint@in les proportions des communautés
végeétales au sein de chaque parcelle étaient leanses : 35-45 % pour la communauté
hygrophile, 10-15% pour la communauté meéso-hygtepdti 45-55 % pour la communauté
mésophile (Amiaud 1998).
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2. Méthodes utilisées

L'objectif de cette these était de déterminer |k rdes stratégies clonales dans la
réponse des plantes au paturage et, plus parteulent, a la défoliation qu’il génére. Pour
cela, plusieurs outils méthodologiques ont étésesl (Tableau I1).

Les relevés floristiques, les mesures relativea &tlucture de la végétation et les
prélevements d'especes ont été réalisés au seidispositif expérimental des Magnils-
Reigners. Afin de limiter les dommages causés audedispositif et de ne pas entraver les
études ultérieures, les collectes de plantes gsucdltures expérimentales ont eu lieu dans le

communal des Magnils-Reigners.

Tableau Il. Présentation des outils méthodologiquiéisés au cours de cette these.

Méthodes appliquées et outils utilisés

Chapitre | — Caractérisation des stratégies clensheréponse aux conditions environnementales

Article 1 - Base de données Bouzillé J.-B. et Baxisreleveés floristiques
- Base de données CLO-PLA3 (KlimeSova & Klime$§ 20QBmeSova & de Bello
2009), d’acces gratuit sur Internet : traits clonapécifiques

Article 2 - Mesuresn situ: relevés floristiques
- Mesuresn situ: structure spatiale de la végétation
- Base de données CLO-PLA3 (KlimeSova & Klime$§ 20QBmeSova & de Bello
2009), d’acces gratuit sur Internet : traits clonapécifiques

Article 3 - Mesuresn situ: relevés floristiques
- Expérimentation en jardin : réponse des tragsalix a la défoliation, 8 espéces

Chapitre Il — Réponses morphologiques et architales des plantes clonales a la défoliation

Article 4 - Expérimentation en serre : réponserditstclonaux a la défoliation, 10 espéces
Article 5 - Expérimentation en jardin : réponsetidéts clonaux a la défoliation, 2 espéces

Chapitre 1l — Réponses physiologiques des platitasales a la défoliation et au paturage

Article 6 - Prélevements de planiassity, 3 especes
- Expérimentation en laboratoire : dosages desvésearbonées

Article 7 - Prélevements de planiessitu, 6 espéeces
- Expérimentation en laboratoire : dosages deswésearbonées

Chapitre IV — Importance relative des traits amttiiraux et physiologiques dans la réponse a la
défoliation

Article 8 - Modélisation : modele individu centi&K : Individual-Based Model)

Les dispositifs expérimentaux et outils utiliséasaque les méthodes d’analyses des données

sont présentés en détail dans chaque article.
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CHAPITRE 1 —LES TRAITS CLONAUX ET LEUR REPONSE A LA
DEFOLIATION SONT-ILS DE BONS INDICATEURS DE LA REPONSE DES

PLANTES AU PATURAGE?






Introduction du chapitre 1

Le paturage est I'un des principaux modes de gesties écosystémes terrestres par
’Homme. Ce phénomene complexe agit sur les plaatiesfois directement, notamment en
causant la destruction de certains tissus, etdagiment, en modifiant leur environnement
abiotique é.g. disponibilité en ressources, structure du solpietique €.g. interactions
plante — plante). De ce fait, le paturage influetaestructure ainsi que la composition
spécifique et fonctionnelle de la végétation. Emrtipalier, il peut étre générateur
d’hétérogénéité spatiale a plusieurs échellesuagéjges centimétres a plusieurs centaines de
metres. Ces effets sont cependant modulés parsdiaeteurs. Ainsi, de hombreuses études
ont souligné la difficulté de décrire les impacts phturage a I'échelle globale, du fait de
I'influence des caractéristiques propres au siteiét Par exemple, le climat, la productivité,
le réegime d’inondation ou encore l'historique ddupdge sont autant de filtres primaires
contraignant le pool d’espéces et de traits fonabs et conditionnant les réponses de la
végétation au paturage. Les effets du paturagendépé également de ses caractéristiques
intrinsequesd.g.type, nombre d’herbivores).

Deux stratégies de résistance au paturage ont istégdées : I'évitement et la
tolérance. L’évitement repose sur des meécanismemgi@nt de diminuer la probabilité
d’étre paturé. Il peut étre lié a des traits deedgé, repoussant les herbivoregy(épines,
composés toxiques). L'évitement peut égalementtétrgorel et consister en des décalages
entre le cycle phénologique de la plante et laosaide paturage, ou spatial, limitant
'accessibilité de la plante aux herbivores. Laétahce repose sur des mécanismes
augmentant la survie et amplifiant la reprise dessance et la reproduction notamment suite
a la défoliation générée lors du paturage.

Les traits impligués dans les mécanismes d’éviténeerde tolérance sont divers.
L'impact du paturage sur la composition fonctiommetle la végétation fait I'objet de
nombreuses études, mais rares sont celles quergsgent a la clonalité et ce, malgré
'abondance des plantes clonales dans la matrida dégétation prairiale. Dans les prairies
humides, telles que les prairies communales du isl&aitevin, la végétation est soumise a
divers régimes de paturage et d'inondation. L’'otijele ce premier chapitre est de décrire

influence de divers régimes de paturage bovimples particulierement I'impact des pertes
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de tissus aériens gu’ils générent chez les plaféfoliation), sur les stratégies clonales

exprimées par la végétation. Nous avons chercBpandre aux questions suivantes :

1-

3-

Les régimes de paturage et d’'inondation agissenti maniére indépendante ou
interactive sur la composition clonale de la vég@ta(ARTICLE 1) ? En patrticulier,
nous avons émis deux hypotheses :

a. Ces deux facteurs agissent comme des filtres s@eeint les traits clonaux
impliqués dans la résistance aux conditions qgélserent

b. Ces filtres n'impactent pas les traits clonaux dgmi@re indépendante mais, au
contraire, leur effets de filtres interagissenteigux.

Le régime de paturage est-il générateur d’hétéreiggspatiale de la structure de la
végétation ? Plus précisément, la défoliation digpp-t-elle de maniére hétérogéne a
la végeétation, et a quelle échelle ? Cette hété@te est-elle perceptible a I'échelle
de la plante clonale? A-t-elle une influence suexgdression des traits
clonaux ARTICLE 2) ? Nous sommes partis du principe que la défotiat’appliquant

a une échelle supérieure a celle de la plante leldsapérieure a 1 metre), est percue
comme homogene tandis qu’en deca (entre 10 ceméisnét 1 metre) elle est percue
comme hétérogéne. Nous avons émis les hypothesestss :

a. La défoliation homogene@arse-graineline permet pas a la plante de fuir les
zones défoliées et favorise donc les traits cloressociés a des stratégies de
tolérance (fort taux de multiplication clonale, angs clonaux spécialisés dans
le stockage de ressources).

b. La défoliation hétérogendirje-grained favorise les traits clonaux associé a
des stratégies d’évitement horizontal (fuite desesodéfoliées) avec partage
du risque de défoliation entre les ramets (expansibintégration clonales
extensivesi.e. connexions et durée d’intégration longues).

Les traits clonaux sont-ils de bons indicateurs lalerésistance des especes au
paturage ? La résistance des espéces au patutagie esssociée a la réponse des
traits clonaux a la défoliatiomgRTICLE 3) ? Les hypothéses suivantes ont été testées :

a. Les especes les plus résistantes dont 'abondargreemte avec le réegime de
paturage, présentent des traits clonaux associésstaatégies de tolérance
et/ou d’évitement. Les espéces les moins résigattet I'abondance diminue
avec un régime de paturage croissant, ont des tait conférant une forte

aptitude compétitive.
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b. Chez les especes les plus résistantes au patiaagponse des traits clonaux a
la défoliation augmente la performance clonaleétaice a la défoliation).
Chez les espéces les moins résistantes au patarsggonse des traits clonaux

a la défoliation diminue la performance clonalenéskilité a la défoliation).

Pour répondre aux questions 1 enRT(CLES 1 et2), nous avons couplé des données issues de
mesuresn situ avec des informations relatives aux traits cloneobectées dans la base de
données CLO-PLA3 (KlimeSova & Klimes 2008). L'éadrésentée dan:RTICLE 2, a été
réalisée sur la végétation mésophile, la moins contrainte par le régime d’inondationuiPo
répondre a la question 3RTICLE 3), nous avons sélectionné les huit especes cknale
pérennes les plus abondantes dans la communautpimiés que nous avons cultivées en

jardin expérimental et soumises a une défoliatigreementale.
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Abstract

The specific composition and the species’ clonaitdrwere characterized along combined
flooding and grazing gradients in order to answer guestions. (1) To which extent does the
combination of flooding and grazing influence thenal characteristics of the vegetation? (2)
Are the effects of both environmental factors inglggent or interactive? This study was
carried out in a wet meadow along the Atlantic tgq&ance). Environmental gradients
consisted of three flooding modalities, which disenated three plant communities
(hygrophilous, meso-hygrophilous and mesophilous) ive grazing pressures controlled
through an experimental design (from no grazingdavy grazing). We extracted the type of
clonal growth organs (CGOs) and the clonal traitsnf the free databaseLO-PLA3 We
identified two contrasting combinations of clonahits, characterizing dbove-ground
splitters’ and “below-ground integratof’s respectively. Clonal traits appeared to playey k
role in plant assembly in the studied wet meaddli® interaction of both environmental
factors selected for specific combinations of cldreits, but flooding had a stronger filtering
effect than grazing. The hygrophilous community Waminated by “above-ground splitters”,
while the meso-hygrophilous vegetation was domuohate“below-ground integrators”. In the
mesophilous community, clonal composition was thestrdiverse and shared clonal traits
with the vegetation of both the hygrophilous andsabygrophilous communities. Grazing
impacts on CGOs and combinations of clonal traigsendifferent in each community and
thus depended on the flooding regime. The ecolbgind adaptive significance of clonal

responses to flooding and grazing are further dised.

Key words
Clonal traits; combined environmental gradientanplcommunity structure; wet meadow.
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Introduction
In wet meadows traditionally submitted to grazisgch as those commonly found on the
French Atlantic coast, the structure of the vegeat under the control of both flooding and
grazing. Although often seasonal, these two factersain unpredictable and temporarily
variable, while their localized effects generate akracale spatial heterogeneity of
environmental conditions (Harper 1977, Blom & Vaese 1996, Crawford 1996, Adlet al.
2001). Both factors have complex effects on pldmbtec and biotic environments. Flooding
decreases both the quantity and quality of lighdilable for the plants, modifies nutrient
availability and inhibits oxygen diffusion, genengt anoxic conditions (Blom & Voesenek
1996). Grazing directly applies to the plants tiglowefoliation and trampling. It may also
change plant-to-plant interactions by the genematib canopy gaps and modify the abiotic
environment through feces and urine hits or saihpaction (Harper 1977, Huntly 1991).
Flooding and grazing influence species richnesscamaposition and are expected to
favor tolerant plants.e. plants that are able to grow and reproduce inalkered habitat
conditions they generate (Briske 1996, van Etchl. 2004, del-Val & Crawley 2005, Banach
et al. 2009). The co-occurrence of these factors has quelyj been shown to lead to singular
interacting effects on plant community structurehd@eton & Facelli 1991, Oesterheld &
McNaughton 1991, Insausdt al. 1999, Jutila 1999). Strategies of plant toleramc#aoding
and grazing have been widely studied, especialjjanding anatomical and morphological
traits (see for instance Blom & Voesenek 1996, k&xi$996, Blom 1999, Diaet al. 2007).
Moreover, recent studies have highlighted thataepctive traits and especially the ability of
clonal growth i e. vegetative production of genetically identical gratentially autonomous
offspring called ramets Harper 1977) are determinant in plant responsefldoding
(Soukupova 1994, Lenssat al. 2004) and grazing (Diaet al. 2007). However, in such
studies, clonality is considered as a trait itf@leiheret al. 1999), despite the great variation
and diversity of clonal growth forms (see for imsta Grace 1993, Klimeét al. 1997).
Indeed, the structures involved in clonal growthe tabilities of spatial exploration and
resource storage, the rate of clonal multiplicatimnthe degree of interaction among ramets
are of important ecological and evolutionary sigaifce, and vary among species (Grace
1993, van Groenendaet al. 1996, Klimeset al. 1997, KlimeSova & Klimes 2008). The lack
of consideration of clonal traits is probably dwetheir difficult measurement in the field
(Weiher et al. 1999, KlimeSova & de Bello 2009). Plant databasasstitute an efficient

surrogate to field-measured traits but often misgaitbd information on clonal traits.
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Table 1 — Expected plant characteristics involvefiaoding and grazing tolerance, and related apsioms on clonal growth organs and clonal traiueal

Mechanism of resistance Associated characteristickeferences Expected corresponding Expected corresponding clonal
clonal growth organs traits
Flooding
Stress tolerance (shade, anoxia) Long floating Sfleaves [1; 2] Stolons High distance of latepskad
Stress tolerance (shade, anoxiaResource storage/reallocation  [3] Resource storage organs Long-lived connections
Temporal or spatial avoidance Water-borne propagule [2] Plant fragments Free dispersal
Short-lived connections
Grazing
Spatial avoidance Prostrate/decumbent stature 5] [4; Rhizomes Below-ground bud bank
Running stolons

Temporal avoidance Asynchronous development [4] Annual ramets
Morphological tolerance Large number of meristems  [4] Big bud banks

High clonal multiplication rate
Compensatory growth Resource storage/reallocation [4] Resource storage organs Long-lived connections

Numbers in brackets refer to the following refees1d1] Jackson and Drew (1984), [2] Blom and Voekg1996), [3] Crawford and Bréandle (1996), [4]d&e (1996), [5]
Diaz et al.(2007).



The free databas€LO-PLA3 (KlimeSova & Klimes 2008, KlimeSova & de Bello Z0)0
records species-specific clonal traits. It providgescial information for document species-
specific clonal trait values and gives the oppatyuto compare clonal strategies at the
community level.

Through the use of the CLO-PLA3 database, we aitogurovide further insights in
the studies of plant clonal traits and to deterntiteerelevance of clonal strategies (defined as
syndromes of clonal traits) along combined gradi@ftflooding and grazing. We specifically
aimed to answer the following two questions:

1- To which extent does the combination of the grazand flooding regime influence
clonal traits in wet meadows? In particular, we dthyesized that these two
environmental factors should favor clonal growtgasrs and clonal traits that provide
plants with the ability to resist to the conditidhey generate (see Table 1 for detailed

assumptions).

2- Are the effects of flooding and grazing on clonmaits independent or interactive? In
this latter case, does one of the two factors ptesetronger structuring effect on the

expression of clonal traits?

Methods

Study site

This study was conducted on a grazed wet permaneatiow situated in the Marais Poitevin
on the French Atlantic coast (46°26'20"N; 1°1242' The climate is a mild Atlantic type.
This wet grassland was reclaimed from tidal saltshes in the 10 century and has since
been grazed by cows and horses. The soil is cleaized by a very clayey texture and a
markedly hydromorphic character. A topographicaldignt consisting of depressions, higher-
level flats and intermediate slopes (with a maximalitudinal range of 70 cm) occurs
repeatedly within the grassland. The flats, which @mever flooded, present a mesophilous
(M) plant community characterized by grasses amije® such afynosurus cristatys
Lolium perenngElytrigia repensand Carex divisa At the level of the intermediate slopes,
flooding duration and water levels are variable. &merage, flooding occurs from a few
weeks to three months a year. These slopes haesa-inygrophilous (MH) plant community
and are characterized by residual soil salinity aot-halophytic species such &sncus

gerardii, Alopecurus bulbosuand Parapholis strigosa The depressions are flooded from
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winter to early spring, with a maximal water demttaining 30-40 cm. They have a
hygrophilous (H) plant community with flood-toletaspecies such a&grostis stolonifera
Glyceria fluitansand Eleocharis palustrisFrom here onward, the teroommunitywill be
used to designate these three vegetation typesrougalong the flooding gradient.

The study was carried out on the grassland comnidiagnils-Reignier (250 ha)
where an experimental grazing design has been gesince 1995 to investigate the
consequences of grazing scenarios on patternsant ppmmunities (Rossignet al. 2006).
Five experimental paddocks corresponding to a sigckate ranging from 0, 1, 2, 3 to
4 cows.hd (i.e. from 0 to 1370 kg.H§ Ménardet al. 2002) were studied (Rossignel al.
2006). Henceforth, these paddocks will be abbrediats SO, S1, S2, S3 and S4 respectively,
with the number corresponding to the stocking ratee first paddock was a 4 ha exclosure,
ungrazed since 1995, and the cow-grazed paddoadies Wea-large. The mesophilous, meso-
hygrophilous and hygrophilous communities occuriedhe exclosure as well as in each
grazed paddock, where they were regularly grazethbycattle (Loucougaragt al. 2004,
Rossignoket al.2006).

Vegetation sampling and CLO-PLA3 trait monitoring
We carried out this study in July 2002. This tinfethee year corresponded to the expected
biomass peak, when most of the species were repieesm the plant communities. However,
some of the early annuals had likely completedrthleénological cycle and might have been
absent in the relevés. In each releve, we evaluatedelative abundance of each species as
the relative percentage cover in squared quadfads0O65 m2. We carried out 15 relevés in
each combination of community x stocking rate, \Whiesulted in 15 x 3 x 5 = 225 relevés.

We recorded 37 species in the relevés, of whicherewnon-clonal. These latter
species represented 0.3 % of the vegetation caveverage. According to the community,
the number of clonal species ranged from 13 (makns) to 23 (hygrophilous). According
to the stocking rate, it ranged from 15 (S0) tq(82). Non-clonal species were removed from
the matrix relevés x species abundance (matrixag)yas the percentage of bare soil (which
represented on average 5 % of the cover), in dodfrcus only on the clonal plants. We then
recalculated the percentage cover of each specidsasthe total cover of each relevée was 1
(Pakeman 2004). The corresponding matrix A’, whislas not weighted by species
abundances, was created using species composifoassed in presence/absence.

For each species, clonal traits and clonal growtfams (CGOs) were documented
from the free database CLO-PLA3 (KlimeSova & Kling¥)8, KlimeSova & de Bello 2009).
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CGOs can be defined as organs that “bear a vegethtid-bank and, provide vascular
connections between shoots” (Kleyer al. 2008). All species excepCarex divisawere
registered in the CLO-PLA3 database. For this datf@ecies, we attributed the traits and
CGOs of the morphologically and phylogeneticallgseCarex disticha On the basis of our
assumptions of flooding and grazing impacts on C@akclonal traits (Table 1), we selected
six traits related to clonal morphological charastees and likely to respond either to
flooding, grazing or both (KlimeSova & Klime$ 2008hese were (i) the size of the above-
ground bud bank and (ii) the below-ground bud b&iik, the ramet life span, (iv) the
duration of physical integration (connection lifeas), (v) the clonal multiplication rate and
(vi) the lateral spread distance (Table 2). Spemesrded in this study corresponded to seven
types of CGOs (Table 2).

Table 2 — Characteristics of clonal growth orgamd elonal traits monitored in the CLO-PLA3 databds®m
KlimeSova and Klimes (2008), KlimeSoeaal. (2008), KlimeSova & de Bello (2009).

Trait Attribute Abbreviation
Clonal Growth Organ Stolon CGO1
(CGO) Short Epigeogenous Rhizome CGO09
Long Hypogeogenous Rhizome CGO10
Plantlet/Plant fragment CGO4-5
Root Splitter/Root with adventitious bud€G014-15
Above-ground bud bank Big BBADbB
Small BBADS
Below-ground bud bank Big BBBelB
Small BBBelS
Shoot life span 1 year (annual ramets) ShLS1
>1 year (perennial ramets) ShLS2
Connection life span 1 — 2 years (splitter) Integl
(duration of physical integration) >2 years (integrator) Integ2
Clonal multiplication rate <1 ramet/parent ramet/year CMR1
2 — 10 ramets/parent ramet/year CMR2-10
> 10 ramets/parent ramet/year CMR10
Distance of lateral spread < 0.01m/year (short) 1Spr
0.01 — 0.25 m/year (medium) Sprl-25
> 0.25m/year (long) Spr25

Dispersable propagules (free dispersal) SprDisp
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Species x clonal trait and species x CGOs matrices

In the CLO-PLAS database, clonal traits and CG@se@ther categorical or semi-quantitative,
and their values are recorded as attributes (Klav@® KlimeS 2008). Categorical attributes
of the traits and CGOs corresponded to columnienmatrix species x clonal traits (matrix
B) and in the matrix species x CGOs (matrix C)peesively. In order to take into account
the intra-specific variability of a trait, its atiutes were calculated through fuzzy coding, the
sum of the scores of a trait being 1 (Pakeraaal. 2002, Pakeman 2004, de Bebo al.
2005). For instance, for a species that can progtmens (CGO1), epigeogenous (CGO9)
and hypogeogenous stems (CGO10), the scores forIlCGGO9 and CGO10 were 0.33,
while the scores for the other CGOs (CGO4, CGOSDTCHand CGO15) were 0.

The matrix relevés x clonal traits (matrix D), winiesulted from the multiplication of
matrices A and B, held the abundance of traitkaites in each relevé. Similarly, the matrix
relevés x CGOs (matrix E) was obtained by the mlidation of matrices A and C. CGOs
only refer to the type of clonal growth organs, Mlalonal traits go further and can be used to
describe the clonal strategies more precisely. Hewehe expression of some clonal traits
may be correlated with the type of CGO. We thuslyaeal CGOs separately from clonal
traits. In order to check that the results did oy depend on species abundances and on the
eventual patterns of species dominance, we creat@eighted matrices (matrix D’ and
matrix E’) in a similar way, by respectively muliyjmg matrices B and C with matrix A’
(Pakemaret al.2009).

Data analyses

In order to test the effect of flooding and grazmg the abundance of CGOs, we applied
linear model ANOVAs with the community and the $tog rate as main factors, and the

interaction between the community and the stockatg. As the matrix E contained data

ranging between 0 and 1, we carried out these seslgn arcsine-transformed data (Crawley
2007), whereas data from matrix E’ did not needdfarmation. Tukey's HSD post-hoc tests
were applied for post-hoc comparisons.

Multivariate analyses were carried out on matridesnd D’. In order to characterize
the syndromes of clonal traits and the effectshef@nvironmental factors.€. flooding and
grazing) on these syndromes, we carried out a Risthay Analysis (RDA), with the
community and the stocking rate as constrainingofac Then, we checked a potential
hierarchical effect of these factors on the expoes®f clonal traits through variance

partitioning between both factors. We comparedstinength of their respective effect as the
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inertia explained by constrained axes in two indejeat RDASs, with the constraining factors
being (i) the community and (ii) the stocking ratespectively. The significance of the RDAs
was tested using ANOVA-like permutation tests (Ledje & Legendre 1998). Then,
trajectories of changes in the expression of clomaits in response to the weakest
environmental factor were drawn for each modalityhe strongest factor. For this purpose,
we proceeded in two steps. We first independerghtaered the samples per modality of the
strongest factor, by the mean of a within-clasadfpal Component Analysis (PCA). We then
carried out a between-class PCA (Dolédec & Che$86l), with each modality of the
weakest factor corresponding to one class.

We carried out univariate and multivariate analyseish the R software (R
Development Core Team 2008). RDAs were carriednatlit the VEGAN package (Oksanen
et al. 2008) and Correspondence Analyses (CAs), with tBEM package (Chesset al.
2004).

Results
For CGOs as well as for clonal traits, analysesiedrout on weighted data and on

unweighted data resulted in similar patterns.

Impact of flooding and grazing on CGOs

The relative abundances of stolons (CGOL1), shageegenous rhizomes (CGO9) and long
hypogeogenous rhizomes (CGO10) were significanttypacted by the community, the
stocking rate and their interaction (Table 3). Rdom weighted data, the relative abundance
of stolons (CGO1) was the highest in the hygroplslovegetation, intermediate in the
mesophilous vegetation and the lowest in the mggodphilous vegetation. The proportion
of stolons in both the hygrophilous and the medopkicommunities increased with stocking
rates, whereas no effect was detected for the mgg@philous community (Fig. 1A). Short
epigeogenous rhizomes (CGO9) were less abundatiteimeso-hygrophilous community
compared to the two other plant communities. Gaamnpacted the abundance of this CGO
only in the meso-hygrophilous vegetation, which wagmificantly lower in the absence of
grazing (S0) than in grazed conditions (Fig. 1B)ng hypogeogenous rhizomes (CGO10)
dominated the meso-hygrophilous community, whetbasrelative abundance of this CGO
was intermediate in the mesophilous community anhd lowest in the hygrophilous

community. Its cover differed significantly accardito the stocking rate only for the meso-
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hygrophilous community, where a decrease up to 40% detected between SO and S2
(Fig. 1C).

Unweighted data resulted in similar conclusionsb{&&8), except that the abundance
of stolons was the highest in the hygrophilous camity, and was not significantly different
between either of the other communities. Analysesewnot carried out on plantlets, plant
fragments, root splitters or roots with adventisobuds i(e. CGOs 4, 5, 14 and 15,
respectively), as they were present in very lownalamces and they occurred in only a few
relevés (Fig. 1D).

Stockingrated S0 O0S1 OS2 BS3 WS4

A — Stolons (CGO1) B — Short epigeogenous rhizomes (CGO9)
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Fig.1 — Relative abundances of clonal growth organsording to the community and the grazing presg4.)
Solons (CGO1). (B) Short epigeogenous rhizomes (@ G(L) Long hypogeogenous rhizomes (CG010). (D)
Plantlets, plant fragments, root splitters and sowiith adventitious budsi.¢. CGOs 4, 5, 14 and 15,
respectively) represented altogether. Because of lesv abundance, these latter ones were not stdunib
statistical analyses. Capital letters indicate ificant differences between the communities; lowase letters
indicate significant differences among the stockiates within a community (post-hoc Tukey's HSDiges
Post-hoc comparisons between the community x gigakdte interactions are not shown. S0 —S4: stgdidte.
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Table 3 — Results of the linear model ANOVAs on thatrices CGOs x relevés. Figures in the text tdsun
analyses on weighted data (matrix E), those incgalesult from analyses on unweighted data (m&ijx See
Table 1 for the significance of the CGOs.

Community (df=2)  Stocking rate (df=4) Interacti(@i=8)

F P F P F P
Stolons 103.4 <0.001 17.8 <0.001 2.8 0.005
(CGO01) 63.3 <0.001 10.6 <0.001 3.17 0.002
Short epigeogenous 42.3 <0.001 3.8 0.005 6.9 <0.001
rhizomes (CGO9) 7.05 0.001 16.1 <0.001 3.77 <0.001

Long hypogeogenous 1235 <0.001 17.5 <0.001 4.8 <0.001
rhizomes (CGO10) 84.4 <0.001 3.6 0.007 6.4 <0.001

Impact of flooding and grazing on clonal traits

RDAs on weighted data showed that the community thiedstocking rate taken together
explained 41.3 % of the total variance of clonaitsr in the vegetation. Both of these
environmental factors explained a significant pmtippa of the variance. However, the

community was the strongest factor influencing elastrategies, as it explained 31.4 % of the

total variance, while the stocking rate only expéml 10 % (Table 4).

Table 4 — Values of the constrained variance (peage of the total variance) and results of the AMQike
permutation tests for the three RDAs with commuyrstgcking rate or both as constraining factors.

Constraining factor Total variance  Constrainedarace df  Pseudo-F P-value

Community + stocking rate 0.8105 0.3350 41.3%) 6 25.6 0.005

Community 0.8105 0.2543 81.3%) 2 50.8 0.005
Stocking rate 0.8105 0.0081 (10.0%) 4 6.1 0.005

An RDA was carried out on weighted data (matrix Bjth the community and
stocking rate as environmental constraining factGtsnal traits were dispersed mainly along
the first axis, which was positively correlatedatbig above-ground bud bank (BBAbB) and a
small below-ground bud bank (BBBelS), short-livazhegections (Integl), perennial ramets
(ShLS2) and dispersible propagules (SprDisp; F&j). Zhese traits were characteristic of
hygrophilous relevés (Fig. 2B). On the contrarys taxis was negatively correlated with a
small above-ground bud bank (BBAbS) and big beloaugd bud bank (BBBelB), long-
lived connections (Integ2) and annual ramets (ShIESd. 2A). This combination of traits
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RDA2

0.5

0.0

seemed to occur mainly in the meso-hygrophilousetagn. (Fig. 2B). The second axis
explained only 2.2 % of the total variance. Releeéghe mesophilous community were
dispersed along the first and second axes. Regprdiazing, the main differences in
syndromes of clonal traits occurred between thdéosuce (S0), the lightest stocking rate (S1)
and the three other stocking rates with no distndbetween them (S2 to S4; Fig. 2B).
Similar results were obtained with the unweightatdad The emerging patterns were
also very similar to those described previouslygegt that the first axis carried traits related

to shoot life span to a lesser extent.
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Fig.2 — Constrained Cgmelspondance Analysis (R2#&)drial plans (RDAL1 — RDA2) 5vti’?ﬁ both the commuynit
and the stocking rate as constraining factors. Paetorial plan of the clonal traits. B — Facton@én of the
relevés and the centroids of environmental fact@se Table 1 for trait abbreviations. Filled sgeare
hygrophilous, crosses: meso-hygrophilous and ojretes: mesophilous relevés. H: hygrophilous, MHeso-
hygrophilous and M: mesophilous communities. S@:=sfcking rate.

As community appeared to influence the expressiatomal traits more strongly than
the stocking rate, we performed the within—betwP@A to analyze clonal trait responses to
grazing for each community. The two first axes espnted respectively 59.0 % and 20.3 %
of the total inertia. Except for the positive céateon with dispersible propagules (SprDisp)
and in addition to a negative correlation with lodgtance spreading (Spr25) and high
multiplication rate (CMR10), the first axis was m#ated to the same traits as in the RDA

(Figs. 2A and 3A). The second axis only concerreddistance of lateral spread, as it was
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Fig.3 — Within—Between Principal Component Analysistorial plans (F1 — F2). (A) Factorial plan bétclonal
traits. (B —D) Factorial plan of the centroids efevés grouped according to the stocking rate @pfgtous,
meso-hygrophilous and mesophilous communities rtiyedy). See Table 1 for trait abbreviations. SB4:

stocking rate.
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positively correlated with moderate distance sprepdSprl-25) and negatively with short

distance spreading (Sprl; Fig. 3A). Grazing impawctthe clonal traits depended on the
communities. The stocking rate did not affect clamaits in the hygrophilous community

(Fig. 3B). Clonal response to increasing stockiatgs occurred along the second axis in the
meso-hygrophilous vegetation (Fig. 3C), while thigs observed along the first axis for the
mesophilous vegetation (Fig. 3D). For both of thesenmunities, clonal response to grazing
occurred mainly between the exclosure (S0), theettwS1) and the three highest stocking
rates altogether (S2 — S4). The only slight diffees between the within—between PCA on

weighted and unweighted data were the same as detseted for the RDA (see above).

Discussion

Clonal strategies

In our study, 30 out of the 37 species recorded§1 %) were clonal and represented 97.7 %
of the vegetation cover indicating the particularportance of clonal growth in plant
community structure. Stem-derived CG@s, stolons (CGO1), short epigeogenous rhizomes
(CGO9) and long hypogeogenous rhizomes (CGO10) mizmtenl the vegetation regardless of
the community and the stocking rate. These resuisin accordance with previous results
showing the importance of stem-derived CGOs intptammunities (van Groenendaetlal.
1996, KlimeSet al. 1997, KlimeSova & KlimeS 2008). Syndromes of clotraits emerged,
with correlations between the size and locatioriofless. above-ground) of the bud banks
and the lifespan of ramets and connections. Iniqudatr, we detected two contrasting
combinations of traits: the first combination, cdaerized by a large above-ground bud bank,
perennial ramets and short-lived connections, cbeldeferred to asabove-ground splittef's
and the second one, characterized by a large bgdownd bud bank, annual ramets and long-

lived connections, corresponded tmefow-ground integratofs

A hierarchical impact of flooding over grazing orlanal strategies

Flooding (.e. community) and grazing.é. stocking rate) did influence the composition of
clonal traits in the vegetation. However, the dfeuf both of these environmental factors on
clonal traits were not independent and were ratiteractive, as previously demonstrated for
non-clonal traits (Chaneton & Facelli 1991, Oest&th& McNaughton 1991, Insausdt al.
1999, Jutila 1999). Flooding had a more determinamgact than grazing, as shown by
variance partitioning with the RDAs. Flooding impedt both the type and heterogeneity of
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the combination of clonal traits selected. As expeé@ccording to the hypothesis of flooding
tolerance (Table 1), the hygrophilous vegetatiomesponded to a homogeneous syndrome of
traits characteristics of “above-ground splitteast the dominance of CGOs of above-ground
origin (i.e. stolons and short epigeogenous rhizomes). Theaeadieristics may present
several advantages for the survival of the clominduhe stressful growing conditions while
flooded. Stolons are often photosynthetic and &bfeoat, and have been suggested as organs
of light foraging (Dong & de Kroon 1994, Dong & Rieminici 1995). They may therefore
contribute to light harvesting during the floodiryent, while the production of long
internodes may decrease the effects of mechanrcdlgms linked to the elevation of the
water level (Klimegt al. 1997, Puijaloret al. 2008). Stolons are also able to store resources
in parenchymatous cells that may enable the genebpe with the reduced photosynthesis
(Crawford & Brandle 1996) and to enhance the sahdf plant fragments after disintegration
(Stuefer & Huber 1999). Moreover, the productiordspersed fragments is efficient to cope
with unpredictable flooding and is particularly iorgant for long-distance spreading while
the soil is flooded (Grace 1993, Barrat-Segrettiral. 1998). Short-lived connections are
little costly (Grace 1993, Santamaria 2002) and rhayparticularly advantageous in the
hygrophilous vegetation, for which growth is lindt@either by water nor nutrients, making
the mother-to-daughter ramet support unnecessdmné¢K et al. 1997). The above-ground
strategy can also promote spatial colonizationratie flooding event as above-ground
connections are easily able to anchor in the dwibugh adventitious roots, which are
characteristic of flood-tolerant species (Blom &egenek 1996).

By contrast, the combination of clonal traits i ttnesophilous community appeared
to be less homogeneous than in the hygrophilous meamty. The vegetation was
characterized by the co-dominance of the three m@@0Os and the emergence of no
particular syndrome of clonal traits. This largerd@l diversity may result from the absence of
flood-related stress, which has already been shtawnesult in higher specific richness
(Chanetor& Facelli 1991, Mesléardt al.1999).

The meso-hygrophilous community did not presenermediate clonal strategies
between both extremities of the flooding gradi€n.the contrary, it was characterized by the
combination of large below-ground bud banks, amigland rather long-lived rhizomes,
which we qualified as the syndrome of “below-grountegrators”. The slopes where the
meso-hygrophilous community occurs present relbtiveportant soil conductivity (Bonist
al. 2005). Clonal integration through rhizomes has begggested as an important trait of

plant species in salt marshes (Pennings & Calla2@80), since it enables the ramets to share

81



water and to buffer saline conditions. Our restiiigs suggested that more than flooding,
residual salinity in the soil might explain thisnslyome of traits for the meso-hygrophilous

community.

A community-specific response of clonal strategiegrazing

Although significant, the influence of the stockirage on the expression of clonal traits was
weaker than the community effect. This influencensed rather qualitative, as there was no
difference (in terms of clonal traits) between tiheee highest stocking rates (Fig. 2A). Clonal
response to grazing alone was not predictable apeérdled on the communitiye. of the
position of the vegetation along the flooding gesdi These results are in accordance with
previous studies demonstrating that despite ainectmsistency, plant responses to grazing
were only predictable at a local scale, as it wesngly influenced by other environmental
factors such as site productivity (Pakeman 200énate (de Belloet al. 2005, Diazet al.
2007) or grazing history (Diegt al.2007). We did not detect a significant change englant
traits in the hygrophilous community due to th@styest effect of stressful conditions. On the
contrary, clonal traits differed in response tozgrg in the two other communities. As
previously shown when considering all of the comities without distinction, these
differences only occurred between the exclosurg, ((b@ lowest stocking rate (S1) and the
three other rates (S2 — S4; Fig. 3). Regardlesseotommunity, the response of clonal traits
to grazing did not match our hypotheses (Table 1).

In the meso-hygrophilous vegetation, grazing maddgreased the distance of lateral
spread. This was linked with a change in the priopas of CGOs with a decrease in the long
hypogeogenous rhizomes (CGO10) and an increasdenshort epigeogenous rhizomes
(CGO9). These results are in accordance with thekvad Tamm et al. (2002), who
demonstrated that long distance spreading is cteaistec of abandoned grasslands and that
clonal mobility tends to be lower in open grasskr@razing or mowing have been shown to
limit the investment in lateral spread (Moetal. 1999, Sammukt al. 2004, Grosst al.
2007). A high distance spreading should be pa#drtyl advantageous in competitive
situations such as in the ungrazed situations datedhby dense paucispecific stands (Grime
1977). Moreover, the maintenance of long connestioay represent high costs for the genet
(van Groenendaedt al. 1996). This may be particularly true in disturbedbitats where tissue
loss frequently occurs, and may limit or divertrbass production.

The impacts of grazing in the mesophilous commuwigye rather inconsistent with

assumptions emerging from the grazing resistangmthgsis (Table 1). Contrary to our
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expectations of a dominance of traits characterddtthe “below-ground integrators”, grazing
significantly increased the relative abundance tofoss and traits corresponding to the
“above-ground splitters”. Stoloniferous growth farimave already been shown to be favored
by grazing (Diazt al.2007). Resprouting.é. the production of new ramets after defoliation)
depends on the availability and activity of memsse(Briske 1996). Buds located close to the
ground are generally left ungrazed. The regrowtharafefoliation may also be sustained by
carbohydrates stored in above-ground clonal organdstiller bases (lwasa & Kubo 1997,
Stuefer & Huber 1999, Suzuki & Stuefer 1999, Kling&XlimeSova 2002). In addition, the
above-ground strategy is, among other propertieatacterized by short-lived connections,
which implicitly means that young ramets quicklycbme independent of their mother
support. This property could be advantageous inggtgpastures where trampling is likely to
damage connections. The ability of stolons to gyigiroduce adventitious roots may
promote their anchoring when trampling pins thevabground tissues to the ground. By
contrast, this trait may be disadvantageous inagegt areas, as the high canopy may prevent
stolons from growing close to the solil surface tnbot successfully.

Conclusions

Following previous studies on plant responses &zigg (see for instance Pakeman 2004, de
Bello et al. 2005, Diazet al. 2007), our results provide further evidence thatithpacts of
grazing on plant functional traits strongly depemdthe pool of traits available. Plant traits
appear to be at first filtered by environmentaltdas constraining abiotic conditions.g.
climate, site productivity, flooding). Regardinghbl traits, it even emerged from our results
that such a hierarchical effect can occur at a \@cgl scalei(e. within a single paddock).
Further studies on non-clonal plant functionaltgraat such a small scale could test the
consistency of this result.

The CLO-PLA3 database provides crucial informationclonal traits needed for the
analyses of clonal patterns at the community ldved. all the more interesting as clonal traits
remain hardly measured situ. Although the CLO-PLA3 database deals with avedlagaits
collected from diverse sources, the present stsigniexample that it can be applied to site-
specific environmental gradients. The combinatibalatabases and field observations leads
to emerging hypotheses that can then be testedghrexperiments, in particular dealing with
the relative importance of inteersusintra-specific variability.
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Abstract

Grazing can generate spatial patchiness at diffesesdes, from very local (< 1 m) to large
scales (several 100 m). However grazing-inducecchpa#ss has mainly been studied
regarding vegetation composition or soil properbas much less attention has been paid on
spatial patterns of direct grazing effects on @ddefoliation). In meadows, the vegetation is
dominated by clonal plants, composed of potentialtiependent descendants (ramets) linked
together by connections. Clonality is associateth vgingular properties, which express
differently according to environmental conditionstably on environmental patchiness. Fine-
grained patchiness of defoliation, perceptiblehat $cale of the clonal fragment, is likely to
favor lateral spreading and resource sharing, emabitact ramets to support damaged ones.
Under coarse-grained defoliation, perceived as lygmeous by the clonal plant, resource
storage and high multiplication rate are more {ikel allow an efficient regrowth.

This study aimed to characterize the patchineggading-induced defoliation and to
evaluate its impacts on clonal growth forms. Int fkarpose, patchiness of vegetation height
and grazing impacts on plants were monitored almgttle-grazing gradient. Species were
identified and their clonal traits documented ia ftee database CLO-PLA3.

Our results showed fine-grained patchiness of #getation, independently from the
grazing regime. These spatial patterns were thkedylidue to intrinsic properties of the
vegetation or small scale patterns of abiotic coowls. Moderate grazing tended to increase
fine-grained patchiness, while it influenced maiclyarse-grained patchiness. By contrast,
intense grazing tended to homogenize vegetatioercdecause of its light impact on fine-
grained patchiness, grazing effects were probalelscgived as homogeneous by clonal
fragments. Grazing favored combinations of cloraits, which are expected to minimize the
costs of clonal growth. On the contrary, lateralesp was favored in ungrazed conditions,

probably because it enhanced competitive ability.

Key words

Cattle grazing; clonal traits; defoliation; scapatio-temporal patchiness; vegetation height.
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Introduction

Grazing is a complex biotic factor, which strongifiluences the composition and structure of
vegetation (Huntly 1991). In particular, grazingyraffect vegetation by generating spatial
heterogeneity (patchiness) at different scalesnfiu@ry local scales, less than 1 m-large to
large patterns, several 100 m-large (Rietkatrial. 2000, Adler et al 2001, Augustine 2003,
see also Olofssoet al. 2008 for the particular case of rabbit grazingyaZing-induced
patchiness is often considered in terms of spexegposition (Bakkeet al. 1983, Posset

al. 2000, Augustine 2003, Loucougaratyal. 2004, Collins & Smith 2006, Ooset al.2008),
light availability (Bakkeret al. 2003, Veeret al. 2008) or soil properties (Posseal. 2000,
Augustine & Frank 2001, Andersoat al. 2004, Zhouet al. 2008). Grazing-induced
defoliation, which primarily consists of discret@eats at the bite scale, could also be
heterogeneous at several scales (Schwinning & RauBs899, WallisDeVriest al. 1999, see
also Webeet al. 1998). Yet, the spatial pattern of direct impasftgrazing on plants through
defoliation has much less been considered (@bal. 2004, Olofssoret al. 2008).

Plant meadow communities are mainly composed afiatispecies (Klime&t al.
1997). A clonal fragment consists in potentiallgependent propagules (themetg linked
together by plagiotropic stem-derived connectio@tonal growth provides plants with
singular properties. First, clonality enables cldregments to spread horizontally (Hutchings
& Mogie 1990) and governs the spatial distributtdmamets through clonal architecture (Bell
& Tomlinson 1980, Lovett-Doust 1981, Cain 1994, Yokt al. 2006). Clonal architectures
can be ranged along a gradient from phalanx tordjaegrowth forms §ensulLovett-Doust
1981). Phalanx growth forms are characterized lytséind highly branched connections,
leading to a compact aggregation of ramets. Byrashtguerrilla growth forms are composed
of few but long connections resulting in a dispdrsetwork of ramets. Secondly, clonal
growth organs may be involved and even specializagsource storage (Suzuki & Stuefer
1999). While resource storage mainly occurs in Wwejoound clonal organs, such as
rhizomes, bulbs or tubers (Dong & de Kroon 1994n®@& Pierdominici 1995, Suzuki &
Stuefer 1999), above-ground clonal organs can falidl this function (Stuefer & Huber
1999, Suzuki & Stuefer 1999). Clonal integratiom @dso allow substance sharing among
inter-connected ramets through the connectionssfplogical integration, Pitelka & Ashmun
1985, Hutchings & Bradbury 1986, Kelly 1995). Whilgensive physiological integration
concerns only a few ramets and centimeters, extelysintegrated connection networks
enable the translocation of resources from a fewinueters to meters (D’Hertefeld &
Jonsdoéttir 1999, D'Hertefeld & Falkengren-Greru®2p
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The expression of clonal properties is likely tarywaccording to environmental
features. In particular, some properties have Iseiggested to enable clonal plants to explore
and efficiently exploit heterogeneous environmedes Kroon & Schieving 1990, Jonsdaéttir
& Watson 1997, Hutchings 1999). Guerrilla growthrnig may be advantageous in
heterogeneous conditions, where long distancealagpread could enable the clonal fragment
to escape from unfavorable conditions (de Kroon &i&ving 1990, Macek & LepS 2003,
Puijalonet al. 2008). Under heterogeneous defoliation, ramets Imeagifferentially impacted
according to their spatial distribution and loosafjgregated ramet networks could spread the
risk of defoliation among ramets. Furthermore, alomtegration has been suggested to
enable the clonal fragment to buffer heterogenetamsages by allowing undefoliated ramets
to support damaged ones (Hartnett 1989, Jonsdbtrallaghan 1989, Herms & Mattson
1992). Connections can also allow the movementigifating or defense compounds from
defoliated ramets to undefoliated ones. The rewpltinduced systemic resistance,
corresponding to a decrease palatability of intantets, is likely to prevent them from being
damaged (Gémez & Stuefer 2006). However, all ose¢hproperties may fail to enable a
clonal fragment to cope with homogeneous defolmgtionder which other clonal properties
are expected to be advantageous. After lossesoofidss, the activation of dormant buds
allows for vegetative regeneratione( resprouting, Belligham & Sparrow 2000). In clonal
plant, vegetative regeneration can lead to the ymt@h of new ramets, depending on the
presence of a vegetative bud bank protected framada (KlimeSova & Klimes 2003, 2007).
Moreover, the presence and the mobilization ofestaesources readily after defoliation has
been shown to support compensatory growth as wekksprouting (Richards 1993, Iwasa &
Kubo 1997, Bell & Ojeda 1999, Lattaredi al. 2004)

The relative involvement of such clonal propert@éspends on way the clonal
fragment perceives its environment. In particulelgnal properties expected to favor
responses to environmental patchiness would onbffii@ent if its scale matches the scale of
the clonal plant (Stuefer 1996, Wijesinghe & Hubhgs 1997, 1999). When grown under
experimental conditions of heterogeneous soil eatrsupply, clonal fragments Glechoma
hederaceabest perceive patchiness for 0.25 x 0.25 m pat¢kéigesinghe & Hutchings
1997). For half-size and smaller patches, cloragrfrents fail to respond to environmental
patchiness. Greater patch size than the rangeeoWwtiole clonal fragment (coarse-grained
patchiness) may also be perceived as homogenetue€51996).

Whereas some extremely large clonal fragments haga registered, reaching several

hundred square meters and even hectares (McLelaan1997, Jonsdottiet al. 2000), these
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are exceptions. In general, clonal spread, asasggtlhysiological integration, occurs on some
decimeters to meters (D’'Hertefeld & Jonsdottir 19898Hertefeld & Falkengren-Grerup
2002, Kun & Oborny 2003). Consequently, the ranfjpaichiness perceptible by a clonal
fragment (fine-grained patchiness) is limited, folygcomprised between ten centimeters and
a few meters.

In natural conditions, little is known about thealec of patchiness and more
particularly, whether it can be perceived by clgplants (Fischer & van Kleunen 2002). The
objective of this study was to analyze the intacgcbf environmental patchiness and clonal
properties. It was divided into two steps. (1) Tihret aim was to characterize fine-scale
spatio-temporal patterns of defoliation inducedchitle in grazed meadows and to determine
whether cattle grazing may generate patchinedsegplant scale. (2) The second aim was to
link these spatio-temporal characteristics withnaeloproperties, described by the means of
clonal traits. In particular, the two following hotheses were tested:

Coarse-grained patchiness, perceived as homogeaethesclonal fragment scaliee( more
than one meter) would favor clonal traits relatedefoliation tolerancee(g.big below-
ground bud bank, high clonal multiplication ratel&m storage organs).

(1) Fine-grained patchiness, perceived as heterogenaotize clonal fragment

scale (.e. between ten centimeters and one meter) would felomral traits enabling

the clonal fragment to avoid defoliated micro-sitésg. high distance clonal
spreading) or traits involved in the translocatminsubstances among rameesg(

long-lived connections).
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Table 1 — Spatio-temporal indices. The calculati@thods and description of each index are indicated

Index Calculation

Description

Indices of patchiness

Mean of the vegetation height in eathod the
grid in June 2008

Variance of the vegetation heigitivieen each
cell of the grid in June 2008

Mean height

Global variance

Local covariance Covariance of the vegetation hidighween

each cell and its neighbor cells* in June 2008

Percentage of defoliateld @gthin a plot in
June 2008

Defoliation percentage

Mean height of the vegetation at the plot level

Degree of spatial variation of the height betweelfsat the plot level
- Values close to 0: similarity between all celisifnogeneity)
- High values: great variation between all cellshaf plot

Degree of covariation of the height between neiglteds

- Values close to Gimilarity between all cells (homogeneity)

- Values differing from Ogreat variation between all cells of the plot
~ Positive values: similarity between neighboradfgrained patchiness)
~ Negative values: dissimilarity between neighl{ceadomness)

Percentage of defoliation at the plot level

Indices of temporal variation

Mean height in October 2008 — meaghhéi
April 2008

Global variance in October 20@fobal
variance in April 2008

A mean height
A global variance

Local covariance in October 2008cal
covariance in April 2008

A local covariance

Temporal variability of the mean height during drazing season
Temporal variability of the global variance duritihg grazing season

Temporal variability of the local covariance durihg grazing season

* Cells are considered as neighbors when they dhaeside



Material and methods

Study site

This study was carried out in the experimental gtesif the Magnils-Reigners in the Marais
Poitevin, which is located on French Atlantic Cogk8°26'20"N; 1°12'12"W) (Rossignet

al. 2006). Field observations and measurements ware ithothe mesophilous community of

three paddocks, corresponding to three contrastading regimes: no, intermediate and
heavy stocking rate. The ungrazed paddock (SO)Mida exclosure from which grazing has
been excluded since 1995. The two other paddocksafd S4), which are 1 ha-large, have
been submitted to cow-grazing since 1995 with rethpe stocking rates of 2 and 4 cows'ha

(i.e. about 685 and 1370 kg:haMénardet al. 2002). They respectively correspond to
moderate (S2) and intensive grazing (S4). Vegetdtigight and floristic composition were

measured in ten plots randomly positioned withicheaf the three paddocks (30 plots in
total).

Field measurements

Spatio-temporal characterization of the heightha# vegetation cover
We aimed to characterize spatial patterns of gepiriduced defoliation and their temporal
variability. Plots consisted of 1 x 1 m grids dedinto 0.1 x 0.1 m cells. A square of
polystyrene (0.01 m?, 2 g) allowed the measurerémie height of the vegetation cover in
each cell, without taking rare shoots or branchés account (Westoby 1998).

These measurements were carried out four timesrrdehe grazing season (April
2008), twice during the expected peak of biomassdJand July 2008) and just after the
grazing season (October 2008). In order to prowadeore accurate index of disturbance
independently from vegetation height, we inspettedvegetation and recorded leaf damage
in each cell in June 2008.

For each plot, we calculated indices describing s¢patial characteristics of the
vegetation height and their temporal variation (gpgemporal indices): (i) mean vegetation
height, (ii) global variance of vegetation heigfit) local covariance of vegetation height,
(iv) percentage of defoliated celise. cells in which leaf damage had been observed and (
vii) temporal variability of indices i to iii (se€able 1 for the calculation methods and the

signification of these indices).

95



Species sampling and CLO-PLA3 trait monitoring

In June 2008, we evaluated the relative abundahaach species and bare soil as their
relative percentage cover in 0.5 x 0.5 m subplt#equ at the center of each plot. In order to
focus only on plants, we removed the percentageaé soil and recalculated the percentage
cover of each species, so that the total coveadt subplot was 1 (Pakeman 2004).

For each species, clonal traits and clonal growtiaims (CGOs) were documented
from the free database CLO-PLAS3 (KlimeSova & Klin#¥8, KlimeSova & de Bello 2009).
We selected six traits related to clonal morphalagcharacteristics, which were (i) sizes of
the above-ground and (ii) the below-ground bud balik) ramet life span, (iv) duration of
physical integration (connection life span), (Wrehl multiplication rate and (vi) distance of

lateral spread (Table 2).

Table 2 — Characteristics of clonal growth organd alonal traits monitored in CLOPLA database. From
KlimeSova & Klimes (2008); KlimeSovaét al. (2008); KlimeSova & de Bello, 2009.

Trait Attribute Abbreviation
Clonal Growth Organ No CGO CGOO0
(CGO) Stolon CGO1

Short Epigeogenous Rhizome CGO9

Long Hypogeogenous Rhizome CGO10

Plantlet/Plant fragment CGO0O4-5

Root Splitter/Root with adventitious bud€G0O14-15
Above-ground bud bank Big BBAB

Small BBAS
Below-ground bud bank Big BBBB

Small BBBS
Shoot life span 1 year (annual ramets) ShLS1

>1 year (perennial ramets) ShLS2
Connection life span No connection Integ0
(duration of physical integration) 1 — 2 years (splitter) Integl

>2 years (integrator) Integ2
Clonal multiplication rate No clonal multiplication CMRO

<1 ramet/parent ramet/year CMR1

2 — 10 ramets/parent ramet/year CMR2-10

> 10 ramets/parent ramet/year CMR10
Distance of lateral spread No clonal spread Spr0

< 0.01m/year (short) Sprl

0.01 — 0.25 m/year (medium) Sprl-25

> 0.25m/year (long) Spr25

Dispersable propagules (free dispersal) SprDisp
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Data analyses

Spatio-temporal characteristics of the vegetationer

We analyzed the spatial pattern of the vegetatigight by the means of correlograms. We
used Moran’s | as the index of autocorrelationhaf dependent variable (vegetation height in
a cell), which we plotted against the physicalahse between points of measurement (Cliff
and Ord 1973, 1981, Sokal and Oden 1978). In ailelraw one correlogram per grazing
regime and per date, we pooled data of the telicegps of each grazing regime. Significance
of the Moran’s | was tested by permutation testsefich correlograms. Significantly positive
or negative values of | indicate spatial patchin@gss patchy distribution of the vegetation
height), while not significant values.€. close to 0) are characteristic of randomness or
homogeneity (Adleet al.2001).

We studied the correlations between the seven csgatiporal indices of the
vegetation cover and their relationship with thazgng regime through Principal Component
Analysis (PCA).

Relation between spatio-temporal indices and cldreals

Clonal traits recorded in CLO-PLA3 database ardnegitnominal or semi-quantitative
(KlimeSova & Klime$ 2008, KlimeSova & de Bello 2Q0®able 2). We created the matrix
species x clonal traits, where each attribute afomal trait corresponded to a column. In
order to take into account the intra-specific Maitiey of a trait, its attributes were calculated
through fuzzy coding, the sum of scores of a toeihg 1 (Pakemast al. 2002, Pakeman
2004, de Belloet al. 2005). We then created the matrix plot x clonaitér by the
multiplication of the matrices plot x species apda@es x clonal traits.

We used a co-inertia analysis between the matpbtaisx clonal traits and plot x
indices in order to determine if the charactersst€the vegetation height and the clonal traits
were related. The significance of the matching lketwthe two matrices was tested by
Monte-Carlo permutation test (999 permutations).

The statistical analyses were carried out with Rheoftware (R Development Core
Team, 2007http://www.R-project.orly PCA and co-inertia analysis were carried ouhyilite
ADE4 package (Chesset al.2004).
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Results

Spatial pattern of the vegetation height and itsrtporal variation

Auto-correlograms showed significant positive Mdsahat small scale, which decreased to
no correlation as the distance increased (Fig iis iB an indication of the existence of small
patches within the vegetation structure, from @.2.6 m-large. The scale of this patchiness
depended mainly on the sampling date and, to aresdent, on the grazing regime. Patches
were the largest in June 2008, reaching 0.5 m-largiae exclosure (S0). During the first
months of the grazing season (April — June 2008j¢lp size decreased with increasing
grazing regimes: patches were the largest in tiobosure (SO; 0.3 — 0.5 m) and the smallest
under intensive grazing (S4; 0.2 — 0.3 m). Thigléarty changed during the grazing season,
at the end of which patches were 0.2 m-large iretteéosure and under intensive grazing (SO
and S4) and 0.4 m-large under moderate grazingHig§21). At higher scales, non-significant
Moran’s | values suggested randomness or homogengéithe vegetation height. In June
2008, negative Moran’s | values from 0.6 — 0.7 @nltm represented the gap distance
between patches. However, because of the few casoparat high distances, the reliability
of auto-correlograms decreases as the distanceases. These observations should thus be
considered with caution.

Patterns of vegetation height in three represemtgtiots are drawn in Fig. 2. The
mean height of the vegetation decreased as thengreegime increased, while the intra-plot
variability seemed greater for the intermediatem@regime (Fig. 2). These observations are
confirmed by results of the PCA. The first and setaxes of the PCA explained 54.7 % and
25.6 % of the total inertia respectively (Fig. Bhe first axis was positively correlated with
the percentage of defoliated cells within a plag aegatively correlated with the mean height
of the vegetation cover and the temporal varigbitit indices of patchiness (Fig 3A). The
second axis was positively correlated with bothbglovariance and local covariance. The
plots from the exclosure (S0) and the intensiveiga(S4) were clearly discriminated by the
first axis. The characteristics of the vegetatioder moderate grazing (S2) were intermediate
between both. In particular, the plots from thiszjng regime were dispersed along the
second axis. The important dispersion of thesesplothe factorial plan indicated that they
differed in their global variance and local covada, suggesting the existence of fine-grained
patchiness in only some of them. On the contralgtsgrom the intensive grazing regime

(S4) were tightly aggregated and thus proved similahis respect.
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Fig. 2-Three dimensional representation of the t&gs height according to the grazing regime dreddate. One representative grid per grazing regirskown. Green: no
grazing (S0), yellow: intermediate grazing (S2)l:feeavy grazing (S4). The scale of the y-axis gharaccording to the grazing regime.



Moreover, their position along the second axis sstgd low variance between cells of these
plots,i.e. homogeneity rather than patchiness (Fig 3B).
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Fig. 3—Principal Component Analysis (PCA) betwetspand spatio-temporal indices of the vegetatiover.
(A) Factorial plan F1-F2 of indices. (B) Factoggn F1-F2 of plots; open circles: no grazing (§0¢y stars:
intermediate grazing (S2), black squares: heavzingga(S4).

Relation between spatio-temporal indices and clotralts
The co-inertia analysis showed 52 % of inertia stidsy both matrices, indicating a strong
relation between the characteristics of the vegetateight and clonal traits. This relation
was significant (Monte-Carlo permutation td3& 0.001).

A great majority of the inertia was explained by tlirst axis (95.5 %), which was
positively correlated with the percentage of defigld cells and negatively correlated with the
mean height of the vegetation and the three indb€ésmporal variability (Fig 4A). The first
axis was positively correlated with a moderate rmateclonal multiplication (CMR2-10),
perennial ramets (ShLS2) and combinations of clanailts and clonal growth organs
characteristic of (i) non-clonal annual plants ég@t, CMRO, SprO and CGOO0), (iixbove-
ground splitters big above-ground bud bank (BBAB) and small belgmeund bud bank
(BBBS), short-lived connections (Integl) and steld@GO1), plantlets or plant fragments
(CGO4-5), and (iii) tussock-forming clonal planssiort distance clonal spreading (Sprl) and
short epigeogenous rhizomes (CGQ9; Fig. 4B).
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By contrast, this axis was negatively correlatethvd set of traits characterizinbellow-

ground integrators small above-ground (BBAS) and big below-groundgitbanks (BBBB),

long-lived connections (Integ2), long hypogeogenhisomes (CGO10) and clonal growth
organs originating from roots (CGO14-15), and wattmual ramets (ShLS1), high rate of
clonal multiplication (CMR10), high distance aneédrclonal spreading (Spr25 and SprDisp;
Fig. 4B). The second axis of the co-inertia analgsiplained only 4.5 % of the total inertia. It
was negatively correlated with global variance &wl covariance of the vegetation height
(Fig 4A) and positively correlated with low clonalultiplication rate (CMR1) and moderate
distance of lateral spread (Sprl-25; Fig. 4B). Tilst axis separated plots according to the
grazing regime, while the plots from the moderatgzipg regime were the most dispersed

along the second axis (Fig. 4C).

Discussion

Impact of grazing on the spatio-temporal patternktbe vegetation height

As already shown on rabbit-grazed vegetation (Qtmi®t al. 2008), vegetation height is a
good estimator of cattle impact on vegetation: th@re intensive the grazing regime, the
shorter the canopy height. However, grazing hasatealy been shown to favor species with
a low stature (Diazt al. 2001, 2007), as this trait provides plants wita #bility to avoid
defoliation (Briske 1996). Consequently, whethemgatation height translated grazing-
induced defoliation or to long-term species respsris past grazing remains unclear and one
can expect that it integrated both effects.

Our results provided evidence for a fine-grainedtisp pattern of the vegetation
height. Auto-correlograms indicated the existentesmall-scale patches, from 0.2 m to
0.5 m-large according to the sampling date and gtrezing regime, and randomness or
homogeneity at higher scales. The existence oflssoale patches in the exclosure without
grazing was the indication of a fine-grained pateks due to intrinsic properties of the
vegetation (plant species) or even to micro-envirental conditions (soil compaction,
topography, water or nutrient availability; Rietkezt al. 2000, Adleret al. 2001). In the
exclosure, the size of patches increased from Aprilune and then decreased until October.
Despite a similar trend under intensive grazingalmpatches and non-significant Moran’s |
from 0.2 — 0.3 cm onwards, during the first montifighe grazing season (April to June),

suggested that intensive grazing tended to randssnoe homogeneity of the vegetation
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height. When the stocking rate increases, foragailadoility per herbivore decreases.
Consequently, the vegetation is most completelylogtgal and the proportion of ungrazed
patches decreases, notably because herbivoresoarpelted to feed on little palatable
vegetation, which they would have otherwise avoii&@beret al. 1998). At the end of the
grazing season, patches in the exclosure and untrsive grazing were of similar size
(0.2 m-large), suggesting that this fine-grainedclpaess is not caused by grazing. By
contrast, patches under moderate grazing were tlaigeer (0.4 m-large). Thus, moderate
grazing appeared to enhance fine-grained patchiness

In accordance with the results of auto-correlograbmh global variance and local
covariance of vegetation height were rather weéknasors of the grazing regime (Fig. 3). In
particular, they proved similar between plot of #eclosure without grazing (S0) and the
intensive grazing (S4). However, plots from inteesgrazing resembled each other, whereas
a greater dissimilarity was recorded between pkotsn the exclosure. Consequently,
intensive grazing tended to the homogenizatiorhef\tegetation cover, not only at a fine but
especially at a large scale. By contrast, the graaation of spatio-temporal indices between
plots from moderate grazing (Fig. 3) demonstraked this grazing regime enhanced coarse-
grained patchiness. Previous studies carried outhén same meadows have shown the
existence of grazing-generated patch mosaics adtaggn structure and composition from 10
to several 100 m2 (Loucougaray al. 2004, Rossignokt al. 2006). Hierarchical, nested
patterns have already been observed in soil priepest grazed meadows (Augustine & Frank
2001) and it is tempting to conclude that modegt&zing generated similar patterns of
defoliation. However, while results of the autoretwgrams suggested an increase in fine-
grained patchiness under moderate grazing, thisqshenon did not occur in all plots. On the
contrary, global variance and local covariance efetation height were high in only a few
plots from moderate grazing (Fig. 3). Indeed, grganduced defoliation primarily consists
of discrete events at a bite-scale (Schwinning &®&as 1999, WallisDeVriest al. 1999),i.e.
ten centimeters or so, and could thus be expeaiedenherate fine-grained patchiness.
However, large mammalian herbivores such as cowgycaze larger patches by simple head
movements or a few steps (WallisDeVrigisal. 1999). Our results provide evidence that,
although cattle grazing could induce fine-grainedichiness, this phenomenon is rather rare.
Given the size and selectivity of study herbivomsgrse-grained patchiness is more probable.
Such patch grazing is expected to involve recurgeatzing of the same areas (Adaral.

2001, Moussieet al. 2008), suggesting that large patches of vegetarenstable in time.
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Unfortunately, our experimental design did not éedab estimate the inter-annual dynamics
of finer-scale patterns of the vegetation cover.

The indices of temporal variation from April to ©ber were negatively related to the
grazing regime, which means that intensive gratinffered intra-annual variation of the
vegetation structure. In the exclosure, vegetati@ight was mainly governed by plant
growth: the canopy was thus expected to be high#éreaend of the grazing season, which
corresponded to the end of the growing season. H@ncontrary, in grazed paddocks,
vegetation growth, in particular of above-groundnplparts, might have been limited by
defoliation (Ferraro & Oesterheld 2002). In thisge®tion, dominated by grasses and
graminoids, defoliation after culm elongation, whioccurred mainly during the peak of
vegetation (from May to July), might have preventegrnode elongation and thus limited
regrowth (Gold & Caldwell 1989). Such phenomendelyy occurred in our study site, where
the vegetation was dominated by grasses and graisiridoreover, as mentioned above, this
observation can also be explained by the smallhhedd the vegetation under intensive
grazing, the absolute variation of which may hagerblimited, compared to the vegetation of

the exclosure.

Relation between spatio-temporal indices and clotralts

Our results suggested that grazing-induced defotiat/as unlikely to be perceived as patchy
at the scale of the clonal fragmene(between ten centimeters and one meter). As exghecte
neither spatial expansion nor extensive physiokdgitegration, which we assumed to occur
in fine-grained patchiness, were found in grazedasr However, and contrary to our

expectations, the observed coarse-grained patchidies not clearly favored bud banks

protected from defoliation, high clonal multiplicat rates nor specialized storage organs.
Indeed, grazing tended to promote above-groundtesslj tussock growth forms and even

non-clonal annuals, while below-ground integrattominated the ungrazed vegetation.

Clonal traits favored by grazing
First of all, grazing and particularly moderate ziyng proved to favor non-clonal annual
species. Such species, which rely only on sexymbdection, have regularly been shown to
take advantage of disturbances, particularly gopdimvorelet al. 1997, Diazet al. 2007). A
short phenological cycle would represent a mechanis avoid grazing, in particular by

spending grazing season as resistant forms susteds (Briske 1996). Moreover, by opening
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gaps in the canopy, grazing herbivores could fatdiseed germination and efficient seedling
establishment, which would have otherwise beengmd by competition for light due to
canopy closure (Lavoredt al. 1997). Moreover, grazing could enhance the proj@yaf
sexually reproducing species through endozoochndyepizoochory (Moussieet al 2005,
Couvreuret al. 2008). Intermediate grazing regime seemed to benibdality where the
abundance of annuals was the highest. Coarse-draiatehiness expressed at this grazing
regime could be more beneficial to annuals. Pladividuals situated in less grazed patches
were more likely to produce seeds that could geateinn gaps opened by defoliation. By
contrast, homogeneous grazing could be more dettahto sexual reproduction as it might
regularly damage flowers and seeds (Faétigl. 1994).

In addition to the presence of non-clonal annugiazed vegetation was characterized
by singular combinations of clonal traits. Whatewte grazing regime, short-lived
connections and low distance lateral spreading wleagacteristic of grazed vegetation. These
observations were confirmed by the dominance ofvedgyound clonal growth organs
(stolons, plant fragments and plantlets) and siypideogenous rhizomes in grazed paddocks.
Neither extensive clonal integration among ramets, long distance lateral spreading was
favored by grazing. Indeed, these traits would failenable the clonal fragment to avoid
defoliation by escaping unfavorable, frequentlyzgih sites, as the size of these latter ones
likely exceeded the size of the clonal fragmentrédoer the production and maintenance of
long and physiologically functional connections acstly (van Groenendeat al. 1996). In
previous studies, mowing has been shown to lim#orne increment and to disfavor lateral
spread (Sammudt al. 2004, Grost al. 2007). Similarly a little investment in the prodioa
of connections would expectedly be advantageousrnugdzed conditions where tissue losses
and compensatory growth following defoliation mayedt an important part of the resources.

We also expected storage functions to be involvedjyrazing tolerance as stored
resources may enable the clonal fragment to buféenages and to resume growth after
defoliation (Iwasa & Kubo 1997). At first glanceighproperty did not seem selected for in
grazed areas, as none CGO assumed to be involveddarce storage.g.rhizomes, tubers;
Suzuki & Stuefer 1999) were characteristic of th@zgd vegetation. Similarly, the life span
of the connections was rather short, limiting thability to store and share resources.
However, although expected to be mainly involvedpatial expansion (Dong & de Kroon
1994), stolons may have the potential to storeuress. The connection to a fragment of

stolon internode has been demonstrated to enh&ecsurvival of young ramets separated
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from the older ramets iRotentilla anseringStuefer & Huber 1999). Moreover, shoot bases
have the ability to store resources (Cheplick & ICH01). Long lived ramets occurring in
grazed paddocks may thus enable resource stordgse Tresources could be all the more

efficiently remobilized as they are situated clas¢éhe damaged tissues.

Clonal traits in ungrazed conditions

The vegetation of the exclosure was characterizedddow-ground integrators producing
mainly long and long-lived below-ground connectidng annual ramets. This observation
should be considered with caution as it was paltiyen by the dominance of one species,
Elytrigia repens while other species are present in lower abureanc

Long-distance clonal spreading has already beerwrshas a characteristic of
abandoned grasslands (Taretral. 2002). This ability has been related to compeditbility
(Grime 1977), as it would enable a clonal fragmentolonize space, thus preventing other
species to establish. Long-lived below-ground osgare particularly efficient in resource
storage (Dong & de Kroon 1994, Suzuki & Stuefer I9Rs suggested by the high rate of
clonal multiplication observed in the vegetationtloé exclosure, this property might enable
the establishment of ramets despite competitiorsupporting young ramets through resource
retranslocation. These assumptions are in accoedaitb Goldberg and Landa’s suggestion
that early and fast growth from the emergence weulable efficient competitive responses
(Goldberg & Landa 1991). By contrast dense candpguce is likely to prevent seeds, plant
fragments or stolon-borne ramets to efficientlyabksh.

Conlcusion

Our study provides evidence that grazing-induceilidéion was too coarse-grained to be
perceived heterogeneously at the scale of the kcfoagment. Consequently, grazing did not
promote clonal propertied associated with efficieggponses to environmental patchiness.
Grazing favored combinations of clonal traits emapplants to cope with defoliation, mainly
by minimizing the costs of clonal growth. By comstiathe absence of grazing favored clonal
traits enhancing competitive ability. However, tisidy relies on potential traits that were
documented in CLO-PLA3 database (KlimeSova & Klik@88). The measurement of clonal
traitsin situ, or in response to experimental defoliation calldw to evaluate the relevance
of clonal properties highlighted by this study. Téescription of clonal growth forms in

vegetation submitted to smaller herbivores, sucimasrtebrates, could go further previous
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experimental studies(g. Stueferet al. 2004, Gomez & Stuefer 2006, Gometzal. 2007,
2008) and improve our knowledge on the involvemantlonal properties in resistance to

multi-scale herbivory.
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Abstract

Grazing is expected to act as a filter on plantgyrgromoting traits that enable the plant to
develop and reproduce under the conditions it geesr(response traits). Grazing resistance
can be divided into strategies of avoidance arerdolce. Most studies dealing with functional
responses to grazing concentrate on morphologralreproductive traits. Despite the great
diversity of clonal growth forms, clonal traits agenerally neglected. Our objective was to
test the hypothesis that grazing resistance ingobtlenal traits, depending on both species-
specific traits and trait responses to defoliatiorthat purpose, we first estimated the level of
grazing resistance in eight clonal species. Segondé analyzed the relationship between
grazing resistance and (i) clonal traits measuredindisturbed conditions and (ii) their
responses to experimental defoliation. Grazingstasce was negatively related to vegetative
height and biomass of below-ground clonal organd, [@ositively related to the response of
both traits to defoliation. These traits can bevaisged with a balance between avoidance and
competitiveness. A short stature limits the amairidiomass removed by herbivores, while a
high canopy promotes above-ground competition.rgdanvestment in below-ground clonal
organs, which generally serve as storage structorag enhance competitive ability, notably
by supporting vegetative multiplication despite @ay closure. We concluded that defoliation
tolerance was not the dominant strategy of resistam the study meadow. Moreover, clonal

traits were poor indicators of grazing resistance.
Key words

Avoidance; competitiveness; graminoids; grassesastigl responses to defoliation;
redundancy analysis (RDA); tolerance.
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Introduction

Herbivory often induces changes in the structurd #re composition of plant meadow
communities (McNaughton 1979, Belsky 1987, Milchaietal 1988, Huntly 1991, Bullock
et al 2001). Species have traditionally been classifiedhe basis of their level of resistance
to herbivory. Indeed, resistant species, which becanore abundant in response to grazing,
are often referred to as increasers, whereas senspecies, which become scarcer when
grazed, correspond to decreasers (Dykserhuis IT349et al 2001, Vesk & Westoby 2001,
del-val & Crawley 2004, 2005). Grazing is expectedpromote traits that enable plant
survival, development and reproduction in the cbods it generatesi.€. response traits;
Keddy 1992, Diazt al 1998, Lavorel & Garnier 2002). Several studidsmapted to link
grazing-induced changes in plant communities wigimfpfunctional traits, aiming to explain
and predict these changes (de Beflal 2005, Diazet al 2007). Such studies consider the
overall impacts of grazing on plants, including tbalirect (damages to plant tissues) and
indirect effects (modifications of plant biotic aafliotic environment) (Harper 1977, Diak

al. 2001).

As proposed by Bullockt al (2001), the study of species responses to sgrgleing
components€.g. tissue removal, trampling, urine and feces depwgitwould likely clarify
the understanding of grazing-induced changes imtp@Bommunities. In cattle-grazed
meadows, the removal of above-ground tissues (@@neards referred to atefoliation) has
been suggested as the most important grazing mocdliencing plant community
composition (Kohleret al. 2004). In particular, grazing resistance can $&oaated with
either defoliation avoidancei.¢. mechanisms that decrease the probability of being
defoliated) or tolerancei.¢. mechanisms that enhance growth and reproductioer af
defoliation; Briske 1996). In almost all cases,nplgrowth form and plant height have been
highlighted as the best predictors of plant respdograzing (Noy-Meiet al. 1989, Briske &
Silvertown 1993, Diaet al 2001, 2007), as they govern the balance betwempetition and
avoidance strategies. However, in grazed systerasticplarly those under intensive
management, the odds escaping defoliation maywedond avoidance mechanisms are likely
to be overcome (Richards 1993). In such situatipfat species that are able to tolerate for
tissue losses may be of great advantage (Sébwke 2000). A handful of studies investigated
the relation between defoliation and grazing respen They confirmed that grazing
resistance in the field was associated with tolegan defoliation (del-Val & Crawley 2004,
2005): while decreasers hardly regrew after detiolia increasers often proved able to

compensate for tissue losses even after intensé&eeent clipping.
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Functional responses to grazing have generally lescribed on the basis of life
history, plant growth form and rough morphologitalts, principally because they are easy
to measure (Diaet al 2001, Weiheeet al. 1999). Although disturbance has been recognized
to favor annual species (Grime 1977, Lavoeelal 1997, Diazet al 2007), vegetative
multiplication {.e. clonal growth) constitutes the main form of reprciibon and population
persistence in many grasslands (Briske & Silvertd®83). Clonal growth forms are diverse
and the expression of clonal traits varies accgrttnenvironmental conditions (Klimes al
1997, Tammet al 2002, Sammukt al 2004, Halassyet al 2005). Yet, clonal growth
remains poorly considered in studies dealing widmpfunctional traits and responses to
defoliation, and it is often reduced to the clogedwth form €.g. stoloniferousvs. tussock
forming, Diazet al 2007).

Focusing on morphological, notably clonal traits.(traits related to clonal structures
and clonal multiplication), we aimed to determime trelative involvement of (i) species-
specific traits and (ii) trait responses to defodia, in the level of grazing resistance in eight
clonal species. We particularly tested the hypashist grazing resistance would depend on
both:

(i) Species-specific values of traits. We expeaadncrease in grazing resistance to
be associated with a shift from traits conferringigh competitive ability to traits related to
grazing resistance (avoidance or tolerance).

(ii) Trait response to defoliation. We expectedirtrease in grazing resistance to be
associated with plastic responses of clonal tthasenhance tolerance to defoliation.

To test these hypotheses, we proceeded into tys.Skrst, we determined the level
of grazing resistance of eight clonal species,henltasis of their shifts of abundance under
contrasted grazing regimes. Secondly, we experiaignassessed clonal trait values in

undisturbed conditions and clonal trait responeegefoliation in these eight species.
Material and methods

Study site and vegetation sampling

The study site is located in the Marais Poitevihjol is the second most important wetland
of France (120,000 ha). It is located on Frenchamtt coast (46° 28'N; 1° 13'W) and
composed of wet meadows, which were reclaimed enséa between the L@nd the 1%

centuries.
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The study was carried out on the grassland of Madreigniers (250 ha) where an
experimental design was set up in 1995 to inveiffge consequences of grazing scenarios
on plant communities patterns (Rossigabhl 2006). Field observations were conducted on
mesophilous vegetation in three cattle-grazed padddliffering in the grazing regime
applied since 1995. The exclosure (S0) was a 4ddaqrk, from which grazing has been
excluded since 1995. The two grazed paddocks wélarge. The intermediate (S2) and
the highest (S4) stocking rates corresponded résphcto 2 cattle.ha and 4 cattle.Ha(.e.
about 685 kg.hdand 1370 kg.h§ Ménardet al. 2002).

We sampled vegetation in June 2008, during the peak of vegetation, when most of
the plant species were expected to be represemtdekicommunity. For each stocking rate
(S0, S2 and S4), we recorded the relative percertager of each vascular plant species and
of bare ground in ten 0.5 m x 0.5 m plots. All lo¢ ten plots were randomly positioned in the
paddock. Although this device can be regarded esdusreplication, we aimed to evaluate
long-term effect of grazing on vegetation. Giver tielatively ancient installation of the
experimental design, we expected differences betwaedocks to be driven by the grazing

regime rather than other environmental factors.

Garden experiment
We established an experiment on eight clonal pesémhonocotyledons, which dominated
the vegetation cover whatever the stocking ratar(ff2 % for the intermediate stocking rate
S2, to 98 % for the exclosure S0). We aimed torcedloeir morphological and clonal traits
both in undisturbed conditions and in responseefol@tion. These species presented diverse
clonal growth forms: clonal growth could be achiwveither through the production of
plagiotropic above-ground or below-ground stemadsti connections sfoloniferous and
rhizomatousgrowth forms, respectively), or through the prdeuc of very short, rather
inexistent connectiongyssockgrowth from). A single species could combine salvelonal
growth forms (Table 1). In the present experimantjonal fragment consisted of the set of
clonally-produced propagulesliers) andconnections

Clonal fragments were collected in November 2006.we aimed to measure the
range of species-specific clonal trait values asponses to defoliation, we wanted to buffer
phenotypic and/or genotypic variations potentiaihduced by carry-over effectsi.€.
transmission of environmentally induced phenotypbanges to future generation,
Schwaegerleet al. 2000) or local adaptations to grazinige.(selection of traits adapted to

local conditions leading to genetically differem¢id populations, Sultan & Spencer 2002).
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Consequently, we randomly picked up about 20 fragsmef each species in the 250 ha-large
grassland of the Magnils-Reigner, where grazingnmegis spatially variable. We paid
attention to sample these fragments at a mininsthdce of 5 m from each other. Collected
plants were then grown for 5 months in rich gardei in the experimental garden of

University of Rennes (France).

Table 1 — List of studied species, their family andin and secondary clonal growth form (adaptechffield
and experimental observation, and CLOPLA-3 databktmeSova & Klime$ 2008, KlimeSova & de Bello
20009).

Clonal growth form

Species Family Main Secondary
Agrostis stolonifera.. Poaceae Stoloniferous Tussock
Cynosurus cristatus. Poaceae Tussock /
Carex divisaHuds. Cyperaceae Rhizomatous /
Elytrigia repend.. Poaceae Rhizomatous Tussock
Hordeum secalinurBchreb. Poaceae Tussock /
Juncus gerardiLois. Juncaceae Rhizomatous /
Lolium perenne.. Poaceae Tussock Stoloniferous
Poa trivialisL. Poaceae Tussock Stoloniferous

We set up the experiment during a five-day perrotnf29 April to 3 May 2007. We
selected 14 fragments of each species, from whiehsalated three tillers. Each ramet was
planted in the centre of a pot (0.2 cm in diamettércm in height) containing rich garden soil.
We tested three defoliation treatments: no defoliat(control treatment), 12 cm-high
defoliation (moderate treatment) and 6 cm-high ligtion (severe treatment). We randomly
assigned a modality of the defoliation treatmene&ch of the three tillers belonging to a
same fragment. Defoliation consisted of cuttingveground shoots of tillers and non-rooted
stolons above the cutting height. Clipped tissuesewdried at 60°C to constant mass and
weighed. We applied the first defoliation after &day acclimation period during which
tillers were allowed to root and grow. Defoliatiements then occurred every 21 days, from
28 May to 30 July 2007. Defoliated plants were thuisfour times. The recovery period after
the last defoliation event lasted for 21 days, pladts were harvested on 20 August 2007.

At the end of the experiment, we monitored morpgiial and clonal traits (Table 2).
At harvest, we measured the vegetative heightasitpl We then cleaned the individual plants
and separated them into tiller shoots, stem basethe below-ground part of tiller shoots),
connections (stolons or rhizomes), roots and flewdhese organs were dried at 60°C to

constant mass and weighed.
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Table 2 — Morphological and clonal traits monitoeedhe end of the experiment

Trait Measurement
Total biomass Sum of the biomasses of all organa$yding clipped tissues

Above-ground biomass Biomass of tiller shoots,msts] and clipped tissues

Below-ground biomass Biomass of clonal organs wtlibelow the ground surface
(rhizomes and shoot bases)

Root biomass Biomass of roots

Flower biomass Biomass of flowers produced duriregexperiment
Number of tillers Final number of tillers

Number of flowers Number of flowers produced durihg experiment

Number of connections Final number of rhizomestoloas

Distance of clonal spread Distance from the par@miet to the last node of the longest
connection, or radius of the tussock

Vegetative height Height of the highest vegetatiler

Data analyses

In order to focus on the eight species studiedhénexperiment, we removed all other species
from the abundance matrix species x plot (matrix We then recalculated the percentage
cover of each species, so that the sum of abunddaceach plot was 1 (matrix B, Pakeman
2004). We evaluated the level of grazing resistdoceach species by applying redundancy
analysis (RDA) on the resultant matrix B, with #tecking rate as the explanatory variable.
The level of grazing resistance corresponded tosttuee of the species on the constrained
axis of the RDA (de Bellet al 2005).

For each species, we aimed to describe (i) thetitoinge (i.e. species-specific) values
of clonal traits, and (ii) the responses of clamaits to defoliation. For that purpose, we used
data extracted from the garden experiment. We dersd the mean trait values in the control
treatmenti(e. without defoliation) as the estimator of specipsesfic trait values. In order to
assess trait response to defoliation, the defohatreatment was expressed as an ordinal
variable (0 = control, 1 = moderate and 2 = sewa®liation). For each species and each
trait, we calculated the Spearman’s rank corretatioefficient p) between treatment and trait
value. We thus obtained the score of each speciessponse to grazing (RDA score), and,
for each trait, the species-specific mean traittedl) and the species-specific response of the
trait to defoliation (ii). We finally determined éhimportance of (i) traits and (ii) of their
response to defoliation as predictors of speciggase to grazing. In this purpose, we tested
for each trait, the Pearson’s correlation coeffitig) between the species RDA scores and (i)
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the species-specific mean trait values, and (i@ 8pecies-specific trait responses to
defoliation.

RDA analysis was carried out using CANOCO (ter Rra&a Smilauer 1998).
ANOVAs, post-hoc TukeyHSD tests, the calculatiorcofrelation coefficient and associated

tests were carried out with R software (R Developim@ore Team, 2007/http://www.R-
project.org.

Results

Species status in the field: response to grazing

Species differed in their level of grazing resis&aiklytrigia repenswas the only species with
a negative score, indicated that its abundancensgatively related to the grazing regime.
The scores oduncus gerardjiCarex divisaandAgrostis stoloniferavere comprised between
0 and 0.2. Their abundance was little affectedh®ygrazing regime?oa trivialis, Hordeum
secalinum Cynosurus cristatugand Lolium perennewere absent from the exclosure. Their

abundances increased with the grazing regime asated by their scores higher than 0.5
(Fig. 1).

S
— J. gerardii
C.divisa
- C.cristatus
= P. trivialis
E.repens - L. perenne
" H. secalinum
© ]
CI} 'A. stolonifera

-1.0 1.;

Stocking rate

Fig. 1. Factorial plan F1 — F2 of the RDA on thedpsxplot matrix (matrix B), with the stocking eaas
constraining factor.
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Correlation between grazing resistance and speapseific traits
Pearson’s correlation coefficient showed that ombp traits were significantly related to
grazing resistance. Grazing resistance was netjatieerelated with both the mean biomass

of below-ground organs and the mean vegetativehh€l@ble 3).

Correlation between grazing resistance and traispgnse to defoliation

The grazing resistance was positively correlatedh® response to defoliation only for
vegetative height (Table 3). Grazing resistancal@dnto be positively correlated to the
response of the biomass of below-ground organsléT®b although this correlation was only

marginally significant®® = 0.052).

Table 3 — Values of Pearson’s correlation coeffitsebetween species scores in response to gramthdia

species mean trait values, and (ii) species regsotusdefoliation for each trait, and relafdalues. In bold:
significantP-values.

Clonal trait r Species meanFs) Spe;:ies responses tPo defoliation
Total biomass -0.15 0.732 0.38 0.359
Above-ground biomass -0.05 0.906 0.27 0.515
Below-ground biomass -0.91 0.002 0.70 0.052
Root biomass -0.10 0.810 0.48 0.225
Flower biomass 0.53 0.172 -0.23 0.589
Number of tillers 0.08 0.855 -0.45 0.265
Number of flowers 0.56 0.150 -0.02 0.961
Number of connections -0.18 0.675 0.18 0.664
Distance of clonal spread -0.34 0.409 0.02 0.971
Vegetative height -0.91 0.002 0.80 0.017
Discussion

Two traits (.e. maximal vegetative height and biomass of belowsgdoorgans) were related
to species resistance to grazing. For both triesmean species-specific value, as well as the
response to defoliation was related to speciesorespto grazing. Our results suggest that, in
the study plant community, grazing tended to fastoategies of defoliation avoidance rather
than tolerance. Among clonal traits, only the bismaf below-ground organs was related to
clonal growth. This indicates that, contrary to axpectations, clonal traits are poor

indicators of species resistance to grazing.
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Competition vs. avoidance, rather than tolerance

The ability to tolerate tissue losses is consideéoele widespread among plants and notably,
expected to be selected for in vegetation submitbederbivores (Stowet al 2000). In a
study on eight grassland species, del-Val & Craw{2§05) demonstrated that grazing
resistance was significantly related to the abitifythe species to compensate for losses of
biomass caused by experimental defoliation. Theyckwled that tolerance to herbivory was
an important factor influencing the structure of tregetation in grazed environments. In the
present study, the response of total plant biontmskefoliation {.e. compensation) was not
correlated to species level of grazing resistadareover, for both the maximal vegetative
height and the biomass of below-ground organs,oresp to defoliation depended on the
initial value of the trait. The higher the initighlue of the trait in undefoliated conditions, the
more negatively it was impacted by defoliation. Himlity of studied species to tolerate for
defoliation thus proved weak and little involvedgirazing resistance.

Our results proved that species the most resistagriazing were shorter and allocated
less biomass in below-ground organs than senssfpezies. Plant growth form and height
frequently emerged as the best predictors of speeigponse to grazing: short statures and
prostrate or rosette architectures proved to beackeristics of increasers in several systems
(Noy-Meir et al 1989, Diazet al 2001, 2007). By contrast, high canopies have been
suggested as attributes of competitive plants (&rif@77). In our study site, the exclosure
without grazing is dominated bly. repens The dense canopy generated by this species is
likely to reduce light quantity and quality availatio shorter species and to prevent seedling
establishment. The great biomass of below-grouoadatlorgans recorded in this rhizomatous
species suggests an important investment in res@iorage (Suzuki & Stuefer 1999). This
capacity could allow tiller production despite cagtipon for light as stored resources can be
mobilized to sustain the development of immatuiters (Stuefer & Huber 1999). Enhanced
clonal multiplication together with low seedlingt&slishment could explain the competitive
success ofE. repensin the absence of grazing. By contrast, grazimyoed defoliation
impacts neighbor plants at a similar height anzbissequently likely to remove more biomass
from taller plants (Rotundo & Aguiar 2008). Simligrthe observed decrease in abundances
of the late-seral dominanBchizachyrium scopariunn response to increasing grazing
pressure seemed to be due to its inability to agvaking, despite its high tolerance to
defoliation (Brown & Stuth 1993, Anderson & Brisk895). Consequently and, contrary to

our hypothesis, grazing response in the study spesgemed to depend more on the balance
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between competitive and avoidance abilities thamoterance to defoliation (Noy-Meet al.
1989).

A weak implication of clonal traits in species resmse to grazing

Only one clonal trait was associated to speciegorese to grazing: the biomass of below-
ground organs was negatively related to grazingsteexe. As suggested above, this trait
could be associated to competitiveness.

None other clonal trait was a good indicator ofzgrg resistance. Although species
the most resistant to grazing tended to be tusgwoking and species the least resistant were
rather rhizomatous or stoloniferous (Fig. 1, Tabjethe distance of clonal spread was not
involved in species response to grazing. In a simiay, neither tillering nor connection
branching were consistent with grazing resistaive¢, numerous meristems situated close to
or slightly below the ground surface are expectesusstain tillering following the removal of
above-ground biomass (Briske 1996, KlimeSova & K#&mM2003). In grasses, the basal
position of intercalary meristems, which protetisnh from above-ground damage, could be a
key factor of tolerance to herbivory (Haukioja & kaheva 2000). Indeed, plants &
scopariumwith a long grazing history produce significantlyore, but smaller tillers than
individuals from ungrazed populations (Briske & Asmslon 1992). An increase in tiller
density together with a decrease in tiller sizer@sponse to grazing have also been
demonstrated in a clonal seddeaex bigelowii Jonsdéttir 1991), confirming that grazing
may stimulate tiller recruitment. Increases iretilhumbers have been recorded as a response
to experimental defoliation in several grasses l{Ridset al 1988, Smith 1998). However,
tillering responses to defoliation are very likébydepend on species (Richaetsal 1988) or
development stage of the plant at defoliation (@l&Richards 1988, Bulloclet al 1994).
Such factors, notably the number and activity ofidoavailable (structural blue-prisensu
Huber et al. 1999), may have constrained the observed respooiseamet number to
defoliation in the study species, independentlynfitbeir grazing resistance.

The main objective of our study was to disentarthie relative involvement of
species-specific trait values and trait responsgefoliation in species resistance to grazing,
with particular focus on clonal traits. Our resutsowed that only two traits related to the
balance competitioms. avoidance could be used a predictors of specatgssin the studied
system. In particular, species response to graziag constrained neither by species clonal
traits, nor by response of clonal traits to detadia Clonal traits and clonal responses to

defoliation varied among species, inconsistentlgpecies status in the field. Rather than a
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species-based approach, a trait-based method fégimiore powerful in determining trait

values favored by grazing.

Perspectives: from a species-based to a trait-baggatoach

Grazing, as other environmental factors, is exgkdte favor traits providing plants with
resistance ability. This can be achieved througrers¢ ways: (i) the selection of species
provided with these trait values, (ii) the intraespiic genetic variation of trait values and
local adaptations or (iii) phenotypic plasticitydaocarry-over effects. Local adaptations refer
to the selection of locally specialized genotypésa species. The contrasted responses of
individuals of S. scoparium(Briske & Anderson 1992) oBouteloua curpitendulgdSmith
1998) from populations with different grazing his¢és demonstrated that grazing may
generate local genetic differentiation. Howeven;, experimental design did not allow us to
test for such local adaptations, notably becauseallected the studied plants in a meadow
where grazing pressure is not controlled. Phenotygasticity corresponds to the
environment-mediated expression of a genotype @rad 1965). Contrary to our
expectations of a positive relationship betweerzigmaresistance and defoliation tolerance,
plasticity in response to defoliation may enablecsgs to occur in similar abundances
whatever the grazing regime. Further studies ofetki|gression of plant functional traits (in
particular clonal traits) under contrasting regina@sl associated defoliation would allow to
determine the importance of trait values in respdnsgrazing, and even to separate the ways
by which their expression is favored (species $elec local adaptations or phenotypic

plasticity).
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Conclusion du chapitre 1

Au cours de ce chapitre, nous avons mis en évidémopact du paturage sur les traits
clonaux. Cependant, un effet hiérarchique de I'dadion et du paturage ont été mis en
evidence. Le régime d’inondation constitue undilprimaire, discriminant des communautés
végetales de compositions clonales contrastéesedanse des traits clonaux au paturage est
secondairement contrainte par le régime dinondated, de ce fait, differe entre les
communautés. Dans la communauté mésophile, la ncoimsainte par le régime hydrique, la
structure verticale (hauteur) de la végétation gartes une hétérogénéite fine. Celle-ci n’est
pas liée au régime de paturage mais plutbt a desuis intrinseques a la végétatiang(
composition spécifique) et/ou d’autres facteursiremnementaux €.g. caractéristiques du
sol). La défoliation générée sous paturage intérmsrogéenéise la hauteur de la végétation,
tandis qu’'en paturage modeéré, la défoliation augenéhétérogeneéité mais a large échelle
(supérieure a 1 metre). Par conséquent, quel qukeségime de paturage, la probabilité que
la défoliation soit percue de maniére homogendepitagment clonal est forte. A I'échelle du
fragment clonal, la défoliation est susceptiblendevarier que par sa fréquence d’occurrence
ou son intensité.

Le paturage quel que soit son régime, tend a fa@oles formes clonales stoloniferes
ou cespiteuses, les banques de bourgeons végetatitnnes, les ramets annuels et les
connexions a courte durée de vie. Des organessebadgargeons clonaux souterrains, des
connexions et des durées d’intégration longues gims des taux de multiplication clonale
forts sont, quant a eux, caractéristiques des tondinon paturées.

A l'issue de ces observations, il semble donc squedturage favorise les formes
clonales stoloniféres et cespiteuses. L'architectimnale, quant a elle, semble peu associée a
la résistance au paturage, tandis que la capaeitéisk en place de réserves (estimée par la
biomasse des organes clonaux souterrains) et deélallocation en réponse a la défoliation
serait une caractéristique des espéces les maistarites au paturage. En outre, la réponse
des traits clonaux a la défoliation ne semble ggsd la résistance des plantes au paturage.

Bien que ce premier chapitre nous ait donné un igreapercu des traits clonaux
potentiellement impliqués dans la réponse au padjrales expérimentations semblent
nécessaires pour comprendre l'implication de pétps clonales majeures, l'architecture

clonale et le stockage de ressources, dans lasépota défoliation et au paturage. Dans un
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premier temps, nous avons donc cherché a carastéias réponse morphologique et
architecturale a la défoliation chez plusieurs espélonalesqHAPITRE 2). Dans un second
temps, nous avons étudié I'implication potentielkela capacité de stockage dans la tolérance

a la défoliation et dans la réponse au paturager|TRE3).
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CHAPITRE 2 — REPONSES MORPHOLOGIQUES ET ARCHITECTURALES
DES PLANTES CLONALES A LA DEFOLIATION






Introduction du chapitre 2

La croissance clonale confére aux plantes la cepdeis’étendre horizontalement par le biais
de connexions pouvant étre souterraines (rhizoraasaériennes (stolons). L'architecture
clonale, c'est-a-dire la structure et la forme dseau de connexions, est une propriété
cruciale, contraignant la disposition des ramelig. &st décrite par les propriétés d’élongation
et de ramification des connexions (nombre et loogwkes connexions primaires et des
ramifications, distances inter-ramets, angles dag&€onnexions, etc.). La disposition spatiale
des ramets détermine a la fois la capacité d’'uaatel clonale a coloniser et a occuper
'espace disponible, mais également I'intensitdadeompétition intra-ramets. L’architecture
exprimeée par le fragment clonal dépend de plusi@atsurs.

L’architecture clonale peut étre limitée par desitrintes structurales spécifiques
(structural blue-priny telles que le nombre de bourgeons végétatifsodibpes. Elle peut
€galement étre modulée par les conditions envimengéles. Ainsi, plusieurs études ont
démontré cette plasticité phénotypique architetduea réponse aux ressources édaphiques
ou lumineuses. Cependant, les ajustements plastided’architecture clonale sont parfois
limités ou inexistants. En effet, le type de conaes (rhizomes ou stolons) ou les contraintes
structurales sont des facteurs pouvant limiter l&strité architecturale. Par exemple, les
stolons seraient des connexions plus plastiquesegu@izomes.

Chez des plantes non clonales, la défoliation nedks relations hiérarchiques entre
les bourgeons, notamment en provoquant la levéa deminance apicale. Les modifications
architecturales des structures aériennes qui eulteBs sont souvent évoquées comme
mécanismes de tolérance a la défoliation. Par ebegrigrégénération végétative causée par
'activation de bourgeons végétatifs dormants, @palement étudiée chez les plantes
ligneuses, serait un mécanisme de tolérance atxrpations.

L’objectif de ce chapitre est donc d'identifier de caractériser la plasticité de
I'architecture clonale en réponse a la défoliaties ramets. Les hypothéses suivantes ont été
testées :

1- La plasticité de I'architecture clonale permet laimien de la performance clonale en
réponse a la défoliation des rameB8TCLES4 ET5).
2- L'architecture clonale et sa plasticité en répomdsda défoliation dépendent de

contraintes constitutives telles que :
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a. le type de connexions produites. Nous supposonslegistolons sont plus
plastiques que les rhizomesR{ICLE 4)

b. les contraintes structurellas. structural blue-print(ARTICLE 5).
Une expérience en serre, sur dix especes clonailes gtoloniferes et cing rhizomateuses)

ainsi qu’une expérience en jardin sur deux espEgpsraceae rhizomateuses ont été mises en

place pour tester ces hypothéses.
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Abstract

Clonal architecture may enable plants to effecyivespond to environmental constraints but
its role in plant tolerance to defoliation remajsorly documented. In several non-clonal
species, modifications of plant architecture haeerbreported as a mechanism of plant
tolerance to defoliation, yet this has been Igtiedied in clonal plants.

In a glasshouse experiment, five rhizomatous arel gtoloniferous species of grazed
pastures were subjected to three frequencies ofidédn in order to test two hypotheses. (1)
We expected plant clonal response to defoliatiotnéoeither a more compact architecture
(low clonal propagation, but high branching), ornere dispersed one (long-distance
propagation and low branching). Such plastic adjesits of clonal architecture were
assumed to be involved in tolerance to defoliatiento promote genet performance in terms
of biomass and number of ramets. (2) The respohswal architecture to defoliation was
expected to be dependent on the species and toobe mhastic in stoloniferous than in
rhizomatous species.

Most genets of each species were tolerant to defoliaienthey survived and
developed in every treatment. Architectural modifiens in response to defoliation did not
match our predictions. Clonal growth was either nteaned or reduced under defoliation.
Relative growth rate (RGR) decreased in eight ggeavhereas defoliated genets of seven
species produced as many ramets as control gdBetimass allocation to ramet shoots
remained stable for all but one species. In ddfadiagenets, the number and mean length of
connections, and mean inter-ramet distance weral éguower than in control genets. Four
groups of species were distinguished accordindnédr &architectural response to defoliation
and did not depend on the type of connections. Wpothesised that dense clonal
architectures with low plasticity may be the moslvantageous response in defoliated

conditions such as in grazed pastures.
Keywords

Between-class PCA; glasshouse experiment; respameaps; short-term defoliation;

tolerance.
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Introduction

Vegetative multiplication is widely spread in plantarticularly in Angiosperms. Many
species are able to reproduce both by seeds (sespedduction) and by clonal growth
(asexual reproduction), while some others are emariusively clonal (Price & Marshall
1999). A genet consists of the vegetative prodaciid genetically identical offsprings
(ramet9 that are potentially independent units as theyeltg their own shoots and roots
(Hutchings & Bradbury 1986; Klimest al. 1997). This propagation allows the genet to
persist and spread both in space and time (Ga&rdangel 1997; Oborny & Kun 2002).
Vegetative growth modes are variable and majomatte has been paid to clonal plants
forming aboveground or belowground horizontal sté€stelons and rhizomes respectively,
hereafter often referred asnnectionscarrying ramets (Klimeét al 1997). In the following,
the termclonality will refer to these particular growth modes.

Clonal architecture provides singular plant chamastics relying mainly on the
integration between ramets, which presents a pateadaptive role (Hutchings & Wijesinghe
1997; Suzuki & Stuefer 1999). Clonal plants areelljk to effectively respond to
environmental constraints that may explain theiwrmance in a variety of environments
(Hutchings 1999; Price & Marshall 1999). Clonalmikaare particularly able to show plastic
adjustments of clonal architecture, a strategy lvea in selective foraging for light quality
(Stuefer & Huber 1998), light intensity (Dong & Rieminici 1995), nutrient availability
(Liao et al. 2003) and even soil temperature (MacDonald & fersf 1993) and competition
(MacDonald & Lieffers 1993; Kleijn & van Groenendd®99; Macek & Leps 2003).

For plants submitted to defoliation, the ability gfowth and reproduction after
damage is defined as tolerance, while the term emsgtion is often used to characterise the
degree of this tolerance (Strauss & Agrawal 1998Jerance can be considered as a plastic
trait and ranged along a gradient (Maschinski & tWin 1989, Stoweet al. 2000)
Incomplete tolerance occurs when defoliated plantgive and develop but their performance
is lower than for undefoliated plants (undercompéing sensuStrauss & Agrawal 1999).
Compensating and even overcompensating tolerarsgectvely refer to maintained and
increased performance for damaged plants compareddamaged ones (Stoweal 2000).
Amongst a variety of mechanisms, modifications bbweground plant architecturee(
branching pattern) had often been mentioned ascuént response to clipping in non-clonal
plants (Owen 1980; Paige & Whitham 1987; Lennarns&ial 1998).

The aim of this study was to investigate whethetivacadjustments of clonal

architecture are involved in genet tolerance twlkgion. Few studies have been carried out
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on the responses of clonal architecture to dishadasuch as clipping or grazing (see
however Moeret al. 1999; Piqueras 1999; ket al 2004; Wanget al. 2004). We investigated

such questions by considering the comparative respado experimental clipping for ten
species, embracing both stoloniferous and rhizonsaspecies.

We first tested whether clonal architecture-relateglts are involved in species
compensating tolerance of defoliation, enabling h@ntenance of genet performance (in
terms of biomass and ramet production). Their nespas expected to vary between traits,
and either a more compact architecture (low clgabagation, but high branching) or a
more dispersed one (long-distance propagation anwdotanching) are expected to occur in
response to defoliation (Table 1). The second hg®$ was that the response of clonal
architecture to defoliation might vary according $pecies and in particular among
stoloniferous and rhizomatous species. As stolores raore often involved in spatial
propagation and show higher morphological plastititan rhizomes (Dong & de Kroon
1994; Dong & Pierdominici 1995), clonal architeetus expected to be more responsive to

defoliation in stoloniferous than in rhizomatougaps.

Table 1. Variations of clonal traits predicted bg hypothesis of compensating tolerance to defotiatArrows
indicate the direction (decrease, maintenance aease) of trait variation between undefoliated defbliated
plants.

Survival and development >

Clonal performance

Relative Growth Rate
Number of ramets

Biomass allocation to ramets

A A

Clonal architecture-related traits

Number of connections N .
Mean length of connections . N
Mean inter-ramet distance 7 A

Clonal growth form Dispersed Compact
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Methods
The response of ten clonal species to three fremeef defoliation was recorded in terms of
genet performance and architecture-related traits.

The studied plant species were selected out oftvlemty-three clonal herbaceous
perennials from grazed pastures in the Marais yoiteWestern France (46°28 and
1°30W). These species are the most abundant clonalespet these plant communities,
where the biomass consumption by grazing ranges %% to 87% of the available biomass
(Rossignolet al submitted). They belong to several families ahdws different modes of
clonal growth. All species can produce long conioest either aboveground (stolons) or
belowground (rhizomes), or both. Some of them dan #orm tussocks through very short
connections (caespitose growth form) (Table 2).

Table 2. Studies species and their clonal growple fadapted from Klimedt al, 1997). For species having the
ability to develop two types of connections, thganéype developed during the experiment is memibfirst.
Caespitose growth type corresponds to the productighort rhizomes (tussock forming species).

Species Abbreviation Class Family Clonal growth type
Agrostis stoloniferd.. Asto Monocotyledons Poaceae Stoloniferous
Caespitose
Carex divisaHuds. Cdiv Monocotyledons  Cyperaceae Rhizomatous
Eleocharis palustris .
Roem. & Schult. Epal Monocotyledons Cyperaceae Rhizomatous
Elytrigia repend.. Erep Monocotyledons Poaceae Caespitose
Rhizomatous
Glyceria fluitans Gflu Monocotyledons Poaceae Caespitose
(L) R. Br. Stoloniferous
Juncus articulatus.. Jart Monocotyledons Juncaceae Rhizomatous
Stoloniferous
Juncus gerardiLois. Jger Monocotyledons Juncaceae Rhizomatous
Ranunculus reperis. Rrep Dicotyledons Ranunculaceae Stoloniferous
Trifolium fragiferumL. Tfra Dicotyledons Fabaceae Stoloniferous
Trifolium repend.. Trep Dicotyledons Fabaceae Stoloniferous

141



Experimental set-up

Ramets were collected in February 2006, from aegtarea of 1 hectare. Thirty-three ramets
per species were chosen and randomly assignedetofahe three treatments of defoliation.
The experimental design thus consisted of 10 spegie3 defoliation treatments x 11

replicates with a total of 330 experimental units.

Each ramet was cleaned, weighed (fresh mass, FiMyaoted in the centre of a pot
(20-cm-diameter and 16-cm-height) containing firredgn soil. Six to 10 cfrof substrate
from the collection site were added close to thetsoof the ramet in order to provide
symbiotic microorganisms. Ramets were first allowted grow freely for a five-week
acclimation period during which dead ramets weptaeed. The ratio FM/DM (fresh and dry
mass respectively) was determined for ten additinoa-planted ramets per species, and the
mean per species used to estimate initial dry bssnoheach planted ramet.

The experiment was conducted in a non-heated glasshat the campus of Beaulieu
(University of Rennes 1, France) from"™®larch up to 1% May 2006. In the glasshouse,
temperature was maintained below 25°C. Pots weterea daily with tap water, and weeds

were regularly removed.

Experimental treatments

The three frequencies of defoliation tested were: defoliation (control treatment),
defoliation every thirty days (mid-frequency de&ion treatment) and defoliation every
fifteen days (high-frequency defoliation treatmenflo make a realistic simulation of
defoliation caused by cattle, all aboveground paftsvionocotyledons were cut to 7 cm
height (Loucougarayet al 2004). As Dicotyledons were generally lower thancm,
defoliation consisted in the removal of 50 % of eleped leaves by severing the petiole at its
base (both petiole and lamina were removed). Gemets harvested 8 weeks after the first
clipping. Genets under mid-frequency treatment whres cut twice and those under high-

frequency treatment were cut four times.

Trait measurements

At harvest the number of ramets per genet was edusntd architectural traits were measured.
Then, each genet was divided into vegetative shflotsers, connections, and roots, dried to
constant mass at 60°C and the dry mass of eachest tparts was weighed. As the study

focused on clonal architecture, biomass allocat@moots was not taken into account. As
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only a few genets had produced flowers during tkpeement, only traits related to

vegetative development were taken into account.

Traits related to clonal performance
The investment in clonal reproduction was estimai®the final number of ramets. The total
growth of each genet was measured as the relativetly rate calculated as follows:

In( finalbiomass-clippings-In(initial biomas$}
numbepf days

RGR= , Wherefinal biomasss the dry mass of

the whole genet (including roots) at the end of éxperimentclippings the dry mass of
clipped tissues, anditial biomass the dry mass of the planted ramet. Finally, tloenass of
ramets corresponded to the sum of the final drysnoAshoots of all ramets produced by the
genet.

Architecture-related traits
Measured traits were: the total number of connasti(stolons or rhizomes) per genet, the
mean length of connections (with a precision of m)nproduced per genet, and the mean
inter-ramet distance (with a precision of 1 mm) genet. This latter corresponded to the
mean distance between two consecutive rametsuld dxe calculated only for genets that had
produced connections carrying ramets (Fig. 1).

connection
shoots

ramet
roots

Fig. 1 Schematic representation of a
genet, and definition of architectural
traits.

inter-ramet
! distance

<+— connection length ——p»

Four out of ten species can develop two types oheotions (Table 2). However,
Juncus articulatugproduced very few stolons and only data relatechibomes were taken
into account. FoAgrostis stoloniferaElytrigia repensand Glyceria fluitans the calculation

of mean inter-ramet distance did not include cdespiconnections.
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A species was considered as tolerant when gendtsuraived and developed even
under the high-frequency defoliation treatment. Thsponses of clonal performance to
defoliation (from a decrease to an increase) weeal o characterise the degree of tolerance

(from incomplete to compensating tolerance).

Statistical analysis

For all species, one-way ANOVAs showed no diffeemnm ramet initial biomass between
the three treatments, confirming the assumptiomaiet randomisation between treatments at
the beginning of the experiment. The percentagbiofass removed by defoliation was
assessed through ANOVA with species and treatmenmain effects. The correlation
between the percentage of biomass removed andatbesvof architecture-related traits was
tested. We used the non parametric Spearman doreleoefficient p) as traits did not
follow a normal distribution.

Within-species effects of defoliation treatments foral number of ramets, RGR,
mean length of connections and mean inter-rameardis were assessed through one-way
ANOVAs, after checking for normality and homogegaeit variances (Kolmogorov-Smirnov
and Levene tests respectively), and log-transfaomadf data when necessary. Post-hoc
comparisons between treatments were tested byukeylKramer test. In the particular case
of final number of connections, for which assumpgioof normality and homogeneity of
variances were not met, non-parametric Kruskal-W/alests were used and post-hoc
comparisons were made by Mann and Whitney U testsBonferroni correction. The effect
of defoliation on biomass allocation to ramets veamlysed by ANCOVAs using final
biomass as a covariate. The aim was to increaspaler of the F-statistic by adjusting for
the influence of the covariate, and to avoid the a$ biomass ratios, which may be
misleading to study allocation patterns (Jiesge & Bazzaz 1999). Interactions between
treatment and covariate were first introduced ithte model and removed when non-
significant.

The comparison of architectural responses to dafoh between the ten species was
done by multivariate analyses, taking into accdhatthree architecture-related traits. After a
Principal Components Analysis (PCA) on correlationatrix, traits were centred
independently per species (within-species PCA) aachpared between treatments by a
between-class PCA (bc-PCA), each treatment coresidas one class (Dolédec & Chessel
1991). Such analysis enabled to eliminate scakcesfflinked to differences of average trait

values between species. Following this analysisrahchical ascendant classification (HAC

144



using Ward method of clustering, Legendre & Legenti®98) was used to group species
according to their multivariate trajectory of reape. The coordinates of each treatment along
the two first axes of bc-PCA constituted the sixajales.

ADE-4 software (Thioulouset al 1997) was used for bc-PCA, and JMP software
(SAS procedure) for other statistical calculatiomsall cases, we rejected null hypothesis at
the p=0.05 level.

Results

Effects of defoliation treatments on clonal perfoance and architecture-related traits

The amount of biomass removed by defoliation défesignificantly between species and
treatments (species x treatment: 1g.454= 12.05, P < 0.0001, species: gkgs= 36.78,

P <0.0001, treatment: ,kgs= 750.04, P <0.0001). For the high-frequency defoliation
treatment, it ranged from 42.5 %.(stolonifera to 10 % Juncus gerard)i. The three grasses
were the most severely impacted (between 27 % ar&l% for high-frequency defoliation,
and between 20 % and 24 % for mid-frequency treatmehereasl. gerardii and the two
Trifolium species were less impacted, especially by midsaqy defoliation treatment (only

from 5 % to 7 % biomass removed; Fig. 2).

B High-frequency defoliation treatment
— 50} : _
S O Mid-frequency defoliation treatment
@ 4l b
S 30} de xd  cde
o ge ef ef de e
5 ¢
Q 20} f
o h h
g 10 } , hi hi
= hi

Asto Erep Rrep Gflu Cdiv Tfra Jart Trep Epal Jger

Fig. 2 Means and standard deviations of percentdddgomass removed [biomass removed/(final biomass
biomass removed)] for each species. Letters inglisggnificant differences between treatments aretisp
(post-hoc Tukey tests).
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At the end of the experiment, 311 out of the 33dege had had survived and
developed, all species and treatments taken togé&the impact of treatments on trait values
depended on species and traits. When significafiérehces of trait values occurred either
between the control and both defoliation treatmeamtdetween the control and the high-
frequency defoliation treatment only. Thereforereladfter the term defoliation will most
frequently be used without distinction between tWe levels of the defoliation treatment.
J. articulatus J. gerardiiandRanunculus repenwere the three species for which almost no
trait was significantly impacted by defoliation. Bpntrast, the final number of ramets of
defoliated genets was 60 % to 30 % compared toottee of control genets fdEleocharis
palustris G. fluitansand Trifolium fragiferum It did not significantly change for the other
ones (Table 3; see also Table S1A in Supplemeriaierial). Defoliation generated a
significant reduction of RGR for eight species ([Eal3, Table S1B), and there was a
significant covariation between the final biomas&l dhe biomass of ramet shoots for all
species excepl. fragiferum This last trait was significantly impacted bypging treatment
only for Trifolium repens indicating that, for the nine other species, asmallocation to
shoots ice. the part of the genet final biomass allocatecheoramet shoots) was not changed
by defoliation (Table 3, Table S1C). F@arex divisaonly, all architecture-related traits
showed a significant drop after defoliation (Tal8¢ For E. palustris E. repensand
T.fragiferum the number of connections decreased, up to 8@k fpalustris(Table 3,
Table S2A). Mean length of connections decreased@™6 forA. stoloniferaand 50 % for
C. divisaandG. fluitans(Table 3, Table S2B). Finally, mean inter-ramettaiice decreased
in A. stoloniferaC. divisaandT. repengTable 3, Table S2C).

Multivariate responses of clonal architecture tofdéation

Over all ten species, there was no significantedation between the percentage of biomass
removed and the three architectural traits- ¢0.08,P = 0.15 for the number of connections;
p =0.02,P = 0.68 for the mean length of connections, ar0.02,P = 0.68 for the mean
inter-ramet distance). But their response to dafioin varied between traits and species. The
two first axes of bc-PCA represented 96 % of tetmiance (69 % and 27 % respectively,
Fig. 3). The F1 axis carried out mean length ofnemtions and mean inter-ramet distance.
The F2 axis was negatively correlated with the neimbf connections (Fig. 3A). The
amplitude of variation between the extremes oftthgctories along the first axis was weak

for all species buh. stolonifera
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Table 3. Effects of defoliation on clonal traitg fall ten species. Arrows indicate the variatiofdrait values
between control and both defoliation treatmenteakltogetherN significant decrease® no significant
difference, NA not available. Abbreviations of sjgacfollow table 2. Results of statistical tests presented in
Supplementary Material (Table S1 for traits indieaiof performance, Table S2 for architecturalt&ai

E}I/rs:)thesis Asto Cdiv Epal Erep Gflu Jart Jger RrepTfra Trep

Survival and development > 2 D D D D D D =D D> D
Clonal performance

RGR > Y] Y] A ¥ N =2 =5 3N N 23
Number of ramets > 2 =2 N =2 N =2 =2 =2 N 2
Biomass allocation to ramets* > 2 2 =2 =2 =29 =2 =25 =2 =5 23
Clonal architecture

Number of connections . N | =2 23 A" A =D =2 =D =2 N =2
Mean length of connections A" 7 A A 2D =2 N D D D D> D
Mean inter-ramet distance A" . N A 2> NA NA = =5 = =5 23

* Biomass allocation to ramets corresponds to ffeceof treatment (main factor) on the biomasalbfamets
of a genet, tested by the ANCOVA (final genet bismas a covariate).

§ Asto || Cdiv Epal Erep
a H H H
LL 3 M \ M & M
\ /|
c c c C
Jart Jger Rrep
H H M M
C M C Hl ¢
Dist LCo
Tfra |[H Trep |/H 0.46
-1.1+1.3
NbC o
on
| A M M[
c c B

Fig. 3 Multivariate responses of clonal architeettio defoliation for each species. Traits valuegehbeen
centred per species (within-species PCA) and comcpaetween treatments (between-treatment PCA). The
factorial plan is thus the same for all speciesCArrelation circle of architectural traits in tfaetorial plan 1-2

of between-treatment PCA. B. Trajectories of maltiate responses to the three treatments for gamties in

the factorial plan 1-2. Each point represents thig/¢entre of all replicates of a defoliation treatrn Points C:
control treatment, M: mid-frequency defoliationamment, H: high-frequency defoliation treatment.

Dist: mean inter-ramet distance, LCon: mean leofttonnections, NbCon: number of connections. Seg#er2

for the meaning of species abbreviations.
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The trajectory between control and high-frequenefpliation treatment along the second axis
varied in the direction of a decreased number oheactions for nine species. This variation
was the most important fdrrifolium species, weaker f&. divisg E. palustris E. repensaand

G. fluitans and was close to zero for JuncaceaeRnegpensThe trajectory of. stolonifera
along this axis had a singular shape, with a greaéase between control and mid-frequency
defoliation and a decrease between mid-frequendyhayh-frequency defoliation (Fig. 3B).

The HAC based on architectural responses to défmliaesulted in four groups of

species. The first group consisted of badttifolium species.J. articulatus J. gerardii and

R. repensformed the second group, whi@ divisg E. palustris E. repensand G. fluitans
constituted a third group. Finally, the last grozgrresponded t@\. stolonifera due to the
singular shape of its trajectory of response (#)g.

===

1
:Tfra:— - - =

Trege = = —

Fig. 4 Dendrogram of species resulting of HAC adawg to the multivariate responses of clonal agttiire to
defoliation. Species were clustered into four ggoop the base of. Euclidean distance (Ward’'s matieele
Table 2 for the meaning of species abbreviations.
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Discussion

Consequences of defoliation on clonal performance

All species showed tolerance to defoliation as 8dtLof 330 genets survived and developed
even when severely clipped. Biomass allocatioratoats was not affected by the treatment,
except for one species. This indicates that gewete able to sustain damaged ramets and
even to compensate for aboveground biomass renwawsded by defoliation. While the
design did not allow to identify the mechanismsoired, Brown & Allen (1989) reported
that clipping treatment may cause the translocatioresources from belowground organs to
support the regrowth of aboveground tissues.

We recorded however a great discrepancy on theedegfr tolerance depending on
traits and species considered. The RGR decreas#d chpping, which is typical of
undercompensation (Strauss & Agrawal 1999) andnipiete tolerance (Stowet al. 2000),
while together, seven out of 10 species maintasinalar number of ramets in all three
treatments, arguing for species compensating taterdo clipping. Previous studies have
already reported a variety of responses to clippyglonal plants, among species and among
environments for a given species. For example ramagtber has been reported to decrease
for three clonal perennials with leaf removal, (k& Turkington 2000), to be unchanged for
Leymus chinensiéWanget al 2004), either to be unchanged or to increaserdirgp to
nutrient availability forCyperus esculentuf.i et al 2004) and even to increase for five
caespitose grasses (Richaaisal 1988). Biomass responses to defoliation were st&mvn
to vary from undercompensation (&t al 2004) to overcompensation (Hicks & Turkington
2000), probably due to both the differing speciasdied and the defoliation treatment
applied. Interspecific differences in compensataipylity were notably found both in clonal
and non-clonal species (McNaughton & Chapin 1988lsiB/ 1986, Del-Val & Crawley
2005). Response to defoliation has also been shmwmary within the same species
depending on environmental conditions (MaschinskiV&hitham 1989). The lack of
generality in clonal plant responses to clippingyneso originate from the variety of
defoliation treatments used in the different stadieheir impact on plant growth may indeed
differ whether they are applied at a given da&tg.(Hicks & Turkington 2000, Wangt al
2004), at a given development stagey(Richardset al 1988), or several times.@.Li et al
2004).
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Responses of clonal architecture-related traitsdefoliation

Clonal architecture-related traits did not matoh pinedicted responses. Species followed four
types of architectural response to defoliationngdirom no to high variatianTrait values
never increased with clipping and defoliation thed to fewer connections and/or shorter
connections and mean inter-ramet distances. Simg#arlts in response to clipping or grazing
have already been observed in other herbaceoual gtants such asrifolium repens(Hay

& Newton 1996),Acaena magellanicgMoen et al 1999), Trientalis europaeaPiqueras
1999) orLymus chinensi@Nanget al 2004).

Furthermore, the results obtained here show tleaetivas no relationship between the
multivariate pattern of architectural response #reddegree of tolerance to defoliation. For
instance, both the first and the third responsaiggoncluded together species for which
defoliation induced no change in the number of tanf@. divisa E. repensandT. repen}
and species for which defoliation induced a de@@asumber of rametsE( palustris
G. fluitansandT. fragiferun). Compensating tolerance can be related to vanesgonses of
architectural traits. FOE. repensthe production of ramets was not affected by Igfon
despite a decrease of the number of connectiorm)lgs few ramets were produced by these
connections, the majority being caespitose (tusdooking). An alternative strategy was
shown byC. divisg T. repensand A. stolonifera They maintained the number of ramets
unchanged with clipping by the way of the decreasedn inter-ramet distance, whatever the

variation of the other traits.

Interspecific comparison of the responses of clomathitecture to defoliation

Previous studies have shown that higher nutrienatcanlight supply increased branching
intensities of both stolons and rhizomes, wherkasrtorphology of stolons (mean connection
length and mean internode length) was more pléséio the morphology of rhizomes (Dong
& de Kroon 1994; Dong & Pierdominici 1995). Accandito our study, only the stolons of
A.stoloniferashowed a high degree of variability, with high ditope of variation of all
architecture related-traits. The responses of o#teloniferous species were not clearly
distinct from those of rhizomatous species. Theosdcand the third response groups
contained both stoloniferous( fluitansand R. repeny and rhizomatous specie€.(divisa

E. palustris E. repensJ. articulatusand J. gerardi). Thus, contrary to the predictions that
clonal architecture should be more responsive tflidéon in stoloniferous than in
rhizomatous species, the response of clonal aothieto defoliation was not constrained by

the type of connections. Other developmental caimgs may be implied in architectural
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responses to defoliation. For instance, branchattem is related to the number and activity
of axillary meristems (Huber & During 2001), whichay play a key role in architectural
response to defoliation (Briske 1996). In monopbsigecies (a3. fragiferumandT. repen$
the number of connections is constrained by thétdunnumber of meristems available per
ramet (Huber & During 2001). As a result they akely to be more sensitive to defoliation
(Huberet al 1999). Indeed, the trajectories of response efttvo studiedrrifolium species
did show a great decrease of the number of cormms;tcompared to the eight others species
(sympodial species, Klimes & KlimeSova 1999).

However, the species constitutive of the secoddarticulatus J. gerardii and
R. repensand the thirdC. divisg E. palustris E. repensandG. fluitang response groups can
be linked neither by their phylogenetic nor by thdgvelopmental features. Our results thus
demonstrate that architectural response to defmti@annot be predict on the sole basis of the
type of clonal connection (stolons or rhizomes), bp the phylogenetic and developmental

features.

Conclusion

Species responses to defoliation were either thbilsy of clonal architecture or the
decreased investment in the production of connestamd a lower clonal propagation. Gross
et al (2007) showed that low lateral spread was a datige trait of species tolerant to
clipping. Such growth forms can be interpreted las éxpression of thecdnsolidation
strategy (as defined by de Kroon & Schieving 1990) chaeasted by short and little plastic
connections. In grazed pastures, where the riskledbliation is high, plants with short
propagation (either constitutive or induced by tlafmn), capable of producing a dense
population of ramets when defoliated are very {ikel be more competitive than plants that
allocate energy in the production of long connetwtio However, small variations of
architectural traits may have great consequencespatial distribution of ramets within a
genet, and consequently on genet performance, nesagquisition and competition (Huber
et al 1999). Such parameters are likely to be modifigadecurrent defoliation that occurs in
grazed pastures. The four architectural pattermesgionse to defoliation distinguished during
the present short-term experiment are very likelganstrain competitive ability and hence

the relative species abundances along the grazauiemt.
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Table S1.Effects of defoliation treatments on traits retate plant clonal performance. Treatment as single
factor was tested by ANOVAs for number of rametd &GR. Treatment as main factor and final biomass a

covariate were tested by ANCOVAs for ramet biomédata log-transformed). nB > 0.05, * P < 0.05,

* P <0.01, ** P <0.001. Letters indicate significant differentetween treatments (post-hoc Tukey’s tests).
C: control, M: moderate, S: severe treatments. Abihtions of species follow Table 2.

meant sd factors

treatment C treatment M treatment S treatment | Broanass
A — Number of ramets
Asto 88.0+ 50.6 59.8+ 28.2 87.9t33.7 F°3=1.94ns
Cdiv 5.1+1.7 4.6+ 1.6 4.1+ 2.2 F%7=0.73 ns
Epal 23.3+18.7  10.6+5.6° 6.6+ 5.2 F2,5= 6.88 **
Erep 21.3+6.1 17.1+ 12.6 17.4+ 8.2 F?30=0.99 ns
Gflu 31.9+10.8  16.3+ 4.9 24.8+ 8.5°  F%,=8.78 **
Jart 22.6+11.1 21.2+ 10.0 21.3t11.6  F?%3=0.00 ns
Jger 5.8+3.8 4.8+ 2.0 3.6t 2.4 F25=1.40 ns
Rrep 10.6+6.2 9.4+ 5.4 13.6+ 4.1 F%7;=1.65ns
Tfra 38.3+11.F  28.7+ 7.1 235+ 10.8  F’%=6.16 **
Trep 19.4+ 8.4 28.2+ 8.8 23.8+ 9.0 F2,5=2.82 ns
B — Relative Growth Rate (RGR)
Asto 0.057+0.004 0.049+0.008 0.049+ 0.008 F?3,= 10.26 ***
Cdiv  0.026+ 0.005 0.020+ 0.007° 0.016+ 0.007 F?;=7.11 **
Epal 0.024+0.004 0.019+ 0.004 0.016+ 0.003 F?g=15.36 ***
Erep 0.049+0.004 0.038+ 0.008 0.038% 0.007 F?3= 10.59 ***
Gflu 0.041+ 0.005 0.029+ 0.004 0.028+ 0.006 F?9= 20.97 ***
Jart 0.042+0.007 0.03%0.005 0.03%0.005 F?%g=3.25ns
Jger 0.030+0.008 0.026:0.007  0.024: 0.009 F%s=1.43ns
Rrep 0.037+0.005 0.033+ 0.005° 0.030+ 0.004 F%;=6.19 **
Tfra 0.060+ 0.004 0.056+ 0.003 0.049+ 0.00% F?q= 19.64 ***
Trep 0.059+ 0.003 0.056+ 0.005° 0.052+ 0.008 F%g=6.32 **
C — Above-ground biomass of ramets (Q)
Asto 2.24+ 0.93 0.93 0.47 0.6 0.28  F°9=0.41ns  FEy= 53.32 ***
Cdiv 0.77+0.36 0.43: 0.13 0.30t0.10 F?%=0.20ns  Epg= 115.09 ***
Epal 1.23+0.52 0.64t 0.28 0.39t0.22  F%;=0.08ns  Fy;=230.90 ***
Erep 2.83+1.07 1.0 0.59 0.59t 0.24  F?%=0.63ns = 367.28 ***
Gflu 2.46+0.10 0.81+ 0.24 0.74: 0.18  F?%5=0.20ns  Eg=25.56 ***
Jart 1.66+0.82 0.1t 0.47 0.73:0.22 F?%;=145ns  FEy;=397.68 ***
Jger 0.33+0.18 0.22+ 0.15 0.17:0.06  F?%4=0.72ns  Eu=144.26 **
Rrep 3.43+1.46 1.60+ 0.88 1.23: 0.46  F?%%=1.17ns  EBg=71.37 ***
Tfra 0.21+0.08 0.13t 0.05 0.1% 0.08 F?%=197ns  Eg=3.42ns
Trep 0.09+0.08  0.14+0.04 0.10+£ 0.05  F?%;=8.29*  F,;=12.42*
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Table S2.Effects of defoliation treatments on clonal-arebitre-related traits. Treatment as single factas w
tested by non-parametric Kruskal-Wallis’ tests farmber of connections and ANOVAs for total length o
connections and mean internode length (data logsfoamed). See table 3 for legend, no: non observed

meanz sd treatment effect

treatment M

treatment C treatment S

A — Number of connections

Asto  16.5+8.1 16.8+ 8.0 25.5+ 10.9 H?0=4.52ns
Cdiv  21+1.7 1.1+ 0.5® 0.9+ 0.2 H%7;=6.12 *
Epal 4.1+3.3 1.3+ 1.0° 0.8+ 0.4 H%g = 13.09 **
Erep 7.0+ 3.7° 33+1.7 36122 H% = 11.79 **
Gflu 2.3+2.3 1.6+ 1.2 0.7+ 1.0 H?%q9=4.43 ns
Jart 42+21 5.0+ 1.8 4.6+ 1.7 H%g=0.29 ns
Jger 1.7+ 1.0 1.1+ 0.3 1.0+ 0.5 H%s=3.24 ns
Rrep 2.8+1.1 2.6+ 1.7 3.6+ 1.0 H?%;=3.95ns
Tfra 16.5+ 4.7 13.9+ 4.5 8.6+ 3.3 H%g=12.31 *
Trep  27.7+85 25.1+ 7.0 19.3+ 7.6 H?g=5.05ns
B — Mean length of connections (cm)

Asto 325+ 7.0 14.7+ 3.9 79+1.7 F°30 = 120.04 ***
Cdiv  43+1.7 33+ 1.3" 23+ 1.7 F2,=5.31*
Epal 8.4+ 3.0 10.1+ 3.4 8.8+ 8.9 F25=1.25ns
Erep  9.8+29 14.8+ 4.8 13.9+ 2.3 F29=1.86 ns
Gflu 19.4+ 5.9 10.6+ 2.6° 9.0+ 0.2 F29 = 17.02 ***
Jart 1.4+0.3 1.3+ 0.4 1.2+ 0.3 F2s=1.11ns
Jger 2.2+ 15 2.6+ 1.7 2.2+ 0.5 F%5=0.26 ns
Rrep  42.7+15.4 41.6+ 20.6 44.06 11.3 F%7;=0.22 ns
Tfra 9.9+ 2.7 9.7+ 2.2 9.4+ 2.2 F29=0.11ns
Trep  7.6+1.0 6.9+ 0.9 6.8+ 1.7 F%s=1.50 ns
C — Mean inter-ramet distance (cm)

Asto  4.6+15 2.5+0.5 2.1+ 0.2 F?30 = 29.89 ***
Cdiv  1.1+0.6 0.5+ 0.2 0.4+ 0.2 F2,4 = 9.98 **x
Epal 1.0+0.4 1.0+ 0.4 0.8+ 0.5 F%4=0.89 ns
Erep no no no

Gflu no no no

Jart 0.3+ 0.1 0.3+ 0.1 0.3+ 0.2 F25=0.10 ns
Jger 0.3+0.1 0.2+ 0.1 0.4+ 0.3 F%,=1.27 ns
Rrep  9.3+3.7 9.1+ 2.0 8.7+15 F%7;=0.07 ns
Tfra 1.8+ 0.6 1.9+ 0.8 1.5+ 0.3 F29=1.42 ns
Trep 1.8+0.2 1.3+1.2 1.1+ 0.2 F2,5 = 21.69 ***
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Abstract

Clonal architecture is involved in the performaméeclonal fragments, as it determines the
spatial distribution of ramets. It is expected &yron the species-specific expression of
several architectural traits (structural blue-prinHowever, in contrasted environments,
realized clonal architectures may differ, due tempdtypic plasticity. In grazed meadows,
clonal fragments are likely submitted to defoliatiavhich may generate plastic changes in
clonal architecture. While losses of biomass maytllateral expansion, the release of apical
dominance and decrease in inter-ramet competittennaay enhance branching and ramet
production. We tested the hypotheses that (1) exfidm and occupation of space depend on
the expression of several species-specific ardiitaictraits, and that (2) plastic response of
these traits to defoliation leads to a more compachitecture. We compared clonal
architectures between two rhizomatous ecologicalbse CyperaceaeCarex divisaand
Eleocharis palustrisin undisturbed conditions and when defoliatedaitérrelated to clonal
performance and architecture were monitored throamgtoriginal non-destructive mapping
method. In undisturbed conditions, both speciesveldosimilar production of biomass but
contrasted architectures and spatial patterns. rhimome network ofC. divisg which
consisted in only two primary rhizomes but sevdyednches, was involved in resource
storage rather than in spatial colonization. Byt@st, E. palustrisproduced on average six
primary rhizomes that grew in the whole horizongén, maximizing occupation and
exploration of space. Both species showed alsceréifitial responses to defoliation. In
C. divisa the costs associated to defoliation caused adserin branching, limiting the area
occupied and the number of ramets produced by ktloagments. By contrast, the weakly
branched rhizome networks Bf palustriswere not affected by defoliation. We concluded on
the potential advantages provided by both strasegferhizome growth (storages. spatial

expansion) in grazed meadows.

Key words
Carex divisa Eleocharis palustris exploration of space; mapping; occupation of spac

rhizome network.

160



Introduction

Clonal growth relies on the iterative productionpaitentially autonomous descendents, the
ramets, linked altogether by plagiotropic stem-gdi connections, either above-ground or
below-ground gtolonsandrhizomes respectively). Clonal growth thus confers on fdathe
ability to spread horizontally. While this propespables clonal fragments to proliferate and
colonize space (Hutchings & Mogie 1990), it mayoalenerate competition between ramets
of a same clonal fragment, as ramets develop aégtouctures close to each other (Herben &
Hara 1997). Consequently, the spatial distributbramets within a clonal fragment is a key
feature of clonal plants, as it determines the ritada of inter-ramet competition and access
to resources (Hubet al. 1999), as well as the interactions between clbmagiments (Herben

& Hara 1997). In rhizomatous species, above-grospatial patterns may depend on the
characteristics of below-ground structures. Ydtaadful of empirical studies investigated the
architecture of rhizome networks, notably becaise more difficult to measure than the
spatial structure of stolons (Meyer & Schmid 1988mmulet al 2003, 2004; Wildovéa 2004;
Wildovaet al. 2007b).

Clonal architectures can be organized along a gnadianging fromguerrilla to
phalanxgrowth forms (Lovett-Doust 1981). Guerrilla growitihrms are characterized by long
connections and spacerse( fractions of connections between consecutive remBell
1984), enhancing lateral expansion and the arearedvby the clonal fragmenti.€.
explorationof space). In phalanx growth forms, highly brartthiegizome networks and short
spacers maximize the aggregation of ramets inivelgtsmall areasif. occupationof
space). Through a geometry model, Smith & Palmé&76¢) predicted that an optimal
architecture would maximize both horizontal spregdand ramet density. Therefore, this
type of architecture would be intermediate betwegemerrilla and phalanx growth forms.
However, clonal architectural patterns are divemepending on intrinsic and extrinsic
factors, and do not always correspond to this aggtinfLovett-Doust 1981; Bell 1984).

On the one hand, in unlimited and undisturbed emvirents, the architecture of a
clonal fragment at a given development stage iseebgpl to depend on species-specific
structural constraints such as the number andigcti¥ buds availableife. structural blue-
print; Bell 1984; Hubeet al 1999). In particular, it is likely to rely on thepecies-specific
expression of several architectural tragsg( number and length of connections, length of
spacers, branching angles). However, the relativeortance of these traits in the spatial
dynamics of clonal fragments remains unclear (seénstance Sutherland & Stillman 1988;
Cain 1994; Wildovét al 2007a).
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On the other hand, in contrasted environments,atlfnagments of a same species
may show morphological and architectural differencehe expression of architectural traits
will not only rely on species-specific structurdud-print, but will also be modulated by
phenotypic plasticity in response to the environn{eluberet al. 1999). In particular, clonal
architecture-related traits have been predictece$pond to habitat quality. The decrease in
the length of connections and spacers, and/omitrease in rhizome branching are expected
to promote the aggregation of ramets in favourdialeitats. This type of foraging property
has been empirically demonstrated in responsegtd, Inutrient and water availability, or
competition (see for instance Slade & Hutchings 7HOB; Price & Hutchings 1996; for
studies onGlechoma hederaceand references therein), a favourable habitaesponding
to a resource-rich or competition-free one.

In meadows, grazing is a complex factor that asfeetgetation through several ways,
one of the most important being defoliation (Kohderal 2004). Although plastic responses
of clonal architecture to defoliation undoubtedhfluence species abundance and clonal
diversity in meadow communities, they have raregerb studied (see however Price &
Hutchings 1992b; Moeat al 1999; Hay & Newton 1996; Warej al 2004). In the particular
case of defoliation, defining the quality of thebhat is tricky, as defoliation generates at the
same time losses of above-ground tissues (distaehaansuGrime 1977) and decrease in
above-ground competition through canopy openinguries caused by defoliation and
compensatory growth following defoliation are cgsib the plant (van der Meijdeet al
1988) and may divert resources from current clgnaivth. Thus, defoliation can be expected
to reduce clonal expansion and to disfavour guargrowth forms. Indeed, experimental
defoliation has already been demonstrated to deereannection length (Price & Hutchings
1992b; Wanget al. 2004). Defoliation may also release apical domaea which is likely to
result in the activation of axillary buds and tompote regeneration following damage (Tuomi
et al. 1994). In clonal plants, the activation of vegettbuds could enhance branching and
the production of ramets (KlimeSova & Klimes 20@807). Moreover, the decrease in inter-
ramet competition for light should allow the aggregn of ramets, leading to more compact
(i.e. phalanx-like) architectures.

The objective of this study was to disentangle rislevance of a set of architectural
traits in the effective clonal architecture of crfragments grown in undisturbed and
unlimited conditions, and to describe their plastisponses to defoliation. In that purpose, we
carried out an experiment on two rhizomatous Cygeaa speciearex divisaHuds. and

Eleocharis palustrisRoem. & Schult. These species are present in sirmbandances in
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wetland pastures of the Marais Poitevin (Westeran€e), where they occur all along a
grazing gradient going from no to heavy grazingutmugarayet al 2004). We particularly
tested the following hypotheses. (1) In undisturbed unlimited environmental conditions,
exploration and occupation of space depend on pleeias-specific expression of several
architectural traits, reflecting the species-speafructural blue-print. (2) Defoliated clonal
fragments enhance occupation instead of explorati@pace, through compaetg.phalanx-

like) over dispersede(g.guerrilla-like) clonal architectures.

Materials and Methods

Experimental design

We compared the architectural characteristics batwieoth species and the response of
architectural traits to defoliation by testing twlefoliation treatments: no cutting (control
treatment) and recurrent cutting (defoliation tneat).

In September 2005, thirty clonal fragments @fdivisa and E. palustris were randomly
sampled at a minimal distance of five meters fraawheother, in grazed meadows in the
Marais Poitevin, Western France (46728 1°30W). They were then transplanted in an
experimental garden at the University of Rennesur(€e), where they were grown for six
months in undisturbed conditions and in rich garseihthat was watered daily. On 8 March
2006, we selected 14 ramets per species from feralit clonal fragments, cleaned them and
weighed them for fresh mass. We deduced theiralnilty mass from the linear regression
between fresh mass and dry mass using 12 additiamedts per species. Ramets were planted
in the centre of 80-cm x 80-cm x 15-cm culture plobntaining fine and rich garden soil,
located in an outdoor experimental garden. Plotewetered daily with tap water, and the
weeds were regularly removed.

We established seven replicates per species xeaatsituation and randomly assigned each
combination to culture plots. The defoliation treaht consisted of cutting the above-ground
parts of each ramet at a height of 5-cm every 35.dBhe clipped tissues were dried at 60°C
to constant mass and weighed. We applied thedefdliation on 12 May 2006, after 65 days
of growth. At this point, clonal fragments were queed of one daughter ramet in addition to
the planted one. The experiment lasted for 18 wetksing from the first defoliation. In the
defoliation treatment, the clonal fragments werée a@ight times and harvested three weeks

after the last defoliation event.
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Assessment of clonal architecture and growth

At the end of experiment, we carefully removedgsbg covering the rhizome system, without
altering the position of the plants. We marked pbsition of all ramets using coloured pins
placed near the ramet base (Fig. 1a). We took toghaph of each clonal fragment in order
to describe the pattern of clonal growth in detadr this purpose, we fixed a camera 1.30 m
above each plot using a wooden frame. We correthed optical distortions of the
photographs considering the standard parametdhe alamera. We imported the photographs
into GIS software (ArgGis 9 software) and calcufatbe spatial coordinates (x, y) of all
ramets using the plot as the referential (Fig. Y. digitalized thespacers(i.e. the fraction

of rhizome separating two consecutive ramets; B&84) as straight lines (Fig. 1c).
Consequently, the rhizomes were digitalized aslipa@y linking ramets. We considered the
rhizomes developing from the parent ramet as pgmaizomes and the rhizomes branching

from a primary or a higher-order rhizome as brasdffég. 1c).

€)) (b) (c) spacer

y

0 (e}

o
© o
o]
o o]

o

0 X

Fig. 1. Measurement of clonal architecture. (a)eBadtic representation of a clonal fragment in greexnental
plot. Circles represent the pins used to mark trgétion of each ramet. Black circle: parent rameetpty circles:
daughter ramets. (b) Position of ramets in thezontial plan of the plot referential. (c) Clonallstecture. Bold
lines: primary rhizomes, thin lines: branchgsangles between primary rhizoméspranching angle.

From these maps of clonal fragments, we extrattechtimber of ramets, area covered
by the clonal fragment and traits related to trehidéectural pattern of the clonal fragment. At
the end of the experiment, we harvested entireatiivagments (all above-ground and below-
ground organs), dried them at 60°C to constant madgsweighed them. Investigated traits
were grouped into two categories, which were:

1) Traits indicative of clonal performance:
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- Total biomass of the clonal fragment, calculatedh&ssum of final biomass of the
whole clonal fragment and biomass of tissues clipphering the experiment,

- Mean biomass of ramets, calculated as the summalflliiomass of ramets and biomass
of clipped tissues, and divided by the number ofets,

- Number of ramets per clonal fragment, which enaltedvaluate th@ccupationof
space, and

- Area occupied by the clonal fragment, which wasduse estimateexploration of
space. It was calculated by the local nearest-eighconvex-hull construction (Getz
and Wilmers 2004)

2) Traits related to clonal architecture:

- Total length of rhizomes, calculated as the surtheflengths of all primary rhizomes
and branches,

- Density of rhizomes, calculated as the biomas$iabmes divided by total length of
rhizomes,

- Number of primary rhizomes and branches,

- Mean length of primary rhizomes and branches,

- Mean length of spacers on primary rhizomes anddhes) and

- Mean angle between rhizomes.

All of the spatial treatments were carried out gdime ArgGis 9 software.

Statistical analyses
For both species, General Linear Model (GLM) ANOVWg®wed no differences in the initial
dry mass of ramets between both treatments, coinfynthe assumption of ramet
randomization between the treatments at the beggnmf the experiment (k.= 0.93,
P = 0.35 forC. divisg and k 1,= 1.46,P = 0.25 forE. palustrig.

Inter-specific differences in (i) biomass of tissudipped during the experiment and
(i) traits of control clonal fragments.€. clonal fragments that had not been submitted to
defoliation) were tested by linear models with sge@s the main factor, total biomass (sum
of the final biomass of the clonal fragment andniéss of clipped tissues) as the covariate,
and their interaction. For both species, trait oeses to defoliation were analyzed by linear
models with defoliation treatment as the main fgdimtal biomass as the covariate, and their
interaction. GLM ANOVAs were applied for weightgngths and angles. Data were log-
transformed for normalization when necessary. Gaized Linear Model with Poisson error

distribution (GLIM) ANOVAs were applied for number®We used total biomass as a
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covariate in these analyses in order to take tbevilyr capacity of the clonal fragments into
account. The statistical analyses were carriedndtlt the R software (R Development Core
Team, 2007, http://www.R-project.org).

Results

Inter-specific comparison of performance and clonatchitecture

Examples of the architecture of clonal fragmentsfuth species are given in Figure 2.

— Spacers of primary rhizomes e Parent ramet
— Spacers of branches 0 Daughter ramet
/ N\ \
N Y -
= ‘\ :
- A
\_\ \/ // ./:
N L /,_/
\ —
\\ // ™~ N
i \ = b
(a) \ : (b) \

Fig. 2. Examples of GIS representations of clonathiéecture. (ajCarex divisa (b) Eleocharis palustrisArrows
indicate the position of the parent ramet.

Total biomass and mean biomass of ramets wereasirfolr both species, buE.
palustris fragments displayed a higher number of rametsaaudpied a significantly wider
area tharC. divisafragments (Tables 1; 2). The mean biomass of igrdensity of rhizomes,
number of primary rhizomes and angles between fimomes were not related to total
biomass (Table 2), indicating that these traitsewaot linked to the growth potential of the
plants. Although the difference was only marginaignificant, total length of rhizomes
reached on average less than 0.9 mQodivisacompared to up to 1.7 m f&. palustris
(Fig. 3a; Table 2). By contrast, density of rhizeme C. divisawas about 2.5 times greater
than in E. palustris (Fig. 3b; Table 2). The architectural differendetween both species

mostly depended on the number and characterisficheo primary rhizomes (Table 2).
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Table 1. Means + SE (n = 7) of traits related tmel performance, for both species and defoliatieatments.

C.divisa E.palustris

Control Defoliation Control Defoliation
Total biomass (Q) 2483 +£6.01 1159+153 28.Gl1HO 28.92+2.38
Mean biomass of ramets (g) 0.20 £ 0.03 0.18 £ 0.040.18 £ 0.03 0.18 £0.02
Number of ramets 52374 34940 99.6 £ 31.688.6 £ 11.6
Area (nf) 0.031+£0.008 0.009 £0.002 0.088 £0.045 0.0%6042

Table 2. Results of ANOVAsP(values) testing for the inter-specific differenaddrait values. Significant
results are in bold. Italic letters indicate thedmloappliedg, GLM; gt, GLM on log-transformed datap,
GLIM with Poisson error distribution.

Species Total biomass Specu?s )
total biomass

Performance
Total biomass 0.503 / / gt
Mean biomass of ramets 0.522 0.699 0.005 g
Number of ramets < 0.001 <0.001 <0.001 ap
Area <0.001 <0.001 <0.001 g
Architecture
Total length of rhizomes 0.068 <0.001 0.061 gt
Density of rhizomes <0.001 0.579 0.051 g
Number of rhizomes

Primary rhizomes <0.001 0.969 0.463 ap

Branches 0.153 <0.001 < 0.001 ap
Mean angle between rhizomes

Primary rhizomesyj 0.024 0.536 0.198 g

Branchesq) 0.469 0.167 0.576 g
Mean length of rhizomes

Primary rhizomes 0.185 0.010 0.126 gt

Branches 0.115 <0.001 0.064 g
Mean length of spacers

Primary rhizomes 0.009 0.003 0.189 gt

Branches 0.755 <0.001 0.664 g

C. divisafragments tended to grow directionally (Fig. ZH)ey produced on average
two primary rhizomes spaced by about 108° (Figd)3d hese rhizomes produced an average
of 14 branches per clonal fragment (Fig. 3g). Gndbntrary E. palustriscolonized space in
all of the horizontal directions (Fig. 2b) as clbfiegments produced about six primary

rhizomes spaced by 65° angles (Fig. 3c,d). Despéegreater number of primary rhizomes,
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they produced as many branchesCasdivisa (Fig. 3g), with a similar branching angle of
about 65° (Fig. 3h). Neither primary rhizomes noantthes significantly differed in mean
length between both species (Fig. 3e,i). Rametgriomary rhizomes were significantly more
spaced inC. divisathan inE. palustris whereas spacers of branches were of similar tengt

between both species (Fig. 3f,)).

Wholerhizome network
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Impact of defoliation on performance and clonal dngecture

The amount of biomass removed by clipping depermhetbtal biomass of clonal fragments,
but was similar for both species (1.96 + 0.24 gGodivisaand 2.00 = 0.30 g fdE. palustris
species effect:F110= 0.07; P=0.81; total biomass effectF; 0= 35.07; P=1.4 x 1¢%;
species x total biomass effeBt; ;o= 10% P = 0.99).

In C. divisg defoliation seemed to decrease total biomassl¢THlbut this difference
was not significant (Table 3). Indeed, neitherltbiamass nor mean biomass of ramets were
significantly impacted by defoliation in both spesi(Tables 1; 3). €. divisadefoliation
decreased the total number of ramets by 33 % amdatea by up to 70 %. By contrast,
defoliation only decreased the total number of tarbg 10 % irE. palustris(Tables 1; 3).

In C. divisg defoliation impacted traits related to brancHeg.(3; Table 3). It caused
a reduction in branching intensity (the number @nches was reduced by 31 %; Fig. 39),
mean length of branches (58 % decrease; Fig. 8i)ma@an length of spacers on branches
(50 % decrease; Fig. 3j). In addition, the meamdnang angle increased from 67° for the
control clonal fragments to 85° for the defoliatmtks, leading to branches growing almost
perpendicularly to the primary rhizomes (Fig. 3y contrast, defoliation affected none

architectural trait irE. palustris(Fig. 3; Table 3).
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Table 3. Results of ANOVASP{values) testing for the impact of defoliation treant on traits values fa&@. divisaandE. palustris Significant results are in bold. Italic
letters indicate the model applieg):GLM; gt, GLM on log-transformed datgp, GLIM with Poisson error distribution.

C. divisa E. palustris
Total Treatment x Total Treatment x
Treatment . . Treatment . .
biomass total biomass biomass total biomass

Performance
Total biomass 0.135 / / gt 0.605 / / gt
Mean biomass of ramets 0.352 <0.001 0.373 g 0.826 0.064 0.717 g
Number of ramets <0.001 <0.001 0.223 gp 0.030 <0.001 0.580 gp
Area <0.001 <0.001 0.986 g 0.071 < 0.001 0.075 g
Architecture
Total length of rhizomes <0.001 <0.001 0.973 g 0.249 <0.001 0.144 g
Density of rhizomes 0.488 0.106 0.465 g 0.420 0.055 0.159 g
Number of rhizomes

Primary rhizomes 1.000 0.434 0.639 ap 0.825 0.529 0.510 ap

Branches 0.015 0.010 0.826 ap 0.686 <0.001 0.235 ap
Mean angle between rhizomes

Primary rhizomesyj 0.360 0.237 0.821 g 0.639 0.123 0.160 g

Branchesg) 0.011 0.060 0.056 g 0.342 0.784 0.330 g
Mean length of rhizomes

Primary rhizomes 0.511 0.345 0.971 gt 0.437 <0.001 0.834 gt

Branches 0.001 0.002 0.645 g 0.928 0.005 0.403 g
Mean length of spacers

Primary rhizomes 0.229 0.197 0.777 gt 0.641 <0.001 0.404 g

Branches <0.001 <0.001 0.175 g 0.408 0.003 0.805 g




Discussion

Our results confirmed that inter-specific differeadn the expression of architectural traits
resulted in contrasted exploration and occupatibspace (first hypothesis). The species-
specific structural blue-print also constrained raitgpic plasticity. Contrary to our second
hypothesis, defoliation did not lead to a more caat@rchitecture, enhancing occupation of
space. By contrast, both species diverged in tliesponse to defoliatiol€. divisashowed a
plastic response, with a decrease in rhizome bragamnd ramet production, whereas all of

the architectural traits d&. palustriswere maintained.

Inter-specific comparison of clonal architecturexploration and occupation of space, Iin

non-defoliated conditions

Although total biomass of clonal fragments and mbamimass of ramets were similar for
C. divisaand E. palustris the expression of several clonal architecturateel traits varied

between these two rhizomatous Cypereaceae, letalidifferent spatial patterns of rhizome
networks. These observations are in accordance Sdtimid & Bazzaz (1990), who also
described contrasted clonal architectures betwestersp. andSolidagosp., two rhizomatous

Asteraceae, while clonal fragments were of sinslae.

C. divisa fragments produced on average only two primaryarmes, but rather
invested in branching (up to seven branches pengyi rhizomes). In root systems, highly
branched networks have been suggested to decreplegtaion efficiency, as branches are
likely to develop in the depletion zone of theirgra root, and thus to compete with it (Fitter
1987; Fitteret al 1991). A similar trend could be expected for one networks, in which a
great number of branches could enhance inter-raomapetition. This is all the more true for
C. divisaas the primary rhizomes are separated by angld9®&f, constraining the clonal
fragment to grow directionally and to explore aited area of the whole horizontal plan.
Great spacer lengths recorded on primary rhizonoegdcbe advantageous in this kind of
architecture, as they are expected to decreaseetiimp between ramets (Herben & Suzuki
2002). In counterpart, they might reduce ramet ider@erd occupation of space (Herben &
Suzuki 2002), while demanding an important investintbe production of rhizomes. The
architectural pattern d. divisaled to a lower spatial exploration and the prowmuncof fewer
ramets thanE. palustris However, rhizomes ofC. divisa were denser than those of
E. palustris In addition to their involvement in spatial expam, rhizomes can serve as
storage organs (Dong & de Kroon 1994; Suzuki & #ud999). The greater density but

smaller length of rhizomes 1@. divisathan inE. palustrissuggested the existence of a trade-
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off between both functions. The rhizome networkQfdivisa appeared to be involved in
reserve making rather than in spatial exploratwhile E. palustrispresented the inverse
pattern.

Contrasting withC. divisg E. palustrisclonal fragments produced on average six
primary rhizomes, which grew in the whole horizérgéan and produced a few branches.
Angles between the primary rhizomes and also betwaenches averaged 65°. In a
simulation study, Wildovét al. (2007a) demonstrated that changes in branchigtpsutnad
an inconsistent effect on the performance of cldnaments, whether measured as the
above-ground biomass or the final number of ran@tsthe contrary, Bell (1979) suggested
that the angles governed the exploration of spacketlaus, had an ecological significance.
More precisely, the simulation model of Smith & fal (1976) demonstrated that a
hexagonal architecturd.€. a honeycomb-like architecture, with 120° anglesnvben the
rhizomes) would maximize the centrifugal spread areh occupied by the clonal fragment,
while generating gaps within it. They proposed ttieg production of branches into these
gaps, leading to a 60° branching pattern, wouldgienal as it would lead to a population of
ramets dense enough to prevent the intrusion opetitors, while limiting the investment in
the rhizome network. A weak variation of a few dexg of these angles, as found in our
study, would furthermore decrease the risk of rasugerposition (Bell & Tomlinson 1980;
Callagharet al. 1990; Meyer & Schmid 1999). A similar pattern lafready been observed in
other rhizomatous species suchSatidago altissimgMeyer & Schmid 1999) or the seagrass
Zostera noltii (Brun et al. 2007). As predicted by Smith & Palmer's model 189 these
architectural characteristics generated a clumpedtf form that led to the colonization of a
wider area and the production of a greater numbearoets than il€C. divisa

The expression of architectural traits relatedn length of rhizomes and spacers as
well as to the number of branches, was size-depgn8ech results are in accordance with
the relationship between the size of a clonal fraiginand the structure of its rhizome network
observed irSolidago altissimgMeyer & Schmid 1999). Through allometric effedfse size
of clonal fragments thus modulated the expressiaime species-specific architectural traits
(Huber & Stuefer 1997). By contrast, in both spgcibe number of primary rhizomes and
angles between the rhizomes were not correlatdd pleint biomass, suggesting that they did
not depend on the size and growth capacity of kveat fragment, but that they were strictly
determined by the structural blue-print. In a gisgecies, the shapes of primary rhizome
networks were similar, irrespective of the sizethad clonal fragments. These constraints on

the growth pattern of primary rhizomes were themwuse of inter-specific differences in
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clonal architecture. I€. divisg clonal architecture relied mainly on the prodoictof several
branches rather than primary rhizomes and led riectional growth; whereaB. palustris
fragments produced several but loosely branchedapyi rhizomes that grew in all directions
of the horizontal plan. By contrast, the mean lbagif the primary rhizomes and branches
were similar between both species. Therefore, @sults provided evidence that inter-specific
differences in clonal traits, reflecting the stwel blue-print, constrained the whole

morphology of the clonal fragment, and as a regislgbility to explore and occupy space.

Impact of defoliation on clonal architecture, exptation and occupation of space

In both species investigated, defoliated clonalgimants proved able to maintain their
production of total biomass, as well as the allocabf biomass to ramets. However, our
results showed that architectural responses tdideém were species-specific: while clonal
architecture proved plastic i@. divisg all of the architectural traits were maintained&.
palustris These results did not depend on the severity edblidtion, as the amount of
biomass removed was equivalent for both species.

Contrasting with increases in tillering (Richarelsal 1988) and rhizome branching
(Moen et al 1999), which have already been demonstrated $porese to defoliation,
defoliated clonal fragments @&. divisaproduced significantly fewer ramets and rhizomes
than the control ones. In these clonal fragmergili@tion also caused the decrease of clonal
expansion, as shown for other rhizomatous spedikrf et al 1999; Wanget al 2004;
Henry et al 2007). This was linked to the decrease in vabhfesaits related to branches:
while the number and mean length of the primargaimes were maintained, the defoliated
clonal fragments produced fewer and shorter branetith shorter spacers. Indeed, clonal
growth is costly and requires the allocation ofrggein particular to the production and
maintenance of connections (Fisher & van Kleunef220In this species, the losses of
biomass induced by defoliation were likely followled a compensatory growth (as show by
the maintained allocation of biomass to ramets)cliprobably diverted resources from the
rhizome network to the shoots (Stell al 1998; Wanget al 2004). However, density of
rhizomes was maintained in response to defoliasoggesting that resources stored in these
rhizomes were not the substrate used for compaysgtowth. Instead of depleting reserves,
compensatory growth might have occurred at the msgef the production of branches.
These results could explain both the reduced bragaaused by defoliation i@. divisaand
the decrease in the production of new rhizomesethilyy mowing inSolidago altissima
fragments (Meyer & Schmid 1999).
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In C. divisg plastic adjustments in response to defoliatia@o aloncerned branching
angles, which increased from 67° to 85°. The inguré of branching angles in plastic
responses to the environment has long been disbussg remains controversial, with
modelling studies leading to opposite conclusidhstiferland & Stillman 1988; Cain 1994).
Few empirical studies have addressed this issumuristudy, the increase in branching angles
in defoliatedC. divisafragments could be related to the costs of ddfohaand consecutive
compensatory growth. In root systems, angles of &fjeared to be the shortest way for
branches to emerge from the parent root (Fitte7,38us demanding less energy. Branching
at about 90° from the parent rhizome could accaglglibe less costly for the clonal fragment,
although it is less efficient in terms of spatiatopation (Fitter 1987). Consequently, plastic
response o€. divisafragments to defoliation was orientated towardeeonomy of energy,
at the expense of the production of branches aatiasgxploration.

By contrast, the architectural patternebfpalustrisappeared highly fixed, as none of
the clonal architecture-related traits changecdesgponse to defoliation. However, plasticity in
response to defoliation should not be excludednaty have occurred at other leveésg
physiological traits) and contributed to the relatstability of the clonal architecture. This
strategy enabled the maintenance of the optimaitactural pattern displayed by this species
and a maximal exploration of space, even in digtdriconditions. However, defoliation
slightly reduced the occupation of space, as prdwed weak but significant decrease in the
number of ramets.

In C. divisaand E. palustris clonal architecture and the resulting exploratand
occupation of space were thus affected by defolatin contrasted ways. Defoliation
impacted branches but not primary rhizomes, théagazattern of which proved highly fixed
by the species-specific structural blue-print. Gopueently, architectures relying mainly on the
production of several primary rhizomes and on oalyew branches might only be little
affected. This was verified by the architecturatitii expressed byE. palustris clonal
fragments, which contrasted with the decreasedsinvent in branches observedGndivisa
clonal fragments. These results demonstrated tpaties-specific structural blue-print
modulated the response to defoliation.

By influencing spatial patterns both below-groundd aabove-ground, clonal
architecture is likely to impact the dynamics ofrsounities dominated by clonal plants, such
as grassland vegetation (Briske & Silvertown 1398benet al 2000; Herben & Hara 1997,
2003). In the meadows where they were collediedlivisaandE. palustrisoccur in similar

abundances from no grazing at all up to heavy geadioucougarayet al 2004). Thus, our
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results provided evidence that different strategiesivestment in the rhizome network can
lead to similar ecological success.Hn palustris grazing tolerance may in part rely on the
relative maintenance of clonal architecture aftefoliation. This maintenance may be
advantageous as the architectural patterrkE . ofpalustris appeared to be optimal and to
maximize both exploration and occupation of abora@igd and below-ground space, which
could even lead to the dominance of the speciedd® 2004). Yet,C. divisais also
commonly present in the study community, desp#different structural blue-print leading
to contrasted spatial pattern and response toidefml. Indeed, in this species, architectural
modifications in response to defoliation occurredhe direction of energetic economy and
resulted in a reduction of branching and clonalagsgton. This plastic response might enable
the maintenance of allocation to resource storagesaxual reproduction. Resources stored
in rhizomes are protected from grazing-induced Iggfon. As they are not mobilized for
compensatory growth, they could be used to suppamet production and sexual
reproduction at the very beginning of the growiegson (Priceet al. 2002, Wildové 2004,
Asaedaet al. 2006). IndeedC. divisaflowers early before the grazing season and prsluc
long-lived seeds (pers. obs.). Such strategy obvibgiround storage rather than spatial
exploration and occupation is certainly advantageimugrazed meadows, where it allows
both spatial and phenological avoidance of gragsegsuBriske 1996).

Acknowledgements
The authors are grateful to S. Pennings for helpfithments on earlier versions of the
manuscript, as well as for providing insightful i@mtions on the language. They also thank

J.-F. Mony for technical assistance using ArcGis.

Literature cited

Asaeda T, Rajapakse L, Manatunge J & Sahara N J2Z0@6 effect of summer harvesting of
Phragmites australison growrth characteristics and rhizome resourcarage.
Hydrobiologig 553: 327-335.

Bell AD (1979) The hexagonal branching pattern bizemes ofAlpinia speciosal.
(Zingiberaceae)Annals of Botany43: 09-223.

Bell AD (1984) Dynamic morphology: a contributiam plant population ecology. In: Dirzo R
& Sarukhan J (eddperspectives in Plant Population Ecolodyinauer, Sunderland,

Massachusetts, pp 48-65.

175



Bell AD & Tomlinson PB (1980) Adaptive architectune rhizomatous plantsBotanical
Journal of the Linnean Societ§0: 125-160.

Briske DD (1996) Strategies of plant survival iraged systems: a functional interpretation.
In: Hodgson J & lllius AW (edsThe Ecology and management of grazing systems
CAB International, Wallingford, pp 33-67.

Briske DD & Silvertown JW (1993) Plant demograpmgarassland community balance: the
contribution of population regulation mechanisnrs. Baker MJ (edProceedings of
the XVII International Grassland CongreR Publishing, Wellington, pp 291-298.

Brun FG, Cummaudo F, Olivé I, Vergara JJ & Péremdms JL (2007) Clonal extent, apical
dominance and network in features in the phalammogpermZostera noltiHornem.
Marine Biology 151: 1917-1927.

Cain ML (1994) Consequences of foraging in clodahpspeciesEcology 75: 933-944.

Callaghan TV, Svensson BM, Bowmann H, Lindley DKGarlsson BA (1990) Models of
clonal plant growth based on population dynamia$ architectureOikos 75: 257-
269.

Dong M & de Kroon H (1994) Plasticity in morphologynd biomass allocation i@ynodon
dactylon a grass species forming stolons and rhizo@éss 70: 99-106.

Fischer M & van Kleunen M (2002) On the evolutioh donal plant life histories.
EvolutionayEcology 15: 565-582.

Fitter AH (1987) An architectural approach to tloenparative ecology of plant root systems.
New Phytologist105(Suppl): 61-77.

Fitter AH, Stickland TR, Harvey DM & Wilson GW (129 Architectural analysis of plant
root systems. 1. Architectural correlates of explmn efficiency.New Phytologist
118: 375-382.

Getz WM & Wilmers CC (2004) A local nearest-neighlsonvex-hull construction of home
ranges and utilization distributionScography 27: 489-505.

Grime JP (1977) Evidence for the existence of tlpemary strategies in plants and its
relevance to ecological and evolutionary thedmyperican Naturalist111: 1169-1194.

Hay MJM & Newton PCD (1996) Effect of severity okfdliation on the viability of
reproductive and vegetative axillary budsToifolium repend.. Annals of Botany78:
117-123.

Henry GM, Burton MG & Yelverton FH (2007) Effect ehowing on lateral spread and
rhizome growth of troublesonfeaspalunspeciesWeed Scien¢é5: 486-490.

176



Herben T, During HJ & Law R (2000) Spatio-tempgratterns in grassland communities. In:
Dieckmann U, Law R & Metz JHJ (ed¥he geometry of ecological interactions:
simplifying spatial complexityCambridge University Press, New York, pp. 48-64.

Herben T & Hara T (1997) Competition and spatialaiyics of clonal plants. In: de Kroon H
& van Groenendael J (ed3he ecology and evolution of clonal planBackhuys
Publishers, Leiden, pp 331-358.

Herben T & Hara T (2003) Spatial pattern formatiorplant communities. In: Sekimura T,
Noji S, Ueno N & Maini PK (edsMorphogenesis and pattern formation in biological
systems—experiments and mod8fwinger Verlag, Berlin, pp 223-235.

Herben T & Suzuki JI (2002) A simulation study béteffects of architectural constraints and
resource translocation on population structure aothpetition in clonal plants.
Evolutionary Ecology15: 403-423.

Huber H, Lukacs S & Watson MA (1999) Spatial stauet of stoloniferous herbs: an
interplay between structural blue-print, ontogemd ghenotypic plasticityPlant
Ecology 141: 107-115.

Huber H & Stuefer JF (1997) Shade-induced changeshée branching pattern of a
stoloniferous herb: functional response or allometffect?Oecologia 110: 478-486.

Hutchings MJ & Mogie M (1990) The spatial structuoé clonal plants: control and
consequences. In: van Groenendael J & de Kroonds) (lonal growth in plants:
regulation and functionSPB Academic Publishing, The Hague, pp 57-78.

KlimeSova J & Klime$ L (2003Resprouting of herbs in disturbed habitats: isdecuately
described by Bellingham - Sparrow's mod@iRos 103: 225-229.

KlimeSova J & Klime$S L (2007) Bud banks and thedterin vegetative regeneration — A
literature review and proposal for simple classifien assessemerRerspectives in
Plant Ecology, Evolution and Systemati8s115-129.

Kohler F, Gillet F, Gobat JM & Buttler A (2004) Smmal vegetation changes in mountain
pastures due to simulated effects of cattle graziagrnal of Vegetation Scienceb:
143-150.

Loucougaray G, Bonis A & Bouzillé JB (2004) Effemft grazing by horses and/or cattle on
the diversity of coastal grasslands in western égaBiological Conservation116:
59-71.

Lovett-Doust L (1981) Population dynamics and lospécialization in a clonal perennial
(Ranunculus repefsl. The dynamics of ramets in contrasting habitdburnal of
Ecology 69: 743-755.

177



Meyer AH & Schmid B (1999) Experimental demograpbly rhizome populations of
establishing clones @olidago altissimalournal of Ecology87: 42-54.

Moen J, Ingvarsson PK & Walton DWH (1999) Estimadéstructural complexity in clonal
plant morphology: comparisons of grazed and ungra2eaena magellanica
rhizomes Canadian Journal of Botany7: 869-876.

Price EAC & Hutchings MJ (1992b) Studies of growth the clonal herbGlechoma
hederaceall. The effect of selective defoliatiodournal of Ecology80: 39-47.

Price EAC & Hutchings MJ (1996) The effects of catifipon on growth and form in
Glechoma hederace®ikos 75: 279-290.

Price EAC, Gamble R, Williams GG & Marshall C (20(&easonal patterns of partitioning
and remobilization of“C in the invasive rhizomatous perennial Japanesgnaed
(Fallopia japonica(Houtt.) Ronse Decraendjvolutionary Ecologyl5: 347-362.

R Development Core Team (2008). R: A language ande@nment for statistical computing.
R Foundation for Statistical Computing, Vienna, #ias ISBN 3-900051-07-0, URL
http://www.R-project.org.

Richards JH, Mueller RJ, & Mott MT (1988) Tilleringp tussock grasses in relation to
defoliation and apical bud removalnnals of Botany62: 173-179.

Sammul M, Kull K & Tamm A (2003) Clonal growth inspecies-rich grassland: results of a
20-year fertilization experimeriolia Geobotanica38: 1-20.

Sammul M, Kull K, Niitla T & Méls T (2004) A compaon of plant communities on the
basis of their clonal growth patterrs/olutionary Ecologyl8: 443-467.

Schmid B & Bazzaz FA (1990) Plasticity in plantesend architecture in rhizome-derivesl
seed derive®olidagoandAster. Ecology 71: 523-535.

Slade AJ & Hutchings MJ (1987a) The effect of rarttiavailability on foraging in the clonal
herbGlechoma hederacedournal of Ecology75: 95-112.

Slade AJ & Hutchings MJ (1987b) The effects of ligitensity on foraging in the clonal herb
Glechoma hederacedournal of Ecology75: 639-650.

Smith AP & Palmer JO (1976) Vegetative reproductimm close packing in a successional
plant speciedNaturg 261: 232-233.

Stoll P, Egli P & Schmid B (1998) Plant foragingdarhizome growth patterns &olidago
altissimain response to mowing and fertilizer applicatidournal of Ecology 86:
341-354.

Sutherland WJ & Stillman RA (1988) The foragingties of plants. Oikos, 52: 239-244.

178



Suzuki JI & Stuefer JF (1999) On the ecological amdlutionary significance of storage in
clonal plantsPlant Species Biologyl4: 11-17.

Tuomi J, Nilsson P & Astrom M (1994) Plant compensaresponses: bud dormancy as an
adaptation to herbivorfcology 75: 1429-1436.

van der Meijden E, Wijn M & Verkaar HJ (1988) De$enand regrowth, alternative plant
strategies in the struggle against herbivo@@kos 51: 355-363.

Wang Z, Li L, Han X & Dong M (2004) Do rhizome sewey and shoot defoliation affect
clonal growth ofLeymus chinensiat ramet population level®cta Oecologica26:
255-260.

Wildové R (2004) Below-ground spatial pattern azdmes in a grassland community and its
relevance to above-ground spatial patt®ant Ecology 174: 319-336

Wildova R, Gough L, Herben T, Hershock C & Goldbé§ (2007a) Architectural and
growth traits differ in effects on performance dbr@l plants: an analysis using a
field-parameterized simulation modélikos 116: 836-852.

Wildova, R, Wild J & Herben T (2007b) Fine-scalendynics of rhizomes in a grassland
community.Ecography 30: 264-276.

179






Conclusion du chapitre 2

Ce chapitre nous a permis d’aboutir a plusieursclosions. D’'une part, les réponses
architecturales dépendent des especes. Néanmoms) ajustement actif.¢. augmentation

de la valeur d’'un trait) n’a été observé, la défidin résultant au mieux dans le maintien,
sinon dans la baisse de l'investissement dansé&atéde connexionsd. longueur et nombre

de connexions produites, distances inter-ramets)plasticité de I'architecture clonale ne
dépend pas du type de connexions : les especqridite groupées sur la base de réponses
architecturales similaires et indépendamment de davactere stolonifere ou rhizomateux.
Ainsi, les deux especes monopodialesf(agiferumet T. repen} ont subi la plus forte baisse
du nombre de connexions, certainement du fait de f@mbre restreint de méristemes
disponibles. A I'inverse). articulatus J. gerardii (rhizomateuses) €. repengstoloniferes)

ont montré des réponses architecturales faibleste vinexistantes. Des contraintes
structurelles gtructural blue-print senstiuberet al. 1999) gouvernent I'architecture clonale
et influencent sa plasticité en réponse a la d#foh. En outre, la performance clonale,
indicatrice de la tolérance des especes étudidasdéafoliation, n'est pas liée a la réponse
architecturale. Par conséquent, des architectmm@sastées peuvent aboutir a des capacités de
tolérance similaires et une diversité d’architeesuclonales semble pouvoir s’exprimer en

conditions paturées.
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CHAPITRE 3—REPONSES PHYSIOLOGIQUES DES PLANTES CLONALES A
LA DEFOLIATION ET AU PATURAGE






Introduction du chapitre 3

Le stockage de ressources, principalement carb@iéaotées, est un processus présent chez
la majorité des plantes. Cependant, du fait derdalyction d’organes clonaux et de ramets
nombreux, la capacité de stockage est accentuée lebeplantes clonales. En effet, les
organes clonaux souterrains tels que les rhizolegdyulbes ou les tubercules, mais aussi les
connexions aeériennes, telles que les stolons, gumsila base des tiges des ramets peuvent
jouer un role fondamental dans la mise en placgsierves.
Bien que codteux pour la plante, le stockage dseoreses constitue un mécanisme de
tolérance aux stress et aux perturbations. Suitenaévénement de défoliation, la
remobilisation rapide des réserves depuis les egade stockage vers les zones
endommagées correspond généralement a la prenhigse gde croissance compensatoire. En
présence de bourgeons végétatifs viables, le sjecka carbone permettrait également la
régénération végétative. En effet, les substanésssnen réserves permettraient de soutenir le
développement des bourgeons végétatifs activésapaéfoliation notamment du fait de la
levée de dominance apicale.
Chez les Poaceae, la base des tiges des rameisntatds stocks importants de réserves,
notamment sous la forme de fructanes. Son réle Ieedibutant plus important dans la
croissance compensatoire que sa proximité avedidess endommagés permettrait une
translocation et une remobilisation rapide desruese Le stockage de réserves carbonées
dans la base des tiges et leur remobilisation eapidte a la défoliation pourrait étre une
stratégie avantageuse en prairies paturées, pilipgtrhettrait une reprise de croissance et/ou
une régénération efficace, conférant a l'individlonal un avantage compétitif sur les plantes
voisines.
Apres un rapide bilan des connaissances actuellde s$0le des réserves dans la tolérance a
la défoliation ARTICLE 6), nous avons testé si le paturage favorise lekage de réserves
dans la base des tiges de Poaceaai¢LE 7). En nous focalisant sur les substances
carbonées (sucres), nous avons testé deux hypsthese

1- La capacité de stockage varie a I'échelle inteciiog@e et dépend du niveau de

résistance des especes au paturage: les espeécegluke résistantes (dont

'abondance augmente avec le régime de paturagekesit des quantités de

185



réserves plus importantes que les moins résistgdtas I'abondance diminue
guand le régime de paturage augmente).
2- A l'échelle intra-spécifique, les réserves sontspitbondantes chez les plantes se

développant sous un régime de paturage intenseajisepaturage modeére.

L’ ARTICLE 6 est une revue bibliographique. L'étude présentés tlarRTICLE 7, a été réalisée
sur six especes clonales pérennes de la famillédaseae. Nous avons dosé les sucres non
structuraux (amidon, fructanes, saccharose, gluebdeuctose) contenus dans la base des

tiges de fragments clonaux collectés sous deuxmesgyide paturage (modéré et intense).
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Abstract

Storage, which corresponds to the capacity to ses@urces, principally carbon and nitrogen,
may take place in all plant organs. However orgainslonal multiplication, notably below-
ground (rhizomes, bulbs, tubers) or above-groutwlqss) stem-derived structures, as well as
shoot bases, may specialize in storage. Storageazam at several time scales, from hours to
months and may vary in function of environmentatdibons and, in temperate climates, of
seasonal cycles. Yet, long-term storage may alsablenthe plant to cope with harsh
environmental conditions. Large amounts of resepaes buffer stressful conditions, during
which growth is slowed down. Storage could also ifmolved in recovery following
disturbance. Although reserve remobilization matenact with current root uptake and
photosynthesis, the relative importance of thiscpsses seems to vary with time following
damage. Following experimental defoliation, comp¢msy growth can be divided into two
phases. During the very first times after damagen({fhours to a few days), refoliation relies
mainly on the retranslocation of stored reservasgrisses, a major part of carbohydrates
comes from the stubble, composed of elongatingbafes enclosed in mature leaf sheaths.
During a second phase, root uptake and photosysthes restored and current assimilates
become the substrate for regrowth. If the planmas damaged again, pools of reserves can
further be replenished. Reserves have also beemnshs an important feature of vegetative
regeneration following defoliation as they suppbe development of active buds. In clonal
plants, resources and meristems stored in clorgdnsr and protected from damage could
allow ramet production despite disturbances. Comsetly, storage appears as a key
mechanism of recovery following damage. Particyladeveloped in clonal plants, this
property could partly explain their ecological sess in a wide range of ecosystems, notably

in disturbed habitats, such as grazing meadows.
Key words

Compensatory growth; defoliation; grazing; remdaition; reserve compounds; resprouting;

storage organs.
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Introduction

Storage can be considered as the capacity of & fgaave resources, which can be further
mobilized to support growth and other functions §@in et al. 1990). Three kinds of storage
can be distinguished: accumulation, reserve malking recycling (Chapiret al. 1990).
Accumulation refers to an increase in the quarditicompounds that are not immediately
needed for growth. Accumulation of nutrients abedrby roots but not immediately used by
the plant is often called luxury uptake or luxugnsumption (Lipsoret al. 1996, Oyarzabal

& Oesterheld 2009). Contrary to accumulation, neséormation corresponds to the synthesis
and storage of substances at the expense of cigrewth, tissue maintenance or defence
against attackers. Finally, recycling refers to tegradation of substances that would
otherwise be lost as litter to support further gitow

Storage, and patrticularly reserve formation, regmesan immediate cost for the plant,
as it diverts resources from potential growth, dasmg growth rate and leading to smaller
and less competitive plants (Kobe 1997, van derdpaiet al. 2000, de Jong & van der
Meijden 2000). Accumulation may also represent st ¢or the plant due to the eventual
toxicity, or the negative feedbacks of substanasiraulated in great amounts on current
photosynthesis and root uptake (Lipseinal. 1996, Monsoret al. 2006). Storage is also
expected to involve costly mechanisms such as tbdugtion of specialized tissues or the
translocation of substances against gradients (btoreg al. 2006). Consequently, this
property may be advantageous only in environmenterev its benefits outweigh the
immediate costs of reduced growth and toxicity.

In a previous review, Suzuki & Stuefer (1999) highted that storage should be
selected for in disturbed or temporally fluctuatergvironments. Indeed, plant individuals are
expected to benefit from stored resources wheruress available in the environment are not
sufficient or cannot be efficiently acquired to pog current growth, for instance under
resource shortage or after the destruction of messacquiring tissues. In such conditions, the
remobilization of stored resources could enhanceial probability and allow to maintain
growth (lwasa & Kubo 1997).

Although their relative abundance varies accordiogenvironmental conditions,
clonal plants are ubiquitous (Klimest al. 1997) and can notably be found in disturbed
habitats (Song & Dong 2002, Klimes al. 2007, Evettest al. 2009). Such ecological success
could partly rely on capability of clonal structaréo store not only resources but also
meristems (Suzuki & Stuefer 1999, KlimeSova andne 2003). The purpose of the present

study is to make an inventory of the current knalgks on the relevance of storage in clonal
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plants as a strategy to tolerate disturbances. &vicplarly focus on reserve making. First,
we briefly list the major reserve compounds, steraggans and time-patterns of reserve
formation, which have already been extensively diesd (Chapinet al. 1990, Suzuki &

Stuefer 1999). We then consider studies as evidtarcthe importance of storage in harsh
environmental conditions. After having briefly eabed studies on stressful conditions, we
discuss how reserves can enhance compensatoryhgeowt vegetative regeneration after
above-ground damage. We finally open the questidheoadaptive value of storage in clonal

herbaceous species in grazed meadows.

Reserve compounds

Carbon and nitrogen represent the two main compostated in plants. Carbon reserves are
mainly constituted of carbohydrates and, more @aldrly, total non-structural carbohydrates
(TNC). TNC include polymers such as starch, geher@dmposed of a mixture of two
polymers of glucose (amylose and amylopectin, Gadtral. 2002) and fructans (polymers of
fructose), dissacharides (sucrose) and monosadelsamotably hexoses (glucose, fructose).
Except starch, which is insoluble in water, theeofRNC are often grouped under the term of
water-soluble carbohydrates (WSC). According togpecies and storage organs, the nature
of reserves can change. Although starch is ofteisidered as the principal form of long-term
carbon reserves (Manner 1985), this may not alvikeysrue. In C3 grasses from temperate
regions, starch is the main compound of carboragin seeds but not in vegetative tissues,
where fructans have often been found in greatematsqPollock & Cairns 1991, Scofieéd

al. 2009). Sucrose also represents a significantgdararbohydrates stored in stems of sugar
canes and swollen roots of sugar beet, providiegitivith a crucial economic value (Hawker
1985, John 1992). Some species also store particatbohydrates, such as the trisaccharides
loliose or raffinose (Pavist al. 2001). In addition, amino-acids can constitutagamicant
source of carbon.

The forms of nitrogen storage seem less well kndnganic nitrogen, in the form of
amino-acids and proteins, and nitrates have beepoped as the main forms of nitrogen
pools in plants (Millard 1988, Ourrgt al. 1988, Louahliaet al. 1999, Kavanova & Gloser
2005). Lipsoret al. (1996) demonstrated that luxury uptake of nitroges paralleled by the
synthesis of nitrogen-rich amino-acids. Solubletg@ires have also been shown to be involved
in recovery after defoliation ibholium perenneMoreover, vegetative storage proteins (VSP)
have been found in several species, whereas datd glasses are not available, except for

L. perenne where they have not been recorded (Louadtial 1999, Kavanova & Gloser
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2005). Rarer nutrients, such as phosphorus, canbasstored (Chapin 1980, Oyarzabal &
Oesterheld 2009).

Storage occurs principally in parenchymatous c@ldmes et al. 1999), but the
cellular location of reserves depends on the sobstaStarch is stored in amyloplasts as
insoluble granules composed of two polysaccharidesylose and amylopectin (Manner
1985, Cairnset al. 2002). By contrast, despite their polymeric forfmictans are soluble
carbohydrates that are stored in vacuoles (PolbdRairns 1991). Sucrose represents the
major form of carbon translocation and, as suchyssally extra-cellular (Hawker 1985).
However, sucrose can participate to carbon stoeagk as fructans, can be found in the
vacuole. Such a difference between the storage aitstarch and soluble carbohydrates could
be a cause of shifts between the types of storestances. For instance, starch storage could
become predominant when the amount of soluble bgdrates is high, in order to avoid
changes in osmotic potential of cells or vacuoles,negative feedbacks between the
concentration of soluble carbohydrates and thehggm of new assimilates (Scofiedt al.
2009). Nitrogen reserves compounds are mainly faorttie cytoplasm, where amino-acids
and proteins are synthesized and in the vacuoleu®as notably contain inorganic forms of
nitrogen and phosphorus (Oyarzabal & Oesterhel®@RQthile they can specialize in protein

storage (protein storage vacuoles, Herman & Larkd83).

Storage organs
All plant parts can store resources. However, g®ra mainly confined in roots (van der
Meijdenet al. 1988, Kavanova & Gloser 2005), notably tap rootfi(r2000, Meuriotet al
2004), stem bases (Klime$ & KlimeSova 2002) andhénparticular case of clonal species, in
perennating organg @.stolons, rhizomes, tubers, bulbs, Suzuki & Hutgkih997).

Rhizomes have been suggested to be significanttyhied in resource storage (Steen
& Larsson 1986, Hartnett 1989, Dong & de Kroon 1984zuki & Stuefer 1999), although
this has not always been observed experimentatlyari experiment orCalamagrostis
epigejos Kavanova & Gloser (2005) have shown that rhizomese not a source of nitrogen
for the growth of above-ground parts, but that thegre rather organs of nutrient
translocation from roots. By contrast, rhizomesBadtorta bistortoidesproved to provide
about 60 % of the nitrogen needed by above-grownt$ ffor their annual growth (Jaeger &
Monson 1992). Confirming this observation, Asaetlal. (2006) demonstrated that spring
growth of Phragmites australidillers occurred at the expense of pools of TNGred in

rhizomes. In rhizomes, TNC content varies betweedes and internodes. Starch is more
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abundant in nodes, probably due to the preseneedsveloped parenchyma, while soluble
carbohydrates rather occur in internodes (Klimiesl. 1999).

Although stolons are often thought to be involvedlional propagation rather than in
storage (Dong & de Kroon 1994), they may contaimes@amount of reserve substances. For
instance, the survival of immature ramets separiated a parent genet éfotentilla anserina
was enhanced if these ramets remained connectadstolon fragment (Stuefer & Huber
1999). Internodes of these stolons contained phyenatous cells, suggesting that they
supported young ramets through stored resources.

Moreover, resource storage is particularly impdrtam tillers of grasses and
graminoids (Klime$ & KlimeSova 2002). In tillersuttan concentrations can be as high as
30 % of the dry mass and increase according ta@digmnt from stem apex to its basis (Pollock
& Cairns 1991). The bases of vegetative tillere @ubbles) are composed of new elongating
leaves enclosed in the sheaths of mature leavesv@vidBertrandet al. 1999b). Water-
soluble carbohydrates (WSC), mainly as fructans,bmastored in mature sheath as well as in
the elongation zone.é. blade basis) of immature leaves (de Visseml 1997, Morvan-
Bertrandet al. 1999a, b, Scofielét al. 2009). In perennial graminoids of seasonal regions
even those with annual tillers senescing in autuWi§C can persist during winter in the
lowest inter-nodes and remaining stubbles of slieoduced by late bud sprouting in autumn
(Pollock & Cairns 1991). Such importance of storaggller bases may explain the ability of
caespitose species, also referred to as consekdgpiecies (de Kroon & Schieving, 1990) to
store locally available resources (Cheplick & CBQ0D1). This property may be enhanced by
the fact that caespitose plants can accumulateocadnd nitrogen, resulting from the
degradation of litter, in the 0.1 m of soil beldvetplant individual (Derner & Briske, 2001).

All clonal structures can fulfil a storage functjosuggesting that reserve formation
may be of great importance in clonal plants whatekeir growth form €.g. rhizomatous,
stoloniferous, caespitose, bulb- or tuber-formingjowever, although potential, the
involvement of clonal organs in resource storagaasalways effectivee(g. Kavanova &
Gloser 2005). On can reasonably expect that it mtpat least partly on the conditions the

plant encounters.
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Timing of reserve formation

Short-term fluctuations

At the day scale, reserve formation is closely teglato photosynthesis and takes place
principally in the leaves. Starch and vacuolar gserare synthesized and stored during the
day and degraded and/or redistributed during th@tniThe efflux of carbohydrates begins
preferentially by recent assimilates followed byqucts of starch hydrolysis (Chapet al.
1990). By contrast, nitrogen is stored in the Isagiaring the night and reduced during the
day (Chapiret al. 1990).

Pools of reserves also vary according to environaleventsge.g.related to climatic
conditions or nutrient availability. Decreased msynthesis due to cloudy weather is often
accompanied by a decrease in quantities of stoagdon. Similarly, reserve making and
accumulation are enhanced in response to nutrideég, in particular for species growing in

resource poor habitats (Chaghal. 1990, de Kroon & Schieving 1990).

Seasonal fluctuations

Resource storage varies along the year (Steen &bar1986, KlimeSova & Klimes 2003).
Despite sharp variations according to the speamkthe geographical region, in seasonal
climates, reserve pools generally decrease duhregetarly phases of the growing period,
notably to support the outbreak of regrowth follogviwinter. Pools are replenished when
growth slows down or during leaf senescence andemiitrecycling (Chapiret al. 1990).
Consequently, highest pools of reserves have rdgullaen recorded in late summer, after the
new leaves have completed their development (Holo€airns 1991, Beaulieat al. 1997,
Kleijn et al. 2005, Asaedat al. 2006). For instance, the allocation of carbonhiaames of
Fallopia japonicaincreased from June to September, was maintaineithgd winter and
reallocated to spring growth (Prie¢ al. 2002). Kleijnet al. (2005) observed a rapid increase
of starch content in storage organs/eratum albunonce plant growth had been completed,
while it decreased in early spring and autumn aras welatively stable during winter.
Similarly, Asaedaet al. (2006) suggested that storagePinragmites australi®ccurred from
June to October. It was weaker during spring, pobbbecause of the diversion of resources
to the growth of above-ground parts and sexualogipstion, and in autumn, maybe in
relation to metabolic losses (Asaeztaal. 2006).
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Storage as a mechanism to cope with harsh environmi@l conditions

Stress tolerance

According to Grime (1977), stress refers to envimental factors reducing the production of
plant biomass, for instance resource shortage, edxygnitation, extreme temperatures or
salinity. Reserve making is likely to buffer suatnditions and, as such, to be advantageous
in stressful environments (Thornt@t al. 1993). Species with a consolidative strategy are
frequent in resource poor conditions, where theititg to rapidly and efficiently uptake
available nutrients enable them to survive timesladen nutrients are rare (de Kroon &
Schieving 1990). In trees, carbon pools enhanckngapurvival and shade tolerance (Kobe
1997). In particular, several studies have sugdesite involvement of fructans in stress
tolerance. Fructans have been demonstrated to at&i@mn response to several abiotic and
biotic stresses (Hendry 1987) such as cold temp@st(Chattertoret al. 1989), drought
(Thomas & James 1999, Amiaed al. 2003a), low nutrient availability or fungal infemt.
Similarly, hypoxia was accompanied by the accunmutadf fructans in roots and shoots of
several species, regardless their tolerance taifigo but in a more important manner in
flooding-tolerant species (Albrecht al. 1997). Such accumulation is expected to occur
because stresses may limit growth while photoswmhes maintained. Fructans would be
advantageous in such conditions of reduced carbosunption as their accumulation in the
vacuole does not prevent photosynthesis and thgithasis is less costly than starch
(Albrechtet al. 1997). Two major roles of fructans in stress tmbee have been proposed.
Fructans could act as osmoregulators bufferingssfé conditions, but this function is
controversial (Pontis & del Campillo 1985, Hend§8X). Their hydrolysis after a stress
event could also lead to an increase in growth oatse the conditions have become less
stressful (Albrechet al. 1993, 1997, Thomas & James 1999).

Disturbance tolerance

Disturbances are generally considered as evenifiingsin the destruction of part or totality
of plant biomass, such as herbivory, fire or wiragndge for example (Grime 1977). Mainly
considered in the context of herbivory, disturbataterance relies on mechanisms enhancing
plant regrowth and regeneration following damagel(re et al. 1995, 1999, Briske 1996,
Strauss & Agrawal 1999). The role of previouslyrstbresources, relative to currently root
uptake and photosynthesis, as a mechanism of holer® disturbance remains controversial

(Tiffin 2000). In general, only a little part of N pools is used in response to disturbance
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(Chapin et al. 1990). Particularly in the case of partial defiodin, after which some
photosynthetic tissues are left intact, compengatpowth might preferentially rely on
assimilates currently synthesized by remaining @éwithetic tissues, rather than stored
resources (lwasa & Kubo 1997). van der Meijagnal. (2000) failed to establish a link
between the abilities to store resources and &rdt# herbivory. On the other hand, they
noted that plant populations that had experienocad term herbivory (about 20 years) stored
larger amounts of resources, suggesting that leng-herbivory had selected for this trait
(van der Meijderet al. 2000). In fact, several studies have demonstiiaidreserves played

a key role in recovering from disturbance. Througbdelisation, lwasa and Kubo (1997)
affirmed that several disturbance events would els® pools of stored resources. Such
decreases in amounts of reserves have been enipirdamonstrated, confirming their
involvement in recovery from damages (KlimeS & Kdigova 2002, Kleijnet al. 2005,
Brathen & Junttila 2006). Fructans from leaf baaed leaf sheaths are a source of carbon
needed to support refoliation (Amiaed al. 2003b). In accordance with these observations,
phosphorus retranslocation from storage to sinkamsghas also been shown to enhance
regrowth after defoliation (Oyarzabal & Oestern209).

Indeed, the advantage provided by efficient modilan of stored resources depends
on several factors. The severity of defoliation, v@sll as the recovery time between
consecutive disturbance events, is expected taraamshe efficiency of reserve mobilization
(de Jong & van der Meijden 2000, Amiaetl al. 2003b). For instance, frequent disturbance
may prevent sufficient replenishment of reservelpae Jong & van der Meijden 2000). The
advantage of carbohydrate storage also dependsequrésence and activity of meristems. In
the absence of active meristems, mobilization &femees may be unlikely to enhance

refoliation (Morvan-Bertranét al. 1999a).

Two phases of compensation after defoliation
Several studies aimed to disentangle the relatileaf pre- and post-disturbance resources in
regrowth. Most attention has been paid to respotsesxperimental defoliation, which is
considered to mimic above-ground damage caused @&y misturbance types, notably
herbivory. Two phases of recovery have generalgnbdistinguished. First, the reallocation
of previously stored reserves is thought to enahlefficient replacement of lost tissues in the
very first times (from hours to about a week) faling damage. Second, this phase is relayed
by current resource uptake and photosynthesis (@ehr& de Visser 1999). However, the

mobilization of reserves and the assimilation oflyefixed nutrients are not mutually
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exclusive and the distinction between these twosebaelies on the relative importance of
these two sources of nutrients.

The first phase, consisting of short-term mobilaatof reserves and reallocation to
leaf meristems, is a key process of regrowth atenage (Richards 1993, Lattareti al.
2004). Indeed, as defoliation partially or totadlgmages photosynthetic tissues, plants firstly
rely on stored resources to recover their photéetidt activity (de Vissert al. 1997,
Morvan-Bertrancet al. 1999a, b). This early phase of regrowth is charad by a decline
in the biomass of storage organs (Louaétial. 2000). This transient period lasts from one to
a few days (Richards 1993) according to the speares the environmental conditions.
Moreover, although clearly described for the reripdiion of stored carbohydrates, the
existence of this first phase is less clear foriants, notably nitrogen.

In experimental studies with. perenne Morvan-Bertrancet al. (1999a, b) observed a
decrease of the amount of fructans contained botleaf sheaths and elongating bases of
immature leaves, during about 6 days after defohafThis decrease of fructan concentration
was concomitant with an increase in the fructarhggmlase (FEH) activity, confirming the
role of the products of fructan hydrolysis as arseuof carbon for regrowth (Morvan-
Bertrand et al. 1999b). However, this study showed that, not ldakem two days after
defoliation, a half of carbon supplied to growingne already originated from newly
incorporated carbon. Thus, photosynthetic efficjewas rapidly recovered and was involved
in regrowth together with reserve mobilisation.

Some studies have shown an immediate decreas®toactivity and nitrogen uptake
after defoliation (Louahliaet al. 2000, Kavanova & Gloser, 2005). By contrast, Jai
Macduff (1989) recorded maintenance of nitrogenogtigon for about 15 hours after
defoliation and then a decrease for several dayis. perenneroot uptake appeared to be an
important source of nitrogen translocated to regmgwissues readily after defoliation (de
Visseret al. 1997). In accordance with this observation, Mori@mntrandet al. (1999a) did
not find any relation between the level of nitroggrsoluble proteins contained in the stubble
and regrowth efficiency ih. perenneduring the very first days after defoliation. Byntrast,
Schnyder & de Visser (1999) distinguished, in thens species, a transient phase of N-
remobilisation from reserves during about threesd&@onsequently, the roles of nitrogen
reserves in recovery from defoliation seem condichsind may depend on the species as well
as the growing conditions and severity of defabiatiindeed, the mobilization of nitrogen

reserves and the ongoing root uptake are likelgteyfere together during refoliation.
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The second phase of regrowth becomes dominant takerestoration of functional
photosynthetic tissues. Newly synthesized photovalsges become the major source of
carbon incorporated in elongating leaves (de Vissal. 1997). Thus, environmental factors
influencing photosynthetic rate and nutrient upthkeeome the major constraints acting on
compensatory growth. This time lag also enablesapknishment of reserve pools (Morvan-
Bertrandet al. 1999b). This process is quite slow and may lastersé¢ weeks and even
months (Richards 1993, Klime$ & KlimeSova 2002) kstduration likely depends on the

severity of disturbance.

Regeneration following damage
By damaging above-ground tissues, disturbances offease apical dominance and result in
the activation of either vegetative or reproductasellary buds. Such bud sprouting after
damage can be considered as a mechanism of toderashéch enhances regeneration after
disturbance (Tuomet al. 1994). The activation of vegetative buds followohgturbancei.e.
vegetative regeneration, has been particularlyistuih woody plants (see for instance
Bellingham & Sparrow 2000, Del Tredici 2001, BondMidgley 2001, 2003, Lasset al
2009), while it also takes place in herbaceousispdi&limeSova & Klimes 2003, Latzelt
al. 2008). Two contrasted strategies have been disshgd: (re)sprouters invest in the
constitution of a bud bank, which support vegetatregeneration after damage, whereas
seeders rely on seed output to regenerate (Belimg& Sparrow 2000). Respouting is
expected to be advantageous under damage of medseaterity but high frequency
(Bellingham & Sparrow 2000, Bond & Midgley 2001).

Vegetative regeneration relies on the presenceudf dtored as a bud bank, but it
depends also on the pools of stored TNC to supmadit growth (Bond & Midgley 2001,
KlimeSova & Klimes 2003, Knox & Clarke 2005). Greaamounts of TNC, notably starch,
which is the main storage TNC in woody species (that al. 1990, Bell & Ojeda 1999),
have been recorded in roots of resprouters tharose relative seeders (Bell & Ojeda 1999,
Verdaguer & Ojeda 2002, Knox & Clarke 2005). Thiha&nced capacity of starch storage is
accompanied by larger amounts of specialized rmohge tissuesi.€. parenchymatic rays,
Bell & Ojeda 1999). Where above-ground disturbancagsse weaker damages than fire,
stems of resprouters can also be involved in ststatage (Nzundat al 2008).

While only a few sprouters are clonal, almost dlclnal plants have the ability to
resprout (Bond & Midgley 2001, 2003). Clonal orgaesve as carriers of vegetative buds.

Due to their spatial position either below-grouedy(on rhizomes, bulbs or tubers) or close
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to the soil surfacee(g. on stolons or bases of grass tillers), they dwlyli protected from
disturbance (Michunas & Noy-Meir 2002, Haukioja &icheva 2000, KlimeSova & Klimes
2003, 2007). In clonal plants, resprouting may thasof great ecological significance as it

allows the clonal individual to maintain clonal mplication even under disturbed conditions.

Conclusions and perspectives: a long-term advantage storage in grazed meadows
Clonality provides plants with an enhanced capgbdf resource storage. In clonal plants,
reserve mobilization after disturbance may sustainonly the restoration of damaged tissues
(compensatory growth) but also ramet productiospireuting). Physiological studies have
demonstrated that the retranslocation of a sufftcemount of stored resources to sustain
regrowth and/or resprouting lasts for only a fewysdaAlthough transient, this phase is
nevertheless crucial as it can expectedly provigeiant individual with a greater growth
rate and, consequently, an immediate competitivar@dge on defoliated neighbours.

As it may slow down current growth, because of diken of resource or negative
feedbacks of accumulation on photosynthesis anoures uptake, storage is costly to the
plant in undisturbed habitats. However, these castslikely outweighed by the benefits of
storage in disturbed habitats (Stuefer & Huber )99ere it can be considered as a bet-
hedging strategy. As a consequence, pools of st@sources immediately available after
defoliation are expected to be advantageous inrthetl habitats and, notably, to be selected
for by grazing (Richardet al. 1993, van den Meijdert al. 2000). Although commonly
assumed, this proposition has rarely been expetatignested. In particular, the capacity to
store resources could be a key of the ecologicaless of clonal plants. Determining whether
storage indeed represents a long-term advantageniporally variable and disturbed habitats,
for instance in grazed meadows, emerges as aningkgirospect linking the areas of

physiological and ecological research.
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Abstract

Compensatory growth after defoliation is an essémiechanism of grazing resistance and
may be enhanced by the remobilization of storedwe®s. In grasses, which dominate
meadow plant communities, carbohydrates contaimedmaining stubbles constitute a major
substrate for regrowth after defoliation. The objexof this study was to investigate the role
of these carbon pools in grazing resistance. Twpotheses were tested. We expected
carbohydrate reserves to positively related tsfgcies resistance to grazing (inter-specific
differences) and (ii) regardless the species, ¢ogitazing regime experienced by the plants
(intra-specific differences). Six Poaceae specudsch differ in their grazing resistance, were
selected. Individual plants growing under two casted grazing regimes were collected at
two sampling dates and carbohydrates containdakeiistubbles were measured. Carbohydrate
contents were greater just after the grazing se@muhof summer) than before the following
grazing season (end of winter). Thus, althoughiggainduced defoliation may have depleted
reserve pools, all species proved able to recower ta replenish these pools between
consecutive defoliation events. Fructans and, tiesser extent, sucrose were the major
carbohydrates contained in the stubble of the gidysspecies. At the end of the grazing
season, greater amounts of fructoise. pasic component of fructans) under intensive than
under moderate grazing suggested that increasiagingy pressure enhanced fructan
hydrolysis and remobilization. At that date, a posirelationship between fructan content
and grazing resistance was also detected. Justebtfe following grazing seasone. six
months after cattle had left the pastures, fruetad sucrose concentrations were not only
positively related to grazing resistance but welso éigher under intensive than under
moderate grazing, regardless the species. Conggumir results demonstrated that grazing

can promote the ability to store carbohydrated bdthe inter- and the intra-specific levels.

Key-words
Carbohydrates, HPLC, grasses, grazing regime,iggaesistance, stubble.

Abbreviations
DW: dry weight, TNC: total non-structural carbohgtérs, WSC: water-soluble carbohydrates
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Introduction

Grazing induces major changes in floristic and fiomal compositions in plant communities
(Bullock et al. 2001, Diazet al. 2001, 2007, de Bell@t al. 2005), mainly through the
consumption of above-ground tissuies, defoliation (Kolheret al. 2004). Defoliation affects
individual plants directly, by removing part of gheynthetically active tissues (leaves and
stems) or indirectly, through canopy opening (S#lal. 1986, Richards 1993, Bakket al.
2003, Veenet al. 2008). Plant ability to survive and develop af@efoliation, i.e.
compensatory growth (McNaughton 1983, MaschinskM&itham 1989), is an essential
mechanism of grazing tolerance (Briske 1996, Stetad. 2000). Grazing is thus expected to
favor plants able to regrow rapidly after defolistiand to take a competitive advantage over
plants missing such ability.

Compensatory growth can be divided into two pha@@shards 1993, Morvan-
Bertrand et al. 1999b, Schnyder & de Visser 1999). First, defaiatis followed by a
transient time lag, during which the mobilizatiohstored resources is the main mechanism
enabling the plant to recover from tissue losséss Pperiod lasts from one day to about a
week (Richards 1993, Morvan-Bertrared al. 1999a, b, Schnyder & de Visser 1999).
Secondly, photosynthetic activity of newly produdissues becomes the main source of
assimilates, supporting growth and reestablishmetpreviously consumed reserves
(Richards 1993, de Visset al. 1997, Morvan-Bertrandt al. 1999b). Consequently, reserves
that can be mobilized readily after defoliation kcbsupport compensatory growth and
enhance short-term competitive ability of recovgntants in grazed areas (Richards 1993).

Storage mainly takes place in roots, perennatiggres and stems (van der Meijdsn
al. 1988, Suzuki & Hutchings 1997, Klime$ & KlimeSov@02, Kavanova & Gloser 2005).
In Poaceae, great amounts of carbohydrates aredsiorthe basis of tillers (thstubblg,
which is composed of elongating leaves enclosechature leaf sheaths (Ourgf al. 1988,
Morvan-Bertrancet al. 1999b). Carbohydrates contained in remaining sésbéire mobilized
rapidly after defoliation, due to their close prmoxy to the zone of regowth (Morvan-
Bertrandet al. 2001), and are thus likely to play a key role ampensatory growth.

Carbon is mainly stored as total non-structurabohydrates (TNC). Starch has long
been considered as the most important form of tengr storage TNC (Manner 1985). In
Poaceae, starch is the major carbohydrate storeeledts. However, fructanse( polymers of
fructose) are the predominant substance of cartwyage in vegetative tissues in most of C3
grasses of temperate areas (Pollock & Cairns 198Mhijle sucrose or even hexosesg(

glucose and fructose) can also be involved. Norciglation between amounts of starch and
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fructans has been shown and their presence doeseaot mutually exclusive (Pontis & del
Campillo 1985). The composition of carbohydrateeress (e. nature and relative
abundances of stored TNS) may change not only dicapto the species considered, but also
to the environmental conditions experienced bypilaat (Chattertoret al 1989).

The present study aimed to investigate whetherimggaselects for resource storage in
the stubble of Poaceae species. In particularested the two following hypotheses.

1- We expected that species should differ in theiditgbto store resources,
depending on their resistance to grazing. Spebagsare the most resistant to grazing. (he
abundance of which increases with grazing intepsitpuld store greater amounts of reserves
than species the least resistant to grazimg the abundance of which decreases as grazing
intensity increases).

2- Within a species, we expected carbohydrate resdovd® greater in plants
developing under intensive grazing than in plaotshstted to moderate grazing.

In that purpose, we measured the carbohydrate mofte starch, fructans, sucrose, glucose
and fructose) in stubbles of individual plants gmayvin two contrasting grazing regimes for

six Poaceae species differing in their grazingstasce.
Material and methods

Study species

This study was carried out on species occurringhegn meadow of the Magnils—Reigners
(250 ha-large), in the Marais Poitevin (French Afiil@ coast, 46° 28'N; 1° 13'W). This
grassland has traditionally been grazed by cattte Forses from April to October since the
XII™ century. Grazing season thus occurs during sgimgsummer. An experimental design
was established in this meadow and has enabledntmot the grazing pressure (from no to
intensive grazing) and herbivore type (cattle andiorses) since 1995 (Amiaud 1998,
Loucougaryet al 2004, Rossignadt al 2006).

We selected six clonal perennial Poaceae specis abmmonly occur in this
grassland (Benogt al in prep).Agrostis stoloniferal., Cynosurus cristatus., Elytrigia
repensL., Hordeum secalinurGchreb.Lolium perennd.. andPoa trivialis L. are all tussock
forming. In addition A.stoloniferacan produce stolons ad repengproduces long creeping
rhizomes. Stolons and rhizomes were not taken atoount in the present study. The
abundance of these species differs according to gifaging pressure, some of them

dominating ungrazed vegetatioe.d. E. repen}¥ while others being present only in grazed
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conditions €.g. L. perenng Their resistance to grazing was estimated inoBen al (in
prep.) by (i) estimating their abundance under gého®ntrasting grazing regimes (no,
intermediate and intensive cattle grazing pressamd)(ii) carrying out a redundancy analysis
on the species abundance matrix, with the grazggre as the explanatory variable. Species
level of grazing resistance corresponded to speciee on the constrained axis of the RDA.
Low scores corresponded to species abundant with@zing {.e. low grazing resistance).
High scores corresponded to species abundant untirsive grazing regimei.€. high

grazing resistance; Table 1).

Table 1 — Species score along the constrainedodstise RDA, quantifying species level of grazingistance
(see Benott al.in prep for detailed explanations).

Species E.repens A.stolonifera P.trivialis C.cristatus H.secalinum L.perenne
Score -0.88 0.20 0.51 0.65 0.67 0.85

Plant collection and material

Non-flowering individuals of each species were ectéd after a grazing season (October
2008) and two days before the beginning of theofailhg grazing season (April 2009). In
October, plants were collected about ten days #iteanimals had left the pastures and may
present traces of leaf damage, indicating formezigg. This date corresponded to direct
grazing effects. By contrast, plant individuals ledled in April were intact. This date
represented long-term grazing effects. Data catladasted for three days, from 10 am to 4
pm. We paid attention to pick up individuals of gplecies all day long, in order to maximize
the daily variation of carbohydrate content witlanspecies and to minimize differences
among species. Collections took place in two pakislof 1 ha, with stocking rates of 2 and 4
cows.hd (i.e. about 685 and 1370 kg:haMénard et al. 200). These stocking rates
respectively correspond to moderate (S2) and intergrazing (S4). Four of the six study
species were present only in grazed paddocks asénalin the absence of grazing.
Consequently none plant was picked up in the ewotosvithout grazing. Individuals were
composed of several connected tillers. Each indadidvas picked up with a knife, carefully
washed and immediately frozen in liquid nitrogerorf the field to the lab, the samples were
transported in a freezer and kept at -80°C untilyN2&09, when they were freeze-dried.
Freeze-dried plants were dissected in order toratpdller basis, which corresponded to the
stubble composed of mature leaf sheaths enclosedatked leaves, from the rest of the tiller.

As tillers might differ in size, the stubble wag either under the ligule of the older leaf or at
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3 cm above the rooting point for longer stubbldg.(E). These stem bases were reduced into

powder.

Leafblade: photosynthetic leaf
part atleast partly removed by
defoliation

y
Stubble: elongating leaves
enclosed in mature leaf sheath

i Roots

____________________ v
Fig. 1 — View of a tiller of Poaceae and positidnhe stubble

Extraction, purification and separation of water-fable carbohydrates (WSC)

Twenty £+ 1 mg DW of powder were weighted (the exastight was noted). WSQ.€.
fructans, sucrose, glucose and fructose) were agtiadrom this powder in 80% ethanol at
80°C for 15 min. After ethanol extraction, the sénwas centrifuged at 10,0@0or 10 min.
The supernatant was preserved and 2 mL of wateraddsd to the pellet. The tube contents
were mixed and incubated 15 min at 60 °C. Afterfitet aqueous extraction, the sample was
centrifuged at 10,000 for 10 min. The supernatant was preserved anddheous extraction
was repeated once with the pellet. The three sapmthwere pooled, evaporated to dryness
under vacuum and the residue was dissolved intopd50f ultra pure water. Aliquots of
carbohydrate extract (100 puL) were passed throuiglicalumns (Mobicols from MoBITec,
Gottingen, Germany) containing 150 pL of anionhexge resin (Amberlite CG-400 I,
formate form, Fluka, Buchs, Switzerland) and 250qgi Ication exchange resin (Dowex 50W
X8-400, H+ form, Sigma, Saint-Louis, MO, USA) tamreve charged compounds. Between
these two resins, 80 pL of PVPP (plyvinylpolypyrdoine) were added to eliminate lipids,
pigments and phenolic compounds.

Glucose, fructose, sucrose, and fructans were aphrand quantified by high-
performance liquid chromatography (HPLC). The euahtremaining impurities were
removed by a pre-column Guard-PAK (Millipore Watdvklford, MA, USA) and the WSC
were then separated on a cation exchange colunga(&AK |, 300 x 6.5 mm, Millipore
Waters Milford, MA, USA) eluted at 0.5 mL.nilnwith 0.1 mM CaEDTA at 85°C, and

detected using a refractometer as a sugar detector.
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Starch measurement
Starch was hydrolysed by dissolving the insolubktemnal remaining after WSC extraction
into 200 pL of DMSO (8N) and 50 pL of HCI (8N) ad€ for 30 min. 200 pL of extract
were dissolved into 500 pL of ultra-pure water atldéth 40 pL of NaOH (5M) and pH was
adjusted between 4 and 5. Ultra pure water wasdcaddeto 1mL. After decantation, starch
content was measured by three successive enzymeaotions (Enzyplus® kit EZO 942+
Starch, Raisio Diagnostics SpA, Rome, Italy):
Starch + HO + AGS solution (amyloglucosidase) D-glucose
D-glucose + ATP + hexokinase GgP + ADP

GsP + NADP + GsPDH > 6PG + NADPH + H

The final product of the reactions (NADPH) was mugad by spectrophotometry at 340 nm.

Statistical analyses

The content of carbohydrates was calculated asdhgohydrate mass divided by the dry
weight of tissue powder. The impacts of specieazigg regime and their interaction on the
concentration of each non-structural carbohydradeewested through two-way ANOVAS.
Tukey HSD tests were applied for post-hoc compasgsdn order to check whether species
effects were due to their level of grazing resistarthe factor species was replaced by the
variable species score and ANCOVAs were carriedvotit species score as the covariate,
grazing regime as the factor and the interactiobath. When necessary, data were log-
transformed for normalisation. The statistical gee$ were carried out with the R software

(R Development Core Team, 200iftp://www.R-project.orly

Results

Starch

Starch was the least abundant carbohydrate: rewpadli species and grazing regimes, starch
concentrations in stubbles were lower than 3.5 niW™' in October and even than
1 mg.g DW* in April (Fig. 2A, B). In October, starch contetiépended only on the species
(Table 2A). In April, this species effect also ooed but there was a significant impact of the
grazing regime (Table 2B): starch content was loweder intensive grazing (S4) than
moderate grazing (S2) fdE. repens A. stoloniferaand H. secalinum while no significant
difference between both grazing regimes was detdotethe three other species (Fig. 2B). At

both dates, species effect was not related to speesistance to grazing (Table 3).
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Fig. 2 — Mean (+ SE) concentrations (mg.g BVef each of the five non-structural carbohydrateestigated, at
both sampling dates (October 2008 and April 20@ynificant differences between the grazing regiraes
indicated in the upper right corner of each gradd@VA). nsP > 0.05, *P < 0.05, *P < 0.01, *** P < 0.001.
Capital letters (A — C) indicate significant diféerces between the species (ANOMVA< 0.05). Lower case
letters (a — d) indicate significant interactiordvieeen the species and the grazing regime (Tukdy, R 0.05).
S2: moderate grazing, S4: intensive grazing.
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Fructans
Fructan content in stem bases was largely highaar the content of the other carbohydrates,
comprised on average between 80 and 400 mg.d B¥pending on the species and the date
(Fig. 2 — C and D). At both sampling dates, fruatancentration was significantly impacted
by the species and the grazing regime (Table 2,Z&g D). This species effect depended on
species resistance to grazing, as indicated bgigmficant effect of species score on fructan
concentration. (Table 4): the higher the speciesesthe greater the amount of fructans
(Fig. 2C, D).

In October, the impact of grazing regime on fructamcentration depended on the
species (Table 2A). Fructan content was higher untdensive grazing foE. repensand
A. stolonifera similar between both grazing regimes fOr cristatusand L. perenneand
higher under moderate grazing fr trivialis andH. secalinum(Fig. 2C). In April, fructan
content was significantly higher for plants subgdttto intensive grazing, regardless the
species (moderate grazing: 126.5 + 51.7 mg.g DWitensive grazing: 153.0 + 54.6 mg.g
DW; Table 2B, Fig. 2D).

Sucrose

In October 2008, sucrose concentration dependedthen species (Table 2A), but
independently of their resistance to grazing (Ta®9. This content was the highest for
C. cristatusand the lowest foH. secalinum(Fig. 2E), despite their similar scores in resgons
to grazing (e. level of grazing resistance, Table 1). Grazingimegalso significantly
impacted sucrose content (Table 2A), which wasédrgimder intensive grazing, although this
difference was weak (moderate grazing: 8.7 +4.3YV', intensive grazing:
10.1 + 4.3 mg.g DW: Fig. 2E). This effect was lost when the specias veplaced by species
score (Table 3B).

In April 2009, sucrose content was significantliated to both species (Table 2B) and
species score (Table 3B), indicating that it tentiede lower for species dominant under
intensive grazing (Fig. 2F). Sucrose content wa® algnificantly higher for plants under
intensive  grazing (moderate grazing: 5.3+2.9 n@\g', intensive grazing:
8.1 + 2.9 mg.g DW: Table 2B, Fig. 2F).
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Table 2 — Results of the ANOVAs testing for the aopof species (Sp.), grazing regime (G.R.) aed thteraction on non-structural carbohydrate eatt, in October
2008 (A) and April 2009 (B)P-valuesin bold are significant.

Starch Fructans Sucrose Glucose Fructose
df F P F P F P F P F P
A — October 2008 n=94 n=91 n=91 n=91 n=91
Sp. 5 9.04 < 0.001 17.42 < 0.001 11.49 < 0.001 8.70 < 0.001 5.76 < 0.001
G.R. 1 1.83 0.180 0.20 0.659 4.13 0.045 0.11 0.736 11.72 0.001
Sp. x G.R. 5 1.51 0.196 3.67 0.005 0.72 0.608 1.72 0.139 0.54 0.744
B — April 2009 n=94 n=94 n=94 n=94 n=94
Sp. 5 5.30 < 0.001 9.01 < 0.001 33.45 < 0.001 9.34 < 0.001 6.06 < 0.001
G.R. 1 21.80 < 0.001 8.26 0.005 65.53 < 0.001 8.72 0.004 0.04 0.852
Sp. x G.R. 5 3.09 0.013 0.63 0.677 1.09 0.374 2.09 0.075 3.92 0.003

Table 3 — Results of the ANCOVAs testing for thep@ot of the species score (Sp. Score), the graegige (G.R.) and their interaction on non-struatearbohydrate
contents, in October 2008 (A) and April 2009 (Bjvaluesin bold are significant.

Starch Fructans Sucrose Glucose Fructose
df F P F P F P F P F P
A — October 2008 n=94 n=91 n=91 n=91 n=91
Sp. score 1 3.47 0.066 17.92 <0.001 0.71 0.402 2.35 0.129 0.12 0.725
G.R. 1 1.05 0.309 0.08 0.779 2.63 0.108 0.22 0.644 8.35 0.005
Sp.score x G.R. 1 0.12 0.728 7.28 0.008 0.00 0.983 1.17 0.282 0.01 0.913
B — April 2009 n=94 n=94 n=94 n=94 n=94
Sp. score 1 2.01 0.159 10.47  0.002 5.89 0.017 28.45 < 0.001 0.13 0.718
G.R. 1 15.82 < 0.001 6.40 0.013 22.86 < 0.001 7.47 0.008 0.02 0.876

Sp.score xG.R. 1 0.45 0.505 0.08 0.779 0.41 60.52 0.76 0.386 2.35 0.129




Hexoses: glucose and fructose

In October, glucose content was only impacted bysiiecies (Table 2A) but independently to
the species score (Table 3A). It was the lowestHotrivialis and the highest for both
E. repensandH. secalinum(Fig. 2G). Fructose content was also independetiieospecies
score (Table 3A), but was significantly higherHin secalinumandL.perennethan in other
species (Fig. 2I). Fructose content was highepfants in intensive grazing than in moderate
grazing regime (moderate grazing: 6.9 +3.4 mg.g DWihtensive grazing: 9.0 + 3.5
mg.g DW™; Fig. 21).

In April, glucose concentration was significantliglmer in E. repenghan in all other
species. It was also significantly, although weakdfiected by the grazing regime (moderate
grazing: 3.3 + 1.5 mg.g DW intensive grazing: 4.3 + 2.1 mg.g D\WTable 2B, Fig. 2H).
The species impact on fructose content did notmidpa species score (Table 3B). Similarly,
the response of this hexose to the grazing regiffexetl according to the species (Table 2B)
but independently to their score (Table 3B, Fig. 2J

Discussion

The effect of grazing on carbohydrate contentshm $tubble was estimated at two dates.
October sampling (end of summer) was carried oatiaten days after the end of the grazing
season and April sampling (early spring), two dbhg$ore the beginning of the following
grazing season. Consequently, while October measms represented direct effects of
grazing on carbohydrate contents, April measuresnerpressed long-term grazing effects,
i.e. either carry-over effects of the former grazingsse or local adaptations to grazing. The
amount of carbohydrates was globally higher atetig of summer (October) than after winter
(April). In seasonal regions, storage varies thhmug the year (Steen & Larsson 1986,
KlimeSova & Klimes 2003). Several studies have destrated the mobilization of reserves
for plant growth in spring, followed by their replshment during summer, after new foliage
has completed its development (Chagtral. 1990, Pollock & Cairns 1991, Beauliet al.
1997, Kleijnet al. 2005, Asaedat al. 2006). However grazing and notably defoliationjakih
occurred during summer, could have depleted theserve pools (Beaulieat al. 1997,
Klime§ & KlimeSova 2002, Kleijret al 2005). Indeed, after defoliation, the mobilizatioh
stored resources to support compensatory growts fas about a few days, after which

newly produced tissues can resume photosynthesisaf 1993).
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The greater amounts of carbohydrates recordedeagnii of the grazing season indicate that
the time lag between two consecutive grazing-indudefoliations may have been long
enough to allow not only regrowth but also the eehment of reserve pools.

Although variable, the ranges of carbohydrate cotradons remained similar
amongst the species investigated: fructans were miwst abundant non-structural
carbohydrate, followed by sucrose, glucose andtdas; while starch was only found as
traces. Fructans and starch are known to be maea @lternative forms of non-structural
carbohydrates (Brocklebank & Hendry 1989), whileeythcan be stored in the same
parenchyma cells (Scofielet al 2009). The highly different concentrations ofctians and
starch found in the present study confirm the nmaigiole of starch as a reserve carbohydrate
in vegetative tissues for most C3 grasses from ¢zate climates (Brocklebank & Hendry
1989, Cairnset al 2002). In accordance with this observation, stajgpeared little involved
in grazing tolerance for the study species. At ts@tmpling dates, the inter-specific variation
in starch content in stubbles was not related txriss resistance. Moreover starch content
sampled just before the beginning of the graziragse (April) was lower, and even close to
zero, under intense than under moderate grazingnGheir largely greater abundance in the
study species, fructans and sucrose thus emergigeasarbohydrates the most relevant in
carbon storage.

Fructan and sucrose concentrations were greatemntpfor species the most resistant
to grazing (.e. the abundance of which increases along a grazajent), but also for plants
developing under intensive grazing, regardlesssipecies. Our results thus confirmed the
hypothesis that carbohydrate storage in the stubbleoaceae could be favored in grazed
vegetation, both at the intra and inter-specifiels. A significant species effect was detected
for all of the carbohydrates and both sampling slaf@is result indicates that the composition
and concentration of the carbohydrate pools instnbble were primarily constrained by the
species, despite their phylogenetic proximity. Adthb sampling dates, fructan content
significantly differed according to the species amds even positively related to species
response to grazing. A similar trend occurred focrgse, but only in April. As a
consequence, and contrary to van der Meijderal (2000), who found no link between
storage and grazing tolerance, our results indit@dé the content of some carbohydrates,
notably fructans and sucrose, was positively rdl&despecies resistance to grazing. Similarly,
Klimes$ & KlimeSova (2002) demonstrated, for threméeae species, that recovery following
mowing was positively related to carbohydrate coitregion in stem bases. This tendency

was even stronger when absolute quantities, raltla@r concentrations, were considered. Our
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observations may thus have been quite differemteifhad measured carbohydrate absolute
contents. The concentrations that we monitoredller tbases likely represented the major
part of carbohydrates contained in the tiller. dlefructan concentration in stems increases
along a gradient from the apex to the base (Pollbkairns 1991). A similar trend can be
expected for the other, less abundant, carbohydrétean thus be concluded that grazing
tended to favor species that are the most effigreftuctan and sucrose storage. An effect of
grazing, at least as important, was to promoteaigsprecific variation in the amounts of
carbohydrate reserves.

At the end of the grazing season (October 2008)effect of the grazing regimed.
moderatevs. intense) on fructan content depended on the speesestance to grazing. In
species the most resistant to grazi@g qristatus L. perenngH. secalinumandP. trivialis),
intense grazing led either to a maintained or aedsed fructan concentration compared to
moderate grazing. By contrast, in the less redisEamepensand A. stolonifera fructan
concentration was greater under intense than undeerate grazing regime. At first glance,
these observations may indicate a differentialafideuctan pools amongst species, during the
grazing season. The vyield of regrowth is influencey the efficiency of reserve
retranslocation readily after defoliation (Schnyderde Visser 1999). Fewer or similar
amounts of carbohydrates remaining in stubbles mundinsive grazing compared to
moderate grazing could be related to their efficremobilization and explain differences in
species resistance to grazing. Yet, at the endheofgtazing season, fructose contents were
greater under intensive than moderate grazing,rdégss the species. This suggests that
fructan hydrolysis and remobilization as a simplgas readily available for regrowth may be
most important in response to intensive grazing, uch, for all species. Moreover, amounts
of fructans accumulated at the end of summer wesdipely related to species resistance to
grazing. Consequently, grazing may favor specietherbasis of their ability to make fructan
reserves despite defoliation rather than to renmmgbithese reserves after defoliation.

As expected, grazing impacted the pools of reseavadable just before the grazing
season (April 2009). Amounts of fructans and sueresere larger for plants from the
intensively grazed paddock than for plants from niaderately grazed one, regardless the
species. These observations indicate that grazimgaét on the most important storage
compounds expressed six months after cattle hadHef pastures. Consequently, grazing
appeared to favor not only the ability to synthederge amounts of fructans during summer

but also the ability to keep a sufficient pool ekerves available at the beginning of the
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following grazing season. These latter are expéctefl great importance as they could
promote compensatory growth after defoliation (MomBertrandet al. 1999a).

Our results strongly indicate that fructans andrese are involved in grazing
tolerance both at the intra- and inter-specificelsy On the contrary, starch had a weak
relevance in vegetative storage for all of the sixdy species. Carbohydrate storage and

remobilization readily after defoliation thus apphadvantageous under grazing conditions.
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Conclusion du chapitre 3

L'étude présentée dans l'article 7 confirme le f@épondérant des fructanes comme sucre de
réserve dans les tissus végétatifs des six espécBsaceae étudiées. L'amidon n’est présent
gue sous forme de traces tandis que le sacchatokes dnexoses (glucose et fructose)
présentent des concentrations intermédiaires. Bagltats mettent en évidence I'impact du
paturage sur les réserves carbonées contenuedadbase des tiges aussi bien a I'échelle
inter- qu'a I'échelle intra-spécifique.

Les stocks de sucres plus importants en fin desals paturage (octobre 2008) qu’en
début de saison de paturage (avril 2009) indiggeetla synthése et le stockage de réserves
pendant I'été ont eu lieu malgré le paturage. Lesedrs en sucres sont également
dépendantes de l'espece. Plus particulierementstiesks de fructanes et de saccharose
disponibles avant la saison de paturage sont pesitnt liés a la résistance des especes. Une
différence intra-spécifiqgue a également été détedieutes espéces confondues, les stocks de
fructanes et de saccharose disponibles avantdarsdie paturage sont plus importants chez
les plantes soumises au paturage intense queahpahtes soumises au paturage modéré.

Chez ces six especes, le stockage de réservesiéasbdans la base des tiges apparait
donc comme une stratégie favorisée par le patutageaniere inter- et intra-spécifique.

Les substances de réserves contenues dans les\esizies espéces qui en produisent
ont également été dosées, mais ce jeu de donnéen esurs d'analyse et sera seulement

brievement évoqué en conclusion de ce manuscrit.
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CHAPITRE 4 —IMPORTANCE RELATIVE DES TRAITS ARCHITECTURAUX
ET PHYSIOLOGIQUES DANS LA REPONSE A LA DEFOLIATION
(APPROCHE PAR MODELISATION






Introduction du chapitre 4

Les études présentées au cours des chapitres enés@dit permis de caractériser I'impact du
paturage et de la défoliation sur les traits clanau

Nous avons observé que le paturage bovin inteasd ta homogénéiser la hauteur de la
veégetation a échelle fine comme a échelle grossikrBinverse, un paturage modéré est
plutbt générateur d’hétérogénéité spatiale, notamradarge échelle. Néanmoins, quel que
soit le régime de paturage, la défoliation ne semphs pouvoir étre percue comme
hétérogene a I'échelle du fragment clonal. La st&véfe la défoliation s’appliquant aux
fragments clonaux varierait donc surtout en frégeeet en intensité.

Nos résultats empiriques ont également mis en @e&ld’existence d’'une diversité de
réponses architecturales a la défoliation, indéaemdent des capacités de tolérance a la
défoliation et au paturage. A l'inverse, le pateagmble favoriser les capacités de stockage
dans la base des tiges des ramets, permettantétartoe de la défoliation (compensation
et/ou régénération suite a la défoliation). Il séardit donc que les propriétés clonales
étudiées (architecture clonale et stockage de uess®) et les traits sous-jacents n'aient pas la
méme implication dans la réponse au paturageasetiéfoliation.

Toutefois, les mesures situ ne permettent pas de dissocier les divers parasnéiela
défoliation ou de les distinguer d’autres facteemgironnementaux, tandis que les approches
expérimentales ne permettent généralement que td®er quelques uns. Ainsi, lors des
expérimentations, nous avons appliqué des traitendendéfoliation homogéne, différant soit
en fréquence soit en intensité (hauteur de couipest donc difficile d’analyser I'importance
relative des divers parametres de la défoliatigri’expression des traits clonaux.

En outre, les réponses observéesitu ou expérimentalement sont susceptibles de traduire
des contraintes développementales ou des cormgagiénétiques entre traits, au dela d’'une
réponse strictement restreinte aux conditions enaementales. Par exemple, les expériences
réalisées sur 'architecture clonale ont montré lgsecontraintes structurales peuvent limiter

la plasticité phénotypique en réponse a la défohat

Par une approche de modélisation, nous avons dwrcle a caractériser les combinaisons

de traits clonaux optimales.€. qui permettent de maximiser la performance dunfremt
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clonal) en les associant aux caractéristiques déflaiation (pourcentage et grain, fréquence,
intensité). Plus particulierement, nous avons tést& hypotheses :

1- Quelles que soient les caractéristiques de la idéfm, il existe au moins une
combinaison de traits clonaux optimale qui permetndaximiser la performance
clonale.

2- Les traits clonaux impliqués dans la réponse a d#oliction dépendent de ses
caractéristiques. Par conséquent, les combinaistmnstraits clonaux optimales
difféerent en fonction des caractéristiques de Idol@ddion, avec deux sous-
hypothéses :

a. la défoliation hétérogéne a I'échelle du genet femt I'élongation des
connexions et I'intégration physiologique extensive
b. des fréquences et intensités de défoliation croissafavorise lintégration

physiologique extensive et la mise en place daveése

Nous avons choisi d’aborder ces questions graeen@btélisation numérique. En effet, celle-
ci présente plusieurs avantages par rapport avgriexpntations et mesures de tramssitu.

Elle permet (i) de tester un grand nombre de patdendéfoliation, décrits sur la base de leurs
caractéristiques spatiales (pourcentage et grala défoliation), de leur fréquence et de leur
intensité, (i) de s’affranchir des corrélationgrentraits et, par conséquent, de déterminer
limportance relative de chaque trait, indépendaminges autres, dans la réponse aux divers

patrons de défoliation.
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Abstract

Defoliation is a common disturbance experienced lyde range of plant communities, most
of which are dominated by clonal plants. Defoliatjgatterns can vary in spatial arrangement,
frequency or intensity, and may promote clonaltsranaximizing genet performance. The
present study aimed to disentangle the relatiossbgtween clonal traits and defoliation
parameters. Two hypotheses were tested. (1) Amdhgsgreat diversity of clonal growth
forms, there exists at least one optimal combimatd clonal traits that maximizes genet
performance. (2) Optimal combinations of clonalit¢radiffer according to defoliation
parameters. More precisely, heterogeneous defmtiashould promote both high lateral
expansion and extensive physiological integratishile homogeneous but frequent and/or
intensive defoliation should favor compact arctiilee and resource storage. These issues
were addressed through an individual-based modallating the growth of single genets
submitted to various defoliation patterns. Thredidators of genet performance were
investigatedi(e. genet biomass, number of ramets and length dbtigest connection). Only
biomass was affected by defoliation, notably deta@n percentage, suggesting that
defoliation patterns had little impact on genef@enance. Yet, the expression of clonal traits
varied according to defoliation patterns. Homogesedefoliation was a strong filter on
clonal traits, selecting for only a few combinasorAlthough the absence of defoliation
appeared as a weaker filter, it selected for smulanal traits. In accordance with our
expectations, heterogeneous defoliation selectedhifgh inter-ramet distances leading to
dispersed populations of ramets, which enable teaspthe risks of defoliation amongst these
ones. By contrast, homogeneous conditions favor@dtantially high number of primary
connections and small inter-ramet distances, leattiran efficient occupation of the ground.
Contrary to our expectations, resource storage madimportance in the response to
defoliation, regardless of its pattern. When gepetformance was estimated by genet
biomass, extensive resource sharing was promoteer untermediate defoliation percentage
and fine grain. However, the distance of resoulwaisg became irrelevant to defoliation
patterns when the other indicators of performaneeevinvestigated. This modeling approach
has enabled to analyze the relationship betweernmgortant set of clonal traits and
defoliation patterns. Further improvements could itoplemented, notably by expressing

genet performance through a synthetic indicatoncduding competition with other genets.

Key-words Clonal architecture, clonal fragment, clonal intggm, defoliation frequency,

defoliation intensity, individual-based model (IBM)patial heterogeneity, storage.
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Introduction

The partial removal of plant above-ground tissues @efoliation), affects a wide range of
terrestrial as well as aquatic plant communitiesiny 1991). It can occur under diverse
forms going from herbivory by small invertebrateggtazing by large mammalian herbivores
(Huntly 1991) and even human mowing. The proportaintissue removed (defoliation
intensity) or the time lag between consecutive kiggfon events (defoliation frequency) may
vary, depending on the type, selectivity, size andndance of herbivores (Huntly 1991, Olff
& Ritchie 1998). Defoliation also generates spdtieilerogeneity at several scales from plant
parts to a whole plant community (Adlet al. 2001). These factors modulate the specific
diversity and composition of plant communities niathrough their impacts on plant growth
and reproduction (OIff & Ritchie 1998, Bulloek al. 2001, Garcia & Ehrlén 2002).

Temperate ecosystems are dominated by clonal plahish represent up to 70 % of
vascular plant species (van Groenendael & de Kr@80, KlimeSet al 1997). Clonality
provides plant individuals génet$ with the ability to produce potentially autononsou
descendentgdmetg, usually linked together by plagiotropic conneetstems onnectionp
either above-ground or below-grounstdlonsor rhizomes respectively). Clonal plants are
abundant in several types of ecosystems (Klietet 1997). This ecological success possibly
relies on the great diversity of clonal growth fetnndeed environmental conditions, such as
contrasted defoliation patterns, may filter clomaits and promote clonal growth forms
succeeding the best (Diazal 1998).

The expression of clonal traits gives rise to twajon clonal properties. Clonal
architecture influences the lateral expansion efglnet and the spatial position of its ramets
(Herben & Suzuki 2002). Clonal integratione( the physical and physiological integration
between ramets) enables resource storage withinresource translocation throughout
connections (Suzuki & Stuefer 1999, Obogtyal. 2001). These properties govern the ability
of a genet to perceive and respond to its enviroinTéheir ecological advantages depend on
the environmental conditions, notably spatio-terapbeterogeneity (Hutchings 1999).

Clonal architecture varies along a gradient comfibetween two extremes. Guerrilla
growth forms §ensulLovett-Doust 1981) are characterized by long cotiaes and long
fragments of connection linking two consecutive esngpacerssensuBell 1984). By
contrast, phalanx growth formsensuLovett-Doust 1981) invest in connection branching,
rather than elongation. The advantages providedhdily architectures may depend on the
environment (Slade & Hutching 1987a, b, de Krooséhieving 1990). On the one hand, an

important investment in lateral expansion througdiom elongation of connections enhances
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the area explored by the genet. For instance, ijaegrowth forms lead to an efficient
exploration of heterogeneous habitats, as demaedteither empirically or through model
studies (Sutherland & Stillman 1988, de Kroon & ¢hihgs 1995, Kleijn & van Groenendael
1999). In particular, long connections and spaceay enable the genet to escape from
unfavorable conditions (de Kroon & Schieving 1980acek & Leps 2003, Puijaloset al
2008). Consequently, a dispersed position of ranmgald be advantageous under
heterogeneous defoliation as it would spread thle af being defoliated among ramets. On
the other end, phalanx-type compact architectur&imiaes local occupation rather than
exploration of space and appears advantageous todergeneous environments (de Kroon
& Shieving 1990).

Resource storage and translocation have regula®n lsuggested to buffer both
spatial and temporal heterogeneity. On the one ,hessburces stored in the connections
could enable a whole genet to cope with resouroeate (de Kroon & Schieving 1990) and
disturbances (lwasa & Kubo 1997, Kleigh al. 2005, Asaedat al. 2006) that occur under
frequent and/or intense defoliation. On the othend) in spatially heterogeneous
environments, long distance resource sharing amigets (extensive physiological
integration) allows source ramets growing in fabdgaconditions to support sink ramets
positioned in unfavorable conditions (Jonsdéttir Gallaghan 1989, Hutchings 1999).
Consequently, it is expected to enable a whole tglnaverage spatial heterogeneity (Alpert
1991, Obornyet al 2000), in particular heterogeneous defoliationiteframets (Harnett
1989).

The present study aimed to analyze the relatiosshgtween the spatio-temporal
patterns of defoliation and clonal traits by theam® of a modeling study. Contrary to
experimental approaches, which are limited by nutlagical and biological constraints,
simulation studies enable to investigate a widgeaof clonal forms and defoliation patterns.
We tested the two following hypotheses.

1- The patterns of defoliation should not influencenal plant performance. We
assumed that at least one clonal growth fore ¢ombination of clonal traits) enables to
maximize performance whatever the characterisficefoliation.

2- Clonal traits maximizing genet performance shouiffed according to the
characteristics of defoliation considered. We aslinthat (i) increasing heterogeneity
perceptible at the genet scale should promote at@rgover branching of the connections as
well as extensive integration and (ii) increasirgjotlation intensity and frequency should

favor resource storage and translocation.
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To address these issues we used the individuabdbaseel CLONAL developed by
Mony et al (submitted). We simulated the growth of clonanté submitted to a wide range
of defoliation characteristics. At the end of thmwwations, we monitored genet performance

estimated either by the total biomass, numbermeta produced or lateral expansion.

Material & Methods

Model description

The model is an individual-based model composeaoflayers. Thaenet layercorresponds

to the model CLONAL described in Smaatial (2008) and Mont al (submitted), which
was used to model the clonal expansion of a sinlgieal plant. In the present study, the
second layerdefoliation pattern layeris superimposed to the genet layer and desctiiees
pattern of defoliation applied to the plant. Intbtdyers, space is represented as a 99 x 99 cell

hexagonal lattice. While no unit is explicitly sfead, one cell corresponds to about 0.02 m.

The genet layer
A genet is modeled as a set of ramets and coneestéms. Each ramet corresponds to one
cell (calledramet growth unjt whereas connections are composed of severa (ullled
connection growth unijs A spacer is composed of a variable number oheotion growth
units, depending on the inter-ramet distance (ggeeAdix A). A connection is characterized
by its generationi. order). Connections growing from the parent raaretcalledprimary
connectiondfirst generation) and connection branching froflmeo ramets are calldatanch
connectiongeither of second or third generation). The propsrof growth units depend on
their status: ramet growth units contribute to uese acquisition, while connection growth
units are specialized in resource translocationshohge.

The growth of the genet is governed by processég;hware described by a set of
probabilistic laws. A detailed description of theowth rules is provided in Appendix A.
These rules rely on 16 input parameters correspgnai (i) rules of resource acquisition and
basic metabolism, (ii) clonal architecture, depagdn structural constraintstfuctural blue-
print sensuHuberet al 1999) and modalities of connection elongatrsrbranching, and (iii)
modalities of resource translocation and storage. @drpose was to focus on clonal growth
forms described by clonal architecture, resouremsiocation and storage. Consequently,
amongst these 16 input parameters, only thoseeckelat points (i) and (iii) were tested.

Values of the four parameters related to pointvMg@ye fixed on the basis of previous results
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(Mony et al submitted). These parameters, here onwards eefda asclonal traits are

presented in Table 1.

Table 1 - Parameters related to the clonal grothit,defoliation pattern and the impact of defatiaton the
clonal growth. See Appendix A for more details be tmeaning of the parameters and the equationdichw
they are involved.

Name

Meaning Values

Basic metabolism

I'n
G
Cc

Pyo

Rate of energy gain by a ramet growth unit (L1 b2y 0.15
Cost of production of a ramet growth unit (L1) 1
Cost of production of a connection growth unit (L1) 0.5

Threshold of the probability for the productionaohew unit (L11) 0.4

Clonal architecture

Structural constraints

N Maximal number of buds of the parent ramet growtit u 2—-4-6

Np Maximal number of buds of a ramet growth unit 1-2

do Mean number of connection units for a spacer (L4) —-21-4

d; Maximum number of connection units that can be ddde; (L4) 0-1-2
Modalities of elongation vs. branching

Pevbr@ Threshold value for elongation versus branching@se (L5) 0.2-0.8

= Dependence of elongation on the generation nunédr ( 0.05-2

E Dependence of elongation on the length of the lir§h6) 0.0125-0.1

By Dependence of branching on the generation numb@r (L 0.05-2

B Dependence of branching on the length of the bréingh 0.0125-0.1

Bp Dependence of the branching process along the Ihi@nthe 0.01-0.1

length of the branch (L8)

Modalities of resource translocation and storage

dr

Is

Patterns of defoliation

P
G
F

Number of growth units of an IPU (L3) 2-10-99
Proportion of energy stored in connection unitthefIPU 0-0.2-05
Percentage of defoliated cells 10-20-40
Mean number of cells clustered into a basic uhitedoliation 1-2-4-10-20

Number of time steps between two consecutive dsfoh events 10 — 20 — 50
Proportion of biomass lost by a defoliated ramet (19) 0.1-05-0.9
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The defoliation pattern layer
The defoliation pattern layer is composed of defeli and non-defoliated cells. Defoliation
patterns rely on four defoliation parameters. Tpatial arrangement of the defoliated cells,
i.e. spatial heterogeneity of defoliation depends rih@ percentageof defoliated cellsF)
and (ii) thegrain, i.e. mean number of cells clustered into a basic unitefoliation G). (iii)
Thefrequencyof defoliation is modeled as the number of tinepstbetween two consecutive
defoliation eventsK). (iv) The intensity of defoliation corresponds to the proportion of
biomass lost by a defoliated ramet umjt The timing of the first defoliation event depend
on the parameter frequendy)( A defoliation event lasts for one time step. ®&atted cells
are positioned randomly in the lattice, with reggecthe percentagd®) and grain G). This
spatial position varies randomly between two cousee defoliation events.

Link between genet and defoliation pattern layers
The parameter intensityl)( determines the interaction between the genetrlayel the
defoliation pattern layer. Defoliation affects ompmet growth units, which loose a quantity
of biomass proportional to their biomass at theetiof the defoliation, according to the
parameter intensity ). As they virtually develop below-ground or cldsehe ground surface,
connection growth units cannot be defoliated. Cqueatly, if a defoliated cell is
superimposed either to a connection growth unittmran empty cell nothing occurs.
Moreover, we did not model the possibility of coatien breakage. Consequently, the
proportion of energy stored in these connectionwgntounits is saved from defoliation.

Detailed processes and equations are provided reigix A.

Simulations

Each simulation corresponded to a singular comiminaif clonal traits. One simulation lasted
for 100 time steps. Although no unit of time waspleitly expressed, one time step
corresponded to about one day of growth. In ordegdetermine the number of runs for one
simulation, convergence of results was tested bjoate-Carlo method. In that purpose, a
simulation was repeated a number of times and duet @f convergence was looked for.
Results converged from 100 runs onward. Consegyel@0 runs of each simulation were
done and the final result of a simulation corregjgahto the average results of the 100 runs.
Each simulation was initiated by the placement ohmet growth unit in the center of the
hexagonal lattice of the genet layer. Within eaichet step, genet growth was processed

following the updating process detailed in appendlixif a defoliation event occurred at a
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given time step, it was processed first. The coeabif a ramet or a connection growth unit at
the end of a time step depended on both the ladparameters related to clonal growth and
to the defoliation pattern and the history of te@et. During genet growth, an empty cell can
become either a ramet growth unit or a connectimuth unit. Once the status of a growth
unit was defined, it was fixed for the whole dupatiof the simulation. Ramet growth units
could be created only in empty cells, while conimgcgrowth units could be created either in
empty cells or cells already occupied by a rametnamther connection growth unit.

We selected 13%lefoliation patternscorresponding to the combinations of several
values of the defoliation parametersH3< 5G x 3F x 31, see Table 1). In addition, two
control homogeneous patternS) (were simulated: no defoliated cell€d) and 100 % of
defoliated cells©100. For both patterns, the frequency and the intertdi defoliation are
the only parameters to vary, the other parameteirsgbfixed. For each defoliation pattern,
there were 31,104 possible combinations of clomaitst (3 x 2/, see Table 1). This
corresponded to about 4.2 x*Kimulationsi(e. 4.2 x 18runs) to browse the whole space of
clonal traits, which was expected to last for miian eight months. To reduce the duration of
the simulation procedure, a Monte-Carlo method agdlied: for all of the 135 defoliation
patterns and the two controls, the simulations wareied out for only 10 % of combinations
randomly chosen among all possible combinationdanfal traits (about 3,200 combinations
randomly chosen). Consequently, the simulationsataout 4.3 x 10times (137 patterns x
3200 combinations x 100 runs), which lasted foruhlome week.

Three variables related to genet performance wemeitored at the end of each run
and their average value was calculated for eachlatran {.e. 100 runs):

(1) The final biomass of the geneBi¢m) was calculated as the sum of the
biomass of each ramet and connection growth unit.

(i) The final number of ramet®fam) corresponded to the final number of ramet
growth units. It informed on the efficiency of cldmultiplication.

(i)  The length of the longest connectidomax) corresponded to the number of
connection growth units constituting the longestraxtion. It was used to estimate the lateral
expansion of the genet.

For each of the 137 defoliation patterns, the satoihs resulted into a matriMA
containing almost 3,200 rows, each row correspandia one simulationig. one
combination of clonal traits) and 15 columns, cepanding to the 12 clonal traits and the
three indicators of genet performance. From thewands, the two control patterns were

analyzed separately from the 135 other patterns.
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Data analysis

Impact of the defoliation parameters on genet pertnce
From each of the 135 matrices, we extracted theageeand the maximal values of the three
indicators of genet performance. We created a matiith 135 rows corresponding to the
defoliation patterns, and 10 columns correspontintipe four defoliation parameters and the
average and maximal values of the three indicatbnserformance. We tested the relative
importance of each defoliation parameter on geadbpmance by GLM multiple regressions.
For each linear multiple regression, defoliatiomapaeters were introduced as explanatory
variables. The dependent variables were the avemadethe maximal values of the three
indicators of genet performance. Control patte@@ndC100 could not be included in the

regressions as they represent singular combinatibdsfoliation parameters.

Relationship between defoliation parameters andalldraits
We grouped the 135 matricB#A into a single matrixviB (432,000 rows x 15 columns). We
then divided the matrixMB according to the values of each defoliation patemd-or
instance, regarding the percentaBg the division of the matrix resulted into thredsidiary
matricesP10, P20 and P40, corresponding respectively to the three possiblees of the
percentage. We made the same manipulation foihtiee bther defoliation parameters. Thus,
we obtained 14 matriceP10, P20, P40 G1, G2, G4, G10 G20, F50, F20, F10, 101, I05 and
109).

In each matrix, we identified the simulations thad performed the best. In that
purpose, we isolated from each matrix the simutatithat had reached between 90 % and
100 % of the maximal value of either biomass, numbk ramets or maximal length
(respectively Top10-Biom Topl0-Nramand Topl0-Lmax We also isolated the Topl0
simulations from the two control matrice€0 (no defoliation) andC100 (homogeneous
defoliation). In order to characterize the corregpog clonal growth forms, we analyzed the
profile of distribution of clonal trait values thditad enabled to reach the Topl0 % of
performance. To that purpose, we followed the metthescribed by Mongt al (submitted).
Amongst the ToplO simulations and for each clomalt,t we counted the number of
simulations corresponding to a given value. On bHasis, we distinguished three kinds of
clonal traits: (i) traits for which at least 90 % tbe Topl0 simulations were distributed in
only one value of the traiufique-value traitg (ii) traits for which the Top10 simulations

were distributed a complex manner in several vabfethe trait complex-value traijsand
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(i) traits for which the Topl0 simulations wergu-distributed amongst all trait values
(equi-distributed traits We used the significance of Chi? tests to dgtish between
complex-value and equi-distributed traiis< 0.05 indicated complex distributioR,> 0.05
indicated equi-distribution. We applied this metHfod each defoliation parameters and for
the three indicators of genet performance.

In order to investigate the impact of defoliatiom these profiles of distribution, we
grouped clonal traits into three categories. (gitBrthat have the same profile regardless the
defoliation parameter were considerednas involved(NI) in the response to defoliation.
Traits involved in the response to defoliation weliassified into two groups. (iParameter-
independent traits(Pl) were involved in the response to heterogeneousliakon vs.
homogeneous conditions. They showed contrastedlgeadf distribution between control
homogeneous patterns (no defoliatiG® and homogeneous defoliati€l00Q on the one
hand and heterogeneous patterns, regardless tamg@rP, G, F andl, on the other hand.
(i) Parameter-dependent trai{®D) were involved in the response to defoliation chejneg
on the parameter value. Their distribution depermethe values of defoliation paramekgr
G, F andl.

All programming was done in C. GLM multiple regress were carried out on R
software (R Development Core Team, 2007, http://\WRwproject.org.

Results

Impact of the defoliation parameters on genet perfeance

The percentage of defoliated cellB) (influenced genet performance the most strongly
(Table 2). Both average and maximal values of gdmnemass Biom) declined as the
percentage of defoliated cells increased (Figblaln contrast, for both the final number of
ramets Nram) and the length of the longest connectibméy, the average values depended
on the percentage of defoliated cells, while th&imal values did not. However, the adjusted
R2? obtained for the average valuesNsm andLmaxwere low (respectively 0.06 and 0.04;
Table 2), suggesting that, despite significBatalues, the dispersion was great and the
regressions little reliable (Fig. 1c, d). Defolatigrain G), frequency ) and intensity |
had no effect orNram nor Lmax (Table 2). Defoliation grain@) affected however the
average value oBiom and defoliation intensitylY impacted the maximal value of this
indicator (Table 2). However, the values of R? werry low, indicating little reliable

relationships (Fig. le, f).
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Table 2 — Results of the multiple regressions @& #iverage and maximal value of the indicators afege
performance against the defoliation parameter® r9.05, * P < 0.05, ** P < 0.01, *** P < 0.00Biom genet
biomassNram number of rametd,max length of the longest connection.

Biom Nram Lmax
Mean Max Mean Max Mean Max
PercentageR) il il bl ns *x ns
Grain G) * ns ns ns ns ns
Frequencyk) ns ns ns ns ns ns
Intensity () ns * ns ns ns ns
Adjusted R2 0.76 0.33 0.06 0.02 0.04 0.00
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Fig. 1 — Univariate linear regressions between tedoliation parameters and the indicators of genet
performance. Only the relations emerging signifidamm the multiple regression GLMs are represented
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While the average and maximal valueBadm tended to be greater in the absence of
defoliation CO) than under homogeneous defoliatidd100, the differences were much
weaker folNramandLmax(Table 3).

Table 3 — Average and maximal values of the indisabf genet performance for the two control pate€O:
no defoliation,C10Q homogeneous defoliation.

Biom Nram Lmax
Mean Max Mean Max Mean Max
Co 200.93 2204.43 6.43 31.43 6.80 23.29
C100 114.00 2020.95 6.40 31.35 6.77 22.87

Relationship between defoliation parameters andrabtraits

For all of the three indicators of genet performegnonly a few simulations reached the
Topl0 % of performance, regardless the defoligtarameter. Amongst all simulations, the
percentage of simulations reaching the Top10 %edibpmance was comprised between 0.03
and 0.35 % for the indicat@iom, between 0.59 and 0.75 % fdram and between 1.32 and
1.70 % forLmax (Fig. 2). For the indicatoBiom, the percentage of simulations reaching the
Topl0 % of performance was the most important figr ¢ontrol without defoliationGQ),
intermediate for heterogeneous defoliation, regasll the values of the defoliation

parameters, and the smallest for the control wattnéigeneous defoliatiol©@0Q Fig. 2).

H Biom ENram OLmax
1.8

1.2 A

0.8 A

0.6 A

Percentage Top10

0.4 -

0.2 4

CO0 C100 P10 P20 P4 Gl G2 G4 G10 G20 F50 F20 Fi10 101 105 (109

Control Percentage Grain Frequency| Intensity
Defoliation parameters
Fig. 2 — Percentage of simulations (combinationslofial traits) reaching the Top10 for the thregidators of

genet performance, according to the defoliatiorapeters.Biont genet biomasdNram number of ramets,
Lmax length of the longest connection.
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Regarding the indicatdBiom, seven clonal traits were not involved in the cese to
defoliation (NI), three traits were involved in the response tertogeneous defoliatiors. no
and homogeneous defoliation, but independently fibie parameter values (parameter-
independent trait$l) and two traits were involved in the responsedfoliation, depending
the parameter values (parameter-dependent tPdxsT able 4).

1- NI traits Amongst traits that were not involved in the m@sge to defoliation,
four traits were equi-distributed, indicating thidweir value had no importance for the
maximization of biomass. These traits were reldtedhe laws governing the branching
processesHy, B andBy) and the allocation to reserveg)(One trait was complex-valu&d)
and two traits were unique-valul @ndpeinr). For these three traits, which are involved in
the elongation processes, low values were the rapstsented.

2- Pl traits Heterogeneous defoliation, whatever the parametersidered,
significantly impacted inter-ramet distancdg:shifted from the unique value of 1 to either a
complex value or a unique value of &; shifted from the unique value of 1 to a complex
value. Consequently, while no defoliation or homugmus defoliation favored a distance
inter-ramet of 1 + 1, defoliation favored longester-ramet distances with low variability.
Moreover, while no defoliation favored high numbefsbuds at the parent ramet (complex
value ofn;), this parameter shifted to equi-distribution whierfoliation occurred.

3- PD traits The number of buds of ramet growth unitg) @nd the distance of
resource sharingl() responded in a complex manner to defoliation &ece either complex

value or equi-distributed, depending on the defiloimparameter considered.

Similar results are found when the indicator ofgggrerformance islbRam(Table 5).

1- NI traits Independently from the defoliation parameBgy,B, andrs were equi-
distributed,Eq andn, were complex-value anf and peior) Were unique-value. Low values
of Ey, B andpeinro), Which promote the elongation processes, and Vvadies ofn, (i.e. great
number of potential branch connections) were fagore

2- Pl traits Three traits involved in the response to hetemegas defoliation
were parameter-independerRl). Control patterns were characterized by small Hitle
variable inter-ramet distanced,(andd;) and small distances of resource sharidg. By
contrast, heterogeneous defoliation promoted lantegther invariable or little variable inter-
ramet distancesdf{ andd,), indifferently to the distance of resource shar{d, was equi-
distributed).
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Table 4 — Profiles of distribution of clonal traftsr simulations maximizing genet bioma3®p10-Bion. Equi-distributed traits are symbolized by &. @dex-value traits
are symbolized by arrows, the direction designhmgrmost represented valué figh; — intermediate) low values). Unique-value traits are representethbir value. NI:
traits not involved in the response to defoliatiBit; parameter-independent traits; PD: parametpeidant traits.

Homogeneous Heterogeneous defoliation
controls Percentage Grain Frequency Intensity

CO C100 P10 P20 P40 Gl G2 G4 G10 G20 F50 F20 O F1 101 105 109
Modalities of resource translocation and storage
d N (/] 1%} 7 %) 10} 7 @ 10} %) 10} (/] %] N %] /] PD
re 10} %) 10} 1} 1} %) g O 1} 10} 1} 1} %) - %) 10} NI
Structural constraints
n; 7 10} 1%} 10} 10} 1} g O 10} 1} %) %) 1} %) %) 1} Pl
Np 1%} @ 1%} 7~ @ ~ g @ %) 1%} @ @ 7~ 7~ @ 1%} PD
do 1 1 2 2 4 4 - - 4 2 2 2 2 2 2 2 PI
d; 1 1 ~ ~ - - ~ ~ - - ~ ~ ~ ~ N N Pl
Modalities of elongation vs. branching
Pelbr(o 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 NI
(= N 1%} N N N N NN N N Y N N N ~ ~ NI
E 0.0125 0.0125 0.0125 0.0125 0.0125 0.0125% ~ 0.0125 0.0125 0.0125 0.0125 0.0125 0.0125 0.0129125 NI
By 10} %) 10} 1%} 1%} %) g O 1} 10} 1} 1} %) 1} 1] %) NI
B 10} %) 7 10} 10} 1%} g O 10} %) 10} 10} 1%} 7 %) 10} NI
By, %] %) 1%} %) %) %) g O a %) 1%} %] %) %) %) %) NI




Table 5 — Profiles of distribution of clonal trafts simulations maximizing the number of raméts10-Nran). See Table 4 for the meaning of symbols and afidtiens.

Heterogeneous defoliation

Homogeneous
controls Percentage Grain Frequency Intensity

CO C100 P10 P20 P40 Gl G2 G4 G10 G20 F50 F20 0 F1 101 105 109
Modalities of resource translocation and storage
dr ~ ~ 1] a 1] %] %] @ %) %) %] 1%} 1%} /] /] 1] PI
le /] %] 1] 1] a 1%} 1%} 1%} 1] a 1%} 1%} 1%} 1] 1] 1] NI
Structural constraints
n; 7 7 a a 1%} N 1] 1] %] %] 1] 1] 1] 1%} 1%} - PD
No ~ ~ 7 7 7 ~ 7 7 7 7 7 ~ 7 7 7 7 NI
do 1 1 ~ 7 4 4 7 7 4 7 7 ~ 7 7 7 7 PI
dl 1 1 - — - - — N - — — - — — - — Pl
Modalities of elongation vs. branching
Pelbr(o; 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 NI
= ~ ~ ~ ~ ~ ~ ~ ~ ~ N N ~ N ~ ~ ~ NI
E 0.0125 0.0125 0.0125 0.0125 0.0125 0.0125 0.01@9125 0.0125 0.0125 0.0125 0.0125 0.0125 0.0129125 0.0125 NI
By /] a 1] 1] a 1%} 1%} 1%} 1] 1] 1%} 1%} 1%} 1] 1] 1] NI
B, /] a N /] /] 1] 1] a /] /] 1] 1] 1] 1%} 1%} 1%} NI
By %] %] %] %] Y %] %] %] Y %] ~ %] %] ~ %] %] PD




Table 6 — Profiles of distribution of clonal trafts simulations maximizing the length of the losgehizome Topl10-Lma) See Table 4 for the meaning of symbols and
abbreviations.

Homogeneous Heterogeneous defoliation
controls Percentage Grain Frequency Intensity

(0] C100 P10 P20 P40 Gl G2 G4 G10 G20 F50 F20 O F1 101 105 109
Modalities of resource translocation and storage
d ~ ~ a a 1] 1] @ 7 1] 1%} 1] a /] 1%} 1%} 1] Pl
rs /] /] /] 1] a 1] 1%} (/] 1] 1] 1] 1] 1%} 1] 1%} 1] NI
Structural constraints
n; N ~ - 1] 1] 1] - %] a a (/] (/] a - (/] a PD
n, N N N N N N N N N N N N N N N N NI
do 7 a @ - - - (/] ~ - 1] (/] - - - - 1] PD
d; (0] N (/] @ a a ] %] (/] (/] /] 10/] 1] ] ] a NI
Modalities of elongation vs. branching
peI/br(Oj A N (%) Ve a s (%) (%) s a a s s a s s PD
= 2 7 2 2 7 7 7 7 7 2 2 2 7 7 7 2 NI
E 0.0125 0.0125 0.0125 0.0125 0.0125 0.0125 0.0129125 0.0125 0.0125 0.0125 0.0125 0.0125 0.0129125 0.0125 NI
By (/] N 1%} 1] 1] 1] 1%} 1%} 1%} /] 1] 1] 1%} 1%} 1] 1] NI
B g Y Y ~ N Y /] /] Y Y Y 1] Y Y 1] 1] PD
B, 7 7 %) a 1] 7 7 %] 7 %] %] %) a a @ %) PD




3- PD traits Two traits responded in a complex manner to defoh (PD).
While great numbers of potential primary connecigm) were promoted in the absence of
defoliation, this trait became either complex-valoe equi-distributed when defoliation
occurred. Depending on the defoliation paramdgmvas either equi-distributed or complex-

value.

Results obtained when the indicator of performarmesidered watmax differed from the
results described above (Table 6). An importanbéetonal traits was complexly involved in
the response to defoliation, their profile of disition depending on the defoliation
parameter.

1- NI traits Regardless the defoliation parametBg, and rs remained equi-
distributed and thus not involved in the maximiaatiof Lmax By contrast,Lmax was
maximized by a small number of potential branchnemtions (), high values oEgand low
values ofE;: the elongation processes was disfavored for adiores of high orders, while it
was independent of connection length.

2- Pl traits Among traits involved in the response to hetenegeis defoliationg
emerged as the only parameter-independent. Theabsé defoliation favored integration on
small distance while the distance of integratiod In@ importance in the maximization of
Lmaxwhen defoliation occurred.

3- PD traits Several traits including traits related to stawat constraintsr{, dy
andd;) and to patterns of elongatios. branching B, B, andpeinr(o) had a complex behavior
in response to defoliation. Howevet, and B, tended to be qui-distributed whatever the
defoliation parameter, suggesting their rathergim$icant implication in the maximization of

Lmax

Discussion

Impact of defoliation on genet performance

We expected that, amongst all possible clonal drofetms {.e. combinations of clonal
traits), at least one would enable to maximize gpedormance. Our results demonstrate that
the impact of defoliation depended on the indicatogenet performance, as well as on the

defoliation parameter considered.
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Genet biomass was the indicator of performancentbst affected by defoliation.
Indeed, defoliation has often been shown to deerdhs biomass of individual plants
compared to plants of the same species grown imltsence of defoliation (see for instance
Price & Hutchings 1992b, Hicks & Turkington 2000erfaro & Oesterheld 2002). By
contrast, both maximal and average values of tinetyen of ramets and length of the maximal
rhizome remained unchanged regardless defoliatavanpeters. These results contrast with
empirical observations of limited clonal expansfollowing defoliation (Moenet al 1999,
Piqueraset al 1999, Wanget al 2004, Henryet al 2007). In our model, defoliation was
simulated as the removal of above-ground biomafier avhich the ramet accumulates
resources again. Such impact of defoliation is gElyeapplied in models at diverse scales,
from the organ &€.g. Tomlinsonet al. 2007) to the plant communite.g. Mouissieet al
2008). However, our model considered two hieraahievels: the growth unit (ramet and
connection) and the genet. Resources accumulatedhdyramet after defoliation are
immediately shared between growth units, dependimthe distance of resource sharing, and
available for genet growthi.¢. the production of new growth units). By contrast,
compensatory growth at the ramet scale consisthenreformation of damaged tissues
(Richards 1993). Such diversion of resources mayoat the expense of genet growth and
has been suggested to decrease current elongdtexisting connections or production of
new ones (Stolét al 1998, Meyer and Schmid 1999). In our model, IssHeresources may
have been weak enough to allow the developmenthef donnection network and the
production of ramets, regardless the values of lidgiflan parameters. The simulation of a
delay in growth or a threshold of ramet biomass$oweavhich it cannot share resources for
genet growth, may have limited genet growth. (production of ramets and/or elongation of
connections).

Biomass was particularly driven by the percentafjeefoliated cells, while it was
unaffected by the grain, frequency and intensitydefoliation. In simulation studies, the
quality of habitats is often described as the peege of resource-rich patches (see for
instance Obornyet al. 2001, Oborny & Kun 2002, Kun & Oborny 2003). Semly, the
percentage of defoliated cells determines at firstseverity of defoliation at the genet scale,
as it is closely linked with the percentage of rtsniat may be defoliated. By contrast,
frequent or intense defoliation might cause an irtgrt loss of resources at the ramet scale,
which could be compensated for by resource traastmt amongst ramets. Contrasting with
our results, responses of clonal plants to enviemtal heterogeneity have been suggested to
depend on its grain (Wijsinghe & Hutching 1997, &p& Simms 2002). Plastic adjustments
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could have promoted the escape of ramets from idé&ddl patches and enhanced genet
performance, providing that the grain was percéptidt the genet scale (Stuefer 1996,
Wijesinghe & Hutchings 1997). The impact of theigran genet biomass was certainly

underestimated in our model as no phenotypic piagstias been simulated.

Impact of defoliation parameters on clonal traits

The number of simulations (combinations of clomalt$) that enabled to maximize genet
performancej.e. that reached the Top10 % of performance, wasthess 2 % of the whole
set of simulations. It depended on the indicatogeriet performance: it was the greatest for
the length of the longest connection, intermediatehe number of ramets and the lowest for
the biomass. The very small number of simulatidreg succeeded in maximizing biomass
suggests that this indicator depended stronglyeandombinations of clonal traits. However,
this result could be biased by the range of vafoediomass (from 0 to more than 2200),
which was hugely greater than the range of valoeshie number of ramets or the length of
the longest connection (inferior to 35 and to 25pectively). Biomass was the only indicator
for which the number of simulations reaching theI® % of performance was sensitive to
defoliation, in particular to its spatial heterogegy. The combinations of clonal traits
maximizing the biomass under homogeneous defofiati@re rare, while heterogeneous
defoliation and, to a larger extent, no defoliataslowed more diverse clonal growth forms to
reach high values of biomass. Thus, homogeneow$atein, regardless its frequency and its

intensity, emerged as a strong filter on clonatgra

Architectural traits
The growth forms that maximized the number of rameere closely similar to those
maximizing biomass, regardless the defoliation etar. Traits related to the structural blue-
print were of great importance in the response é&boldhtion. Surprisingly, although
homogeneous defoliation acted as a stricter fitian no defoliation (see above), both control
patterns selected for convergent traits, which restéd with those under heterogeneous
defoliation. However, none trait related to the mideges of connection elongatioms.
branching was involved in the response to defalmtiContrary to our hypothesis that
elongation should be promoted over branching uhd&rogeneous defoliation, this occurred
regardless the characteristics and even the presandefoliation. Branching pattern could
vary without altering the genet biomass, possil@gause of the rare occurrence of branching.

The field parameterized simulation model carrietl lpuWildovaet al (2007) on six clonal
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sedges led to a similar conclusion, the probabilify non-terminal branching being
uncorrelated with total biomass for five species.

Homogeneous conditions favored great numbers @inpiad primary connections with
small spacers. The resulting clonal growth formranprte at the same time centrifugal spread
through the elongation of numerous primary conoasti and ramet density through small
spacer lengths (Herben & Suzuki 2002). Such clanghitectures are expected to maximize
spatial occupation, while limiting the investmentthe connection network. In particular, the
resulting population of ramets seems dense enocugirelvent the intrusion of competitors
(Smith & Palmer 1976, Callaghaet al 1990). By contrast, heterogeneous defoliation,
regardless its grain, frequency or intensity, prteddong spacers. In addition to an important
investment in the elongation of connections, lopgcers enhance the exploration of space
and the probability to encounter new conditionsegmi et al. 2007). In heterogeneous
defoliation, this strategy may allow dispersed rtarte spread the risk of being damaged
(Piqueras 1999). Dispersion may imply costs togaeet, notably related to the production
and maintenance of connections (de Kroon & Schgew®90, van Groenendagt al 1996).

It is all the more true in our model, where theati@n of connection growth units consumes
resources, whereas they are not able to acquioeinaes for further growth. Connections are
only involved in lateral expansion and resourceragfe. When the environment is
heterogeneous, it is not worth investing in disjpersand the individual may benefit more

from exploiting the place it occupies.

Physiological traits: resource storage and translition
Several physiological studies of recovery afterotafion have demonstrated that stored
resources are implied readily after defoliatioret@mble a rapid refoliation and the restoration
of efficient photosynthesis (Richards 1993, de ®fisst al. 1997, Morvan-Bertranet al.
1999a, b). These benefits are expected to outwhigliecrease in current growth rate often
associated with the diversion of resources to gef(&hapiret al. 1990, Kobe 1997, van der
Meidjen et al. 2000, de Jong & van der Meijden 2000). Consequestbrage should be
advantageous in response to frequent or intengfaiation. Contrary to this expectation, the
proportion of resources allocated to storage hainportance in genet success, regardless the
indicator of performance as well as the defoliatparameter. In the present study, storage
was modeled as a simple process of resource tcatglo from ramet to connection growth
units. As connection growth units could not be tiafed, storage enabled the genet to save

some amount of resource from defoliation. Moreovesources stored in the connections
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were readily available for current growth, eithedefoliation event had occurred or not.
Consequently, the cost allocated to storage was Aofirst explanation of the unimportance
of storage in response to defoliation may relytmnfact that we did not model compensatory
growth sensu strictpas we did not pay attention to the regrowth nfl& ramets. Losses of
biomass might have been light enough to allow #hestbpment of the genet without support
from reserves. Moreover, the advantage of reseaidng likely relies on its involvement in
rapid regrowth, enhancing the competitive abilifytlee plant individual over its neighbors
immediately after defoliation. This benefit has lpaibly been alleviated by the conditions of
simulations where the genet was modeled alonepwitbompeting neighbors.

The distance of resource sharing, as well as thenpal number of branch
connections, were complexly involved in the respomns defoliation, depending on the
parameter values. Extensive resource sharing wasqgied by intermediate percentage of
defoliation and fine grain, as it could enhancedhpport of defoliated ramets by undamaged
ones (Jonsdottir & Callaghan 1989). Such risk sigastrategy gensuObornyet al. 2000)
may enable the genet to buffer damage. Our resultsated that, otherwise, the modalities of
physiological integration did not matter in the pesse to heterogeneous defoliation.
Extensive physiological integration has been sugge$o be costly to the plant, notably
because the maintenance of functionally activeelssequires energy (Caraco & Kelly 1990,
Kelly 1995). In our model, although the productiohconnection growth units consumes
resources, their maintenance was not implementedsituations where physiological
integration is not necessary, a cost of maintenamgét have disfavored extensive resource

sharing and led to different results

Importance of the indicator of performance inveséited

Architectural traits were more involved in the opization of the number of ramets than of
biomass. In particular, the number of ramets wasimaed by a great number of potential

branch rhizomes. Yet, clonal growth forms maximigigenet biomass and ramet number
were similar. Consequently, genet biomass and numbeamets appeared as reliable
indicators of genet performance. Contrasting witis tonvergence, optimal clonal growth

forms were different when the length of the longeshnection was considered. At first

glance, this is in contradiction with the positivade-off between ramet number and rhizome
length demonstrated by Wildow al (2007a). However, this difference may in partdoe

to our choice to estimate performance throughehgth of only one (the longest) connection

rather than total connection length. The numbdod) connections within a genet may vary
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without altering the length of the longest one, benhet biomass and number of ramets,
explaining the absence of link between clonal ghoferms maximizing the formers. the
latter indicators of performance. It is importamtnbte that there seems to be little consistency
between the clonal growth forms maximizing latguedpagation and the characteristics of
defoliation. Although the length of the longest weation provides information on the
capacity of clonal spread in one direction, it dnesdescribe the efficient propagation in the
whole horizontal plan. This estimation could be ioyed by other indicators such as total

length of connections or final area covered bygbeet.

Perspectives and improvements of the model

The present study provides insights in the impioces of clonal growth forms in response to
defoliation. Experimental studies assessing cloespponses to defoliation often focus on one
or two of these characteristics such as defoliafi@yuency (Archer & Delting 1984),
intensity (Hicks & Turkington 2000, Wangt al 2004), or spatial pattern (Jonsdéttir &
Callaghan 1989, Hartnett 1989, Price & Hutching82Ls), but they do not allow to test for
more complex combinations. Moreover, these experiatdests, dealing with one or several
species, are conditioned by linkages between trads organism (Reicét al 1999, Wildova
et al 2007a). The modeling approach has enabled to feestombinations of several
parameters and, consequently, to disentangle flegarece of clonal traits in response to
precise defoliation characteristics. However, aauits highlighted some limits in the model,
which should be further considered and improved.

Optimal growth forms were consistent when genefioperance was estimated through
genet biomass and number of ramets, but differeehvwthe length of the longest connection
was used as the estimator of performance. Estimafiondividual fitness is a complex task,
which is made all the more difficult in clonal ptarbecause of their hierarchical organization
(Tuomi & Vuorisalo 1989, Wikberg 1995). The choicEseveral indicators, related to the
genet and the ramet population, emerges as on¢onsplve these difficulties and to obtain a
sharp evaluation of genet performance. Howeverresults proved that this choice must be
considered with caution. Moreover, Wildogtal (2007a) showed the existence of trade-offs
between components of genet performance, demansttagt a genet had not the capability
to optimize all of the indicators. Conclusivelyetdetermination of a synthetic indicator of
performance could be more reliable, whereas iwvegice might depend on environmental
conditions (Wildovéet al 2007a).
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Contrary to our expectations, clonal traits relatedd modalities of resource
translocation and storage were little or even moblved in the response to defoliation.
Although it is tempting to conclude that architeeturaits, notably trait related to structural
blue-print, were the best predictors of the respoms clonal plants to defoliation
characteristics, these observations might be pdrilyen by the model itself. In particular the
model focused on the response of a single genebritrasted characteristics of defoliation,
while plant response to defoliation in natural dtods likely depend on inter-specific
interactions and the responses of neighbor plaltiguals to similar defoliation.

Two further steps are considered to improve theamestudy:

(1) The creation of a synthetic indicator of genet geniance could facilitate the
interpretation of results and the description ohel growth forms selected by environmental
factors.

(i) The modeling of a prairig,e. of several genets interacting with each other
would enable to test the relevance of combinatmielonal traits in response to the direct
(loss of above-ground biomass) and indirect effeftdefoliation (canopy opening and

changes in inter-specific interactions).
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Appendix A — Model equations, input parameters and/ariables.

Genet growth relies on probabilistic laws and paters related to basic metabolism,
modalities of resource translocation and storagyeictsiral constraints and modalities of

elongationvs. branching.

Basic metabolism
Resource of the clone depends on plant metabolshmesource strategy:

(LY): R, (t+1) =R, (t)+ X, R.(t)—aC t € [1;100] from an initial
condition that corresponds to a unique isolated obaitial biomassk- (1} =1.

wherei is the number of a raméd®c(i) is the total resource of the clone at the ttmrgis the
net resource uptake by one ramet for one time B, is the gain of biomass at time t for
ramet | andC is the cost of production of new growth unitsther a ramet or a connection

unit (C, andC; respectively)a is null if no growth unit is created, one othemvis

The accumulation of resources for one growth uai$ wodeled as a logistic law (L2):

(2) ZP=rrOQ-")
whereR(t) is the resources available at the titng, is the resource uptake by one ramet for
one time step and,ris the maximum resource content for one growtl. upiwas fixed to 20

for ramet growth units and 10 for connection growmtlits.

Resource translocation and storage
Resource acquired by a ramet growth unit is shamdng all the growth units of an
Integrative Physiological Unit (IPU), following (.3
(L3) Rpylr)= Ez? R (i)
whered; is the number of growth units of an IPU aR{) is the resources available for each

growth unit.

Structural constraints

The number of connections produced depends oncthation of buds available. Branching
from the parent ramet growth unit corresponds ®gloduction of primary connections. It
can occur in six directions (60, 120, 180, 240,,38D°) and depends on the number of buds
n;. Branching from other ramets leads to the fornmatd branch connections.€. second-
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order or third-order connections). It can occutwo directions (60, 300°) and is governed by

the number of buds,.

The inter-ramet distance depends on the spacethlangl its variability, following (L4):

(L4) D(ij)=d, +u u € [0:d,].
whereD(i, j) is the spacer length at the growth unit of coatis(x, y)among the griddy is
the mean number of connection units for a spaceiais a random variable in the range 0 to
d;. d; is the maximum number of connection units that banadded tal,. The maximum

length of the spacer is therefody ¢ d,).

Processes of elongatious. branching
A trade-off between elongation and branching preegswas implemented in the model
following (L5):
(L)  Papr=a a €[0;1]
i Paywr = Paywsecoyy €lONngation process,
if Payjor = Payperps Oranching process
wherepeir is the probability to elongate,is a random variable in the range 0 to 1 p&ig o)

is the threshold value for elongation versus brargcprocess.

The probability of elongation of each brar(ph) was calculated following (L6):

(L6) p.,(b)= £ _ g e[0:1]

(1+ E,G0B) I 1+5 Lib))

wherepg (b) is the probability of elongation of each brarfbh 5 is a random variable in the
range 0 to 1G(b) andL(b) the generation number and the length of the braespectively,
Ey andE the dependence of elongation on the generation euiatd length of the branch
respectively.

The probability of elongation is higher for low ggation number (primary branches) and
small branches. High values Bf andE, increase the weight of, respectively, the genemnati
and the length of a branch, in its probability igation.

The probability of branching of each brar(ph) was calculated following (L7):

(L7) pu(ﬂ):;_‘;_c‘; y e[0:1],  if G(b) <3

Py (B) = 0 ifG(b) = 3
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wherepy: (b) is the probability of branching of each brar{bh y is a random variable in the
range 0 to 1G(b) andL(b) the generation number and the length of the braespectively,
By and B, the dependence of branching on the generation eusd length of the branch
respectively.

The probability of branching is higher for low geaon (primary branches) and long
branches. High values 8f andB, increase the weight of, respectively, the genenadind the
length of a branch, in its probability of branching

The probability of creating a new growth unit atleaamet node along the connectign
was calculated following (L8):
&

wherepy(r) is the probability of branching of each rani@talong the branchj is a random
variable in the range 0 to D(r) is the distance between the rametonsidered and the
branch basisB, the dependence of the branching process alongrtdreh on the length of
the branch.

The probability of branching is high for ramet @ngituated close to the branch basis (low
apical dominance) and low for ramet units situdsgdaway from the branch basise( close

to the branch apex, high apical dominance). HighesofB;, increase the weight the position

of a ramet unit along the branch in probabilitypodinching.

Patterns of defoliation
At the time of a defoliation event, which dependstbe frequency of defoliatior), the
coordinategx’,y’)of each defoliated unit depend on the percentagiefiiated cells®) and

the mean number of units constituting of the belsister of defoliation).

The impact of defoliation depends on the cell stdtamet unit, connection unit, empty cell).
If a defoliated cell is superimposed to a rametghounit, this latter lose quantity of biomass
proportionally to its biomass at the time of théofiation (L9):

(L9) Rieqy =Ry xI
whereR.1) is the biomass of the ramet at the time of theldgfon eventRy is the biomass
of the ramet just after the defoliation event &tige proportion of biomass lost by a defoliated

ramet unit.
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The updating process

A simulation is initiated by the placement of thargnt ramet unit in the center of the
hexagonal lattice. Each growth ufity) are given a spacer lendgthusing the equation (L4).
Within each time period, phases are processeckifottowing order:

1- Defoliation event according to the frequencydefoliation §). If the time step
corresponds to a defoliation event, defoliationusscequation (L9).

2- Calculation of resource: equations (L2) and (L3)

3- Calculation of the location of the potential ngrowth unit. Once the event
(elongation or branching) is determined (L5), tbeation of the newly created growth unit
depends on the probability (L6) if the event isedangation and on the probabilities (L7) and
(L8) if the event is branching. The cell having thighest probability of becoming a new
growth unit is selected.

4- Calculation of the type of the new growth urgépdnding on the spacer lenddh
attributed to the last ramh along the branch: if the distance from the last ramébwer than
the spacer length, it becomes a connection uteratise a ramet unit is produced.

5- Calculation of the probability of creating thewngrowth unit. The resource balance
is analyzed within the IPU corresponding to theeptitil placement of the new growth unit.
The probability of a new un{p,) being created depended on the ratio of resounckable
within the IPUversusthe cost of producing the grow unit following (D11

(L10): p, = = |1+ log (222)] with = & [0;1]

€, =C.0rc,
wherepy is the probability of creating the new growth yniis a random variable in the range
0 to 1, Rey is the available resources within the IPU &éndC; are the production costs of
one ramet and one connection respectively. Thetrawit is created ipy> Pgo.

If the potential location of a ramet growth uniiseady occupied, it is not created.
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Conclusion du chapitre 4

Ce dernier chapitre, reposant sur des résultatsnddélisation, permet de discuter de
implication des propriétés clonales dans la ré&@orau patron spatio-temporel de la
défoliation, mais il ouvre également la voie a denbreuses réflexions.

Tout d’abord, nous avons trouvé que les combinaistentraits clonaux optimaless.
permettant de maximiser la performance clonale samgés. Le plus petit nombre est
enregistré sous défoliation homogéne, lorsque itamteéur de performance considéré est la
biomasse. Par conséquent, la défoliation homogessort comme un filtre fort. D’autre part,
bien que I'absence de défoliation soit un filtragpfaible, les combinaisons de traits optimales
sous ces deux contrbles homogenes sont similatedifferent des combinaisons optimales
émergeant en conditions de défoliation hétérogédmes. formes clonales optimales en
conditions homogénes, défoliées ou non, reposentesl contraintes structurales décrites
expérimentalement ché&z palustris(ARTICLE 5). Ce type d’architecture permet de maximiser
I'occupation spatiale tout en limitant I'investissent dans le réseau de connexions.

Contrairement a nos résultats empiriques, dansagait de modélisation les capacités
de stockage ne jouent aucun réle dans I'optimisades performances clonales, quel que soit
le patron de défoliation. Ce résultat pourrait artip étre lié au paramétrage du modele quant
a la mise en réserves ou a une séveérité de laatéaltrop faible.

Enfin, les combinaisons de traits clonaux optimalegs défoliation hétérogene, sont
complexes, notamment car I'expression de certaingstvarie selon le parametre de
défoliation considéré (pourcentage, grain, frégeeaua intensité). Cependant, quelles que
soient les caractéristiques de la défoliation, desditions hétérogenes favorisent les traits
clonaux permettant la dispersion spatiale des mn@ette architecture constituerait une
stratégie de répartition du risque de défoliatioriree les ramets. Les formes clonales
optimales décrites sous défoliation hétérogeneemesé exploiter plus en détail, et a

confronter a des données empiriques (actuellenmeabers d’exploitation).
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Le paturage est I'un des principaux modes de gestas ecosystemes herbacés terrestres par
’'Homme (Diazet al 2007). De ce fait, les relations entre paturagggétation et biodiversité
font I'objet d’études diverses depuis de nombredgegnnies. Le paturage est un phénomene
complexe s’appliquant aux plantes. La compréhensiome la prédiction de ses impacts sur
les communautés veégétales passe par l'analyse deanimmes impliquant les diverses
composantes qui le constituent. La présente étvaie @our objectif de tester I’hypothese que
le paturage favorise les combinaisons de traitsatla qui conférent aux plantes des capacités
de résistance, notamment a la défoliation qu’ilegén Plus particulierement, nous avons
cherché a déméler I'importance relative des tddeaux dans la réponse a la défoliation et a
déterminer leur implication dans la résistanceplastes au paturage. A I'issue de ce travall,
la discussion des résultats s’articule autour destipns suivantes :
1) Quel est Iimpact du paturage sur la végétatiortamment sur ses caractéristiques
clonales ?
2) Quelles sont les réponses architecturales a |diakida ? L'architecture clonale est-
elle un bon indicateur de la résistance au patupage
3) Les propriétés physiologiques associées a la d¢tépabtamment la mise en place de
réserves, sont-elles impliquées dans la toléranize d&foliation et la résistance au
paturage ?
4) La clonalité permet-elle une réponse efficacedéfaliation hétérogene ?
Enfin, apres avoir évoqué les limites de cette &tndus aborderons les perspectives ouvertes

par ce travail.

1. Le paturage comme filtre environnemental

1.1. Un filtre environnemental secondaire

Le paturage impacte la végétation, non seulementeemes de richesse, diversité et
composition spécifigues, mais également d’'un pdimtvue fonctionnel. Il agit comme un
filtre environnemental, favorisant les traits germpettent aux plantes de se maintenir, c’est-a-
dire de croitre et de se régénérer, dans les comsligu’il génere (traits de réponse Lavorel &
Garnier 2002). Nos travaux ont montré que l'impdctpaturage sur les traits clonaux est
modulé par le régime d’inondatioaRTICLE 1). Plusieurs études ont montré que le régime
d’'inondation influence les effets du paturage sustructure et la diversité de la végétation
(Oesterheld & McNaughton 1991, Insautial. 1999, Jutila 1999, Mesléadd al. 1999). En

effet, I'inondation favorise les espéces capabledatérer des conditions d'immersion, de
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faible incidence lumineuse ou d’hypoxie, voire diaie par exemple (Blom & Voesenek
1996). Dans la zone d’étude du Marais Poitevinféigime d’inondation, en lien avec le
micro-relief, conduit a la discrimination de traismmunautés végétales (hygrophile, méso-
hygrophile et mésophile) différant tant d’'un poite vue spécifique que fonctionnel et plus
particulierement clonal. Le régime de paturagefhience pas la composition clonale dans la
communauté hygrophile, certainement parce que ridation et le paturage tendent a
favoriser des traits similaireaKTICLE 1). A linverse, les traits clonaux des communautés
meéso-hygrophile et mésophile se sont avérés sessabl régime de paturage.

Nos résultats confirment donc, sur les traits donales observations déja réalisées
sur d’autres traits, le plus souvent morphologiquaen que quelques traits émergent comme
de bons indicateurs de la réponse au paturagabsesvations ne sont généralement fiables
gu’'a échelle locale. Outre le régime d’inondatilenclimat, la productivité du site ou encore
I'historique du paturage agissent comme des filteewironnementaux contraignant la
composition spécifique et fonctionnelle de la vagén et, par conséquent la réponse au
paturage€.g.Pakeman 2004, de Beld al 2005, Diazt al. 2007).

Il n'existe donc pas une mais des réponses clormigsaturage qui dépendent de la
communauté végétale étudiée. Ces observations olmusamenés a focaliser nos travaux
principalement sur la végétation mésophile, cae gfésente une composition clonale

diversifiée et une réponse au paturage marquée.

1.2. Le paturage générateur d’hétérogénéité spatiala échelle grossiere
Dans les prairies étudiées, le paturage génére mogaique de patches de structure,
composition et diversité végétales différentes¢éhkelle de plusieurs dizaines voire plusieurs
centaines de metres (Loucougamtyal 2004, Rossignokt al 2006). Nos résultats ont
confirmé I'existence d’'une hétérogénéité grossidesplusieurs metres a plusieurs dizaines de
metres) de la structure de la végétation sous ggeumodéré, tandis que le paturage intense
tend a homogénéiser le couvert végésalt(CLE 2). En effet, lorsque l'intensité de paturage
augmente, notamment du fait d’'un plus grand nondkirerbivores, la quantité de fourrage
par animal diminue, obligeant ces derniers a etgida végétation de maniere plus complete,
voire a s’alimenter d’especes de qualité nutritedlen moindre (Webeet al 1998). Par
ailleurs, nos résultats montrent I'existence d’td&rogénéité fine (patches de 0,2 a 0,5 m de
diametre) quel que soit le régime de paturage,aetnypris en conditions non paturées. Cette
hétérogénéité serait donc intrinséque a la vegétatiotamment liée a l'identité des especes

5 7 s

présentes et pourrait également traduire une [y#B&é fine des conditions
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environnementales (Rietkert al 2000, Adleret al. 2001). Le paturage modéré tend a
augmenter cette hétérogénéité de la hauteur dwedouggétal. Néanmoins, cette observation
n'est pas généralisable a lI'ensemble des relevéfiséé sous paturage modéré. Par
conséquent, il ressort de cette étude que le mfuravin tend a générer une hétérogénéite
grossiere, ne pouvant étre percue a I'échelle gdalate clonale. En effet, bien que certains
fragments clonaux puissent couvrir des surfaceglugeurs centaines de m2, voire plusieurs
hectares, ces cas sont des exceptions plus quengenEn outre, l'intégration physiologique
extensive se limite généralement a quelques mégedertefeld & Jonsdottir 1999,
D’Hertefeld & Falkengren-Grerup 2002). WijesingheHgatchings (1997) ont montré que la
réponse de genets echoma hederacea I'hétérogénéité spatiale dépend de son échelle,
l'optimum correspondant a des patches de 25 x 25 lcan perception de conditions
environnementales hétérogenes par des plantededdmerbacées clonales est donc restreinte
a des échelles fines, généralement inférieurema Dans les prairies étudiées, I'influence de
la défoliation induite par le paturage est, parséguent, principalement liée a son intensité
(hauteur de coupe ou proportion de tissus retivéeda fréquence (pas de temps entre deux

evenements de défoliation successifs).

Par la suite, nous nous sommes attachés a déanpadtt de la défoliation générée
par le paturage bovin sur I'expression des trddaaux. Celle-ci étant homogene a I'échelle
de la plante clonale, nous pouvions nous attendre gue les formes clonales sélectionnées
investissent dans des mécanismes (i) d’évitemeattasp(ii) d’évitement temporel ou (iii) de
tolérance (Tableau Ill). Nous avons donc chercideatifier les mécanismes de résistance a
la défoliation générée par le paturage et lesst@itnaux impliqués, en nous focalisant (i) sur
la morphologie et l'architecture clonale et (ii)rsies traits physiologiques (stockage et

intégration clonale).
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Tableau Il — Comparaison des traits clonaux olseen réponse au paturage et/ou a la défoliatiea ks hypothéses. Type de données : relevés rditepuplées aux
traits CLO-PLA3 {n situ + CloPla3) ou au données expérimentaiessitu + exp.), données expérimentales (Exp.), résuttatta modélisation (Simulations). La colonne
« Ref » renvoie au numéro des articles ou soneptés ces résultats.

Mécanisme de résistance Traits clonaux attendus aitsTalonaux observés Données

Evitement

in situ+ CloPla3
in situ+ CloPla3

- Organes clonaux porteur d’uziegoie de bourgeons Formes clonales stoloniféres et cespiteuses........
souterraine (bulbes, tubercules, racines, rhizomegroche Banque de bourgeons aérienne............cccc.v.....
de la surface du sol (stolons rampants)

Evitement spatial

Evitement temporel - Ramets annuels a développepnénbce ou

in situ+ CloPla3

AULOMNGL. .. coe e e e e e e Ramets perennes.........ccoovviveviiiene cvimmeane e
° - Organes clonaux PErenNES........cc.vvveeierieveneeeeeieeiiaienns Organes clonaux annuels...............covccmeeeeeeninns in situ+ CloPla3
G Tolérance
g Croissance - Organes de stockage :
E compensatoire ~souterrains (principalement).............coiueeennnns N investissement dans les organes clonaux
c SOULEITAINS ... ittt e e et e e e eeeen in situ + exp.
'% ~aériens (dans une moindre mesure)...... o............ FOrmes clonales stoloniféeres et cespiteuses........ in situ+ CloPla3
s
3 - Stockage dans la base des tiges...........cccoeceeeeeiennns Stockage dans la base des tiges.........ccccco..... Exp.
Régénération végétative - Fort taux de multiplmaglonale............................. N taux de multiplication clonale.............ccccceeeeen. in situ+ CloPla3
N ou— de la production de ramets.........cc....... Exp.
- Fort taux de ramification (architecture de type
phalange)........ccoovi i ~ ou— de la production de connexions.............. Exp.
Simulations
N ou— de la longueur des connexions et des
distances inter-ramets............ccooiceeiiie e, Exp.
Evitement spatial - Connexions et distance inter-ramets longues f@athre  — de la longueur des connexions.............ccccceeeene Simulations 8
5 % de type guérilla) /7 des distances inter-ramets..............ceeeeeeenn. Simulations 8
E S | Tolérance - Intégration physiologique extensive.............c..cvvevvnnee. — distance d’intégration physiologique........ Simulations 8
;-8 :% - Spécialisation des ramets non défoliés dans diatepn
0O c 0ES FESSOUICES. . tut et et et e e et e eet e e et e e eeees En cours d'analyse...........cooeviiiine s mmn veeenns Exp.




2. Réponses morphologiques a la défoliation : I'alitecture clonale est peu impliquée

dans la résistance au paturage

2.1. Impact du paturage sur le type d’organe clonal
Contrairement a nos attentes (Tableau lll), le na@e favorise les espéces produisant des
organes clonaux aériens et a durée de vie cowtamment les formes clonales stoloniferes
et cespiteusesARTICLES 1 ET 2). A linverse les formes clonales rhizomateusest plus
abondantes en conditions non patureesriCLES 1 ET 2). Dans les prairies de notre site
d’étude, huit espéces clonales pérennes dominenedg@tation ARTICLE 3). Parmi ces
especes, les quatre espéces présentes uniquemeonditions paturées sont cespiteuses
(C. cristatus H. secalinumL. perenneet P. trivialis ; ARTICLE 3). L’avantage des stolons a
courte durée de vie, ainsi que des rhizomes caanactéristiques des formes cespiteuses
pourrait se trouver dans le faible colt associ€ua production et a leur maintenance (Grace
1993, de Kroon & Schieving 1990, van Groenenaael 1996). Les pertes de biomasse et la
croissance compensatoire généralement induite @adéfoliation représentent un codt
supplémentaire pour la plante (van der Meijégral. 1988), pouvant favoriser les formes
clonales permettant la production de ramets todineitant les investissements associés a la
croissance clonale. A l'inverse, sur les quatrecesp clonales présentes tant en conditions
paturées que non paturées, deux sont exclusiverniegomateusesq. divisaet J. gerardii),
une est a la fois rhizomateuse et cespitebdsespeng et une a la fois stolonifere et cespiteuse
(A. stolonifera; ARTICLE 3). L'expansion latérale sur de longues distaneesitsune propriété
associée a la compétitivité de I'espece (Grime L9lZ&s réserves potentiellement stockées
dans les connexions pourraient étre un atout soppitaire, permettant la croissance et la
multiplication clonale en environnement compétitifous n’avons cependant pas mis en
evidence de relation entre la distance de propamatonale et la résistance au paturage chez
les huit especes étudiéertiCLE 3). Ce résultat est probablement di en partiedulée de
l'expérimentation a lissue de laquelle ont été wumés les traits clonaux. En effet,
'expérimentation n'a été menée que sur quelques,namplifiant les différences de taux
d’expansion, notamment entfe stoloniferaet E. repensd’une part eC. divisaetJ. gerardii
d’autre part (observations personnelles). Chezdss< Cyperaceae, une expeérimentation
d’'une durée d’'un an a en effet permis de constaeistence d’'une période de croissance
relativement lente, suivie d’'une phase d’expandieaucoup plus rapide (projet en cours

d’analyse).



2.2. Impact du paturage sur la morphologie et I'arbitecture clonale
En accord avec les premiéres observations réalséeses types d'organes clonaux, nos
résultats mettent en évidence un impact du patwsagéexpansion latérale et la position de
la banque de bourgeons végétatifs. Contrairemembsaattentes, le paturage ne favorise
cependant pas les capacités de régénération viegét@ux de multiplication clonale,e.
nombre de ramets produits). Au contraire, le taexrltiplication clonale tend a étre plus
faible en conditions paturées qu’en absence deggQRTICLES1ET?2).

Le paturage semble limiter 'expansion latéraleciGexplique certainement par le
fait qu’in situ, la défoliation générée par le paturage est homogel'échelle de plusieurs
centaines de cmz voire plusieurs m2. D'apres ngotigses, une propagation latérale sur de
grandes distancesi.€. de plusieurs décimetres a quelques metres) saraihtageuse
uniquement en conditions de défoliation hétérogdars lesquelles elle permettrait une
exploration efficace de I'espace, voire une fuitgshdes zones défoliées (Tableau l1ll). A
inverse, un investissement dans I'élongation desnexions en conditions homogenes ne
permettrait pas au fragment clonal d’expériments donditions contrastées de défoliation.
Dans ce cas, les colts associés a la productian etaintien des connexions ne seraient pas
contrebalancés par I'avantage de la dispersiodargia propagation clonale désavantageuse.

Nous avons montré que la taille de la banque degleouns aérienne était importante
(ARTICLES 1 ET 2). La présence d’'une banque de bourgeons végétatitiessus de la surface
du sol pourrait étre avantageuse en prairies pggucar elle permettrait une régénération
veégetative efficace suite a la défoliation (Belliagn & Sparrow 2000, Lasset al. 2009,
KlimeSova & Klime$ 2003, KlimeSova & KlimeS 2007\ous avons cependant mis en
évidence que le taux de multiplication clonale elggeces présentes en conditions paturées est
inférieur a celui des especes dominantes en abskEnpéturage. Ce décalage entre la taille
réelle de la banque de bourgeons et le taux ddptication clonale (production de ramets)
pourrait étre di a la dormance des bourgeons esezspbéces étudiées.

Ces résultats issus d’observationssitu et d’informations collectées dans la base de
données CLO-PLA3 ne sont cependant pas confirmiégue les traits clonaux sont mesurés
expérimentalement sur les plantes collectgessitu et cultivées en jardin expérimental
(ARTICLE 3). En effet, selon cette étude, seules la hautéggetative et la biomasse des
organes clonaux souterrains sont négativement léegéa la résistance des espéces au
paturage. La hauteur des plantes est en effet dem principaux traits indicateur de la
résistance au paturage, une petite stature étaotiéas a I'évitement spatial, tandis qu’'une

taille importante permet aux plantes d’étre contiv@s pour la lumiére et est avantageuse en



conditions non perturbées (Grime 1977, Briske 18967 et al. 2007). De la méme maniere,
un investissement important dans les organes saingrserait associé a la compétitivité de
'espéce en conditions non péaturées. Néanmoinspars de cette expérience, la mesure des
traits a été réalisée sur des plantes cultivéesoaditions controlées et non perturbées. Des
mesures de traiis situ, permettant de prendre en compte les variatidng-gpécifiques et en

présence de compétition seraient nécessaires patierces résultats.

En croisant les patrons d’abondance des especits et leurs traits clonaux issus de
la base de données CLO-PLA3 ou mesurés en corglithmm perturbées, ces premiers
résultats ont permis de décrire les traits clonaotentiels des communautés végétales sous
divers régimes de paturage. Par la suite, noussastoerché a caractériser la plasticité de ces
traits clonaux en réponse a la défoliation. Entetiae plasticité phénotypique importante en
réponse a la défoliation pourrait aboutir a I'exgsien de traits contrastés sous divers régimes

de paturage, malgré des traits potentiels idensique

2.3. Réponse de l'architecture clonale a la défotian : des patrons variés

2.3.1. La réponse architecturale a la défoliatiore miétermine pas la réponse

au paturage
Nos résultats ont permis de montrer que seulesélgsnses a la défoliation de la hauteur
végeétative et de la biomasse des organes clonaug&rsains sont significativement liées a la
résistance des especes étudiées au paturage. lrautiim de ces deux traits en réponse a la
coupe est moindre chez les espéces les plus rédsistau paturage.€. dont I'abondance
augmente avec le régime de paturage) que chezspexes les moins résistantes. (dont
'abondance diminue avec un régime de paturagessant). Cependant, les différences de
résistance au paturage ne peuvent étre expliguaesume réponse plastique des traits
d’architecture clonale. Contrairement a nos atterffeableau Ill), ni 'augmentation de la
production de ramets, ni une ramification accrusnnété relevées chez les espéces les plus
résistantes au paturageRficLE 3). L’'absence de relation entre la résistance aurage et la
réponse architecturale a la défoliation peut avpiusieurs causes. (i) La réponse
architecturale a la défoliation est similaire ené® espéces, quelle que soit leur résistance au
paturage. (ii) Il n’existe pas une mais des répsrska défoliation qui permettent aux plantes
de se maintenir en conditions paturées. (iii) Notent, les réponses a la défoliation peuvent

étre limitées par des contraintes structuralesrpsop I'espéce. Nous avons donc cherché a



caractériser les réponses architecturales a ldiaédo chez plusieurs especes de formes
clonales variées.

2.3.2. La réponse architecturale a la défoliationste limitée par des

contraintes structurales spécifiques

Nous avons mis en évidence que la réponse aralmisdeta la défoliation ne dépend pas du
type de connexions(g. stolonsvs. rhizomes ARTICLE 4). Nous avons en effet détecté des
réponses architecturales similaires chez des espsitdoniferes et rhizomateuses. Ces
résultats vont a I'encontre d’études antérieuremagiémontré une plasticité plus importante
des stolons que des rhizomes en réponse aux argliénvironnementales (Dong & de
Kroon 1994, Dong & Pierdominici 1995).

Il semblerait donc que la réponse architecturala aoupe dépende de contraintes
structurales plus subtiles que la simple nature aesexions gtructural blue-print sensu
Huberet al. 1999). Par exemple, le nombre de méristémes ardlast un facteur limitant le
nombre de ramifications pouvant étre potentiellemmoduites (Huber & During 2001).
Ainsi, la défoliation des deux especes monopodigledragiferum et T. repeny chez
lesquelles le nombre de méristemes par rametregéjia généré une diminution du nombre
de connexions plus importante que chez les esp3eepodiales étudiées lors de la méme
expeérience ARTICLE 4). L'importance des contraintes structurales aoétéfirmée par les
réponses architecturales a la défoliation observdez deux Cypéracées rhizomateuses,
C. divisaet E. palustris(ARTICLE 5). ChezC. divisg la réponse architecturale a la défoliation
s’est traduite par la réduction du nombre de ramiifbns et 'augmentation de I'angle de
ramification, tandis qu'aucun changement architedtim’'a eu lieu cheZ. palustris Ces
différences de réponse a la défoliation sembleskpdiquer par des contraintes structurales
contrastées. En effet, tandis que le réseau demg deC. divisarepose essentiellement sur
la ramification, les fragments clonauxEd’palustris produisent de nombreux rhizomes
primaires mais se ramifient peu. Par conséquesgnilblerait que les ressources nécessaires a
la croissance compensatoire ont été utilisées apgrds de la production et de I'élongation de
ramifications (Meyer & Schmid, 1999), affectantrmipalement les genets Ge divisa

D’aprés nos données de modélisation, les contsaisteucturales permettant de
maximiser la biomasse du genet et le nombre detsaare absence de défoliation et sous
défoliation homogéne sont similaires. Elles sontacrisées par un grand nombre de
bourgeons primaires, autorisant la production djtand nombre de connexions primaires, et

des distances inter-ramets petitesT(CLE 8). Ces propriétés architecturales correspondent a



celles décrites chei. palustris(ARTICLE 5). Ce type d’architecture, déja décrit chez desitr
especes clonales (Meyer & Schmid, 1999, Bainal 2007) permettrait de maximiser
'occupation de I'espace, tout en limitant l'inviesement dans le réseau de connexions
(Smith & Palmer 1976, Meyer & Schmid 1999). En gffen conditions homogenes ou
'exploration spatiale ne permet pas au genet deomrer des conditions contrastées, un
investissement dans la production de ramets plywét dans celle de connexions (via de
faibles distances inter-ramets) semble le plus tagmux. A l'inverse, en conditions de
défoliation hétérogene, quels qu’en soient le pentiage, le grain, la fréquence ou l'intensité,
des architectures caractéerisées par de longuesndéest inter-ramets seraient optimales. En
effet, en environnement hétérogéne, la prospedmatiale et de grandes distances inter-
ramets permettraient de disperser le risque ddidiédm entre les ramets d’'un méme genet
(Pigueras 1999).

2.3.3. Conclusion
D’aprés nos résultats, la défoliation induit uneisb@a ou, au mieux, un maintien de
linvestissement dans la propagation et la muttgdion clonale, comme le traduisent la
stabilit¢ ou la diminution des traits architectwwa(longueur moyenne des connexions,
distance inter-ramets, nombre de connections), @mbne de ramets et/ou de la surface
occupée par le genetRTICLES 4 et 5). Un investissement limité dans la propagatlonale,
une diminution de la viabilité des bourgeons ehdmbre de ramets en réponse a la coupe ont
déja été montrés(g. Bullock et al 1994, Newton & Hay 1996, Moest al 1999, Wanget
al. 2004, Henryet al 2007) suggérant que les codts liés a la pertbiomasse et a la
croissance compensatoire consécutive a la défmlidimiteraient I'investissement dans les
structures clonales.

L’effet majeur de la défoliation sur I'architectuconale semble donc étre une baisse
de linvestissement dans le développement du réskawconnexions (élongation et/ou
ramification). Des différences structuralesrijctural blue-prin} entre les espéces modélent
cet effet pour aboutir a une diversité de répormehitecturales a la défoliation. Par
conséquent, il semble qu'une diversité d’architexguclonales puisse s’exprimer en

conditions paturees.



3. Réponses physiologiques a la défoliation : leoskage comme mécanisme de résistance

au paturage

3.1. Le paturage ne favorise pas les organes spdisiés dans le stockage
Aucune espece présente dans notre site d’étudeodaipde tubercules ou de bulbes. Comme
nous l'avons vu précédemment et contrairement ahgpsthéses (Tableau lll), le paturage
favorise les formes clonales stoloniféres, tandis tps formes rhizomateuses dominent la
végeétation en I'absence de paturagrer(CLES 1 ET 2). Ainsi, la biomasse des organes clonaux
souterrains est négativement corrélée a la résistdaes especes au paturage : les espéces les
plus résistantes au paturage sont celles qui altdaenoins de biomasse aux organes clonaux
souterrains, et chez lesquelles la défoliationctéfée moins cette biomass&rficLE 3). Or
les rhizomes sont généralement considérés commerdesies particulierement efficaces
dans le stockage de ressources (Dong & de Krood,I3ng & Pierdominici 1995). La mise
en place de réserves ne serait donc pas assoldégsistance au paturage mais favoriserait
plutét a la fois I'occupation de I'espace souterrei le stockage de ressources, conférant aux
plantes une importante aptitude compétitive (Grirdé7, Barnet al 2005, 2009).

Selon des données issues du modele, la proporioassources allouées aux connexions et,
par conséquent, protégées de la défoliation (deslsamets pouvant étre endommagés), n'a
aucune implication dans la réponse a la coupe,lepuajue soient ses caractéristiques
spatiales, sa fréequence ou son intensikICLE 8). D’apres ces résultats de modélisation, les
capacités de stockage n’interviendraient donc @ass da réponse au paturage. Cependant,
outre les organes souterrains, les autres strgctiomales peuvent étre impliquées dans le
stockage de réserves (Suzuki & Stuefer 1999, Stugefeluber 1999). La base des tiges,
notamment chez les Poaceae, a également une fonktiyane de stockage. Du fait de leur
proximité avec les tissus endommagés lors de lalid&bn, les réserves accumulées dans ces
tissus pourraient s'avérer les plus rapidement liséleis et, par conséquent, les plus
importantes dans la réponse a la coupe (Morvardetet al. 2001).

En outre, diverses substances peuvent étre mise&serve. Bien que la biomasse soit
régulierement considérée comme un indicateur deulantité de réserves (Cheplick &
Gutierrez 2000, van der Meijdeat al 2000), celle-ci s’aveére en réalité peu précise,
puisqu’elle comprend également des composés staustu(.e. intervenant dans la
construction des tissus et organes de la plangehemicellulose) peu mobilisbles (Chagh
al. 1990). Il convient donc de s’interroger non pdesllement sur la quantité, mais aussi sur la

gualité des substances contenues dans les tisgétauE.



3.2. Le paturage favorise le stockage dans la bades tiges
Suite & un événement de défoliation, la remobibsatdes stocks de ressources,
principalement carbonées et azotées, favoriseragpgousse apres défoliation, en permettant
une reconstitution rapide de tissus photosynthétigonctionnels. En effet, deux phases de
croissance compensatoire consécutive a un évenelaeatdfoliation, ont été discriminées. La
premiere phase, relativement courte (de quelguaseba quelques jours, Richards 1993),
repose sur une remobilisation des substances mise&serves, permettant la construction de
nouveaux tissus photosynthétiqgues. La seconde ptwsespond a la reprise de l'activité
photosynthétique et de I'absorption racinaire (eevibibliographique,ARTICLE 6). Par
conséquent, plus la phase d'utilisation des réseest efficace (pools de réserves importants
et/ou retranslocation et mobilisation rapides) sk plante pourra compenser les pertes de
tissus et étre compétitivement supérieure aux gavivisines suite a la défoliation.

Nos résultats ont confirmé la relation entre lesclst de substances carbonées
(hydrates de carbone non structuraux ou fN& plus particulierement de fructanes,
contenus dans la base des tiges et la réponsetanagd ARTICLE 7). Chez la plupart des
Poaceae des climats tempérés, telles que les@dces étudiées, les fructanes constituent le
principal TNC de réserve dans les organes véget@illock & Cairns 1991, Scofiekt al
2009). En premier lieu, nous avons montré des tiamia interspécifiques des stocks de
fructanes et de saccharose contenus dans la bas@eke juste avant la saison de paturage.
Les quantités stockées se sont avérées positivelidest a la résistance des espéces au
paturage. En outre, toutes espéces confonduepldetes se développant sous un régime de
paturage intense présentent des stocks de frugiduredmportants que les plantes collectées
sous un régime de paturage modéré. Il ressort dentes mesures que les stocks de TNC
seraient impliqués dans la résistance des plantgsaturage, a la fois via des variations
interspécifiques et des variations intra-spécifiqe®a réponse au régime de paturage. Les
capacités de stockage de réserves dans la bagaeteseraient donc avantageuses en prairies
paturées.

8 TNC (terme anglais) : Total Nonstructural Carbafayels.



3.3. Travaux en cours

3.3.1. Quelle est I'importance des réserves stoskdsns les rhizomes ?
L’expérience présentée dansATICLE 7 s’est focalisée sur les réserves stockées darasta
des tiges. Cependant, nous avons montré une relaigative entre la résistance des especes
au paturage et la biomasse de leurs organes cl@madgrrains. Les espéces favorisées par le
paturage allouent peu de biomasse a ces organesrams, tandis que la plupart des espéces
dominantes en conditions non paturées sont rhizamas. Outre leur fonction de
propagation, les rhizomes servent généralementrdetwes de stockage (Dong & de Kroon
1994, Dong & Pierdominici 1995, Suzuki & Stuefer99). Quel est donc le role de ces
rhizomes dans le stockage de réserves et dansptnsg® des plantes au paturage ?
Contrairement aux réserves stockées dans la basigds, dont la proximité avec les tissus
endommagés par défoliation pourrait en faciliterdiaobilisation, les réserves stockées dans
les rhizomes pourraient étre plus lentes a rensailiCes réserves, au lieu de permettre une
réponse efficace a la défoliation seraient donddplimpliquées dans la compétitivité des
plantes. La mobilisation des réserves pour soutknicroissance des ramets juvéniles
permettrait la production de descendants sous alegpées denses ou I'établissement par les
graines est peu probable. D’'une part en permelt@xpansion latérale et I'occupation de
'espace souterrain et, d’autre part, en soutefmptroduction de descendants, les rhizomes
constitueraient donc des organes avantageux eritiomsdhon paturées et compétitives.

Au cours d’'une expérience centrée sur trois espgtesmateuses présentes tout au
long du gradient de paturage, nous avons donc lvhercaractériser le type et la quantité de
TNC de réserves contenue dans les rhizomes etcaagarer aux teneurs contenues dans la
base des tiges, et ce sous trois régimes de péat(ebgence, paturage moderé et intense). Ces

résultats, en cours d’analyse n’ont pu étre présetdins le présent manuscrit.

3.3.2. Clonalité et effet mémoire
L’herbivorie appliquée a une plante peut avoir desséquences sur les graines qu’elle
produit et, par conséquent, sur ses descendantaW@b2001). Cet effet maternel correspond
a la transmission de caractéres induits par 'emviement. Chez les plantes clonales, les
ramets sont issus de divisions mitotiques et peuvester connectés physiqguement ou
physiologiquement aux ramets parents. En permd#anbuvement de substances au sein du
fragment clonal ainsi que le stockage de réserMeségration clonale jouerait un role

important dans deffet mémoire clrry-over effecj. En effet, les conditions



environnementales peuvent influencer la taille grnent clonal, la quantité de substances
stockées, la synthése de composés secondairexone ¢expression des genes et sont donc
susceptibles d'influencer le développement de plusi générations de ramets (Schwaegerle
et al 2000). Si le principal facteur intergénérationestl la taille des ramets parents, les autres
facteurs évoqués ci-dessus semblent eégalement youesle significatif (Schwaegerkt al
2000). En prairies paturées, cet effet mémoire pewer un rdle crucial : la pression de
paturage, notamment la défoliation expérimentée ymarfragment clonal est en effet
susceptible de moduler la croissance et la reptamudes ramets I'année suivante.

Au cours d’'une expérience en jardin, nous avong @berché a identifier 'impact de
la défoliation appliquée a des genets sur leurssarice et leur reproduction au cours de la
saison de végeétation.

4. Clonalité et défoliation hétérogene a I'échelléu fragment clonal

Nos travaux ont démontré que la défoliation gén@aiele paturage bovin est hétérogéne a
une échelle supérieure a I'échelle de perceptippasee du genet et, par conséquent, percue
comme homogene par celui-sR{ICLE 2). Dans un premier temps, hous ne Nous sommes pas
attachés a étudier les potentiels avantages desdtgropriétés clonales dans la réponse a la
défoliation hétérogéne. Cependant, les plantesatdsnpeuvent étre soumises a d’autres
herbivores, tels que les micro-mammiféres ou lesrbébrés. De par leur taille, leurs effets a
'échelle du genet sont probablement hétérogenesreNetude de modélisation a pris en
compte cette hétérogénéité. Nous avons ainsi décoqgue la défoliation hétérogene devrait
favoriser la dispersion spatiale des ramets (ganlitances inter-ramets) certainement car
cela permettait de répartir le risque de défolratatre ceux-ci. De plus, divers traits clonaux,
notamment la distance de partage des ressourcEgrétion physiologique), semblent
impliqués de maniére complexe dans la réponsealaftdiation hétérogene, dépendante de la
composante de défoliation (pourcentage, grain,uff@ge, intensité ARTICLE 8). Bien
gu'aucune plasticité phénotypique n’ait été intégaans le modéle, celui-ci démontre
limportance de la dispersion clonale et de l'imgn physiologique dans la réponse a la
défoliation hétérogéne.

Afin d’étudier les réponses de fragments clonauxrse a la défoliation hétérogene,
et notamment pour vérifier le role de la dispersides ramets et de lintégration
physiologique, nous avons réalisé une expérimemntan jardin, dont les résultats n’ont pas
encore été analysés. D’aprés les résultats de t#lmation, nous pouvons nous attendre a

observer une dispersion des ramets accrue en pdagiéfoliation hétérogene. La plasticité



architecturale intra-fragment clonale semble, q@aelle, peu probable. En effet, bien que de
nombreuses études se soient attachées a déqoiestiité architecturale au sein d’'un méme
fragment clonal en conditions de ressources héé@exsy seulement quelques unes ont
effectivement réussi a la démontrer (pour revud, ¢ Kroon & Hutchings 1995). Comme
nous l'avons vu précédemment, des contraintestatales limitent I'architecture clonale et
sont donc susceptibles de limiter sa plasticitéteCplasticité architecturale reposerait sur
I'activation de méristemes suite a la perceptios stenulii environnementaux par les ramets
(Dong 1993, Hubeet al 1999). Ce mécanisme necessite donc que le fragrimeral ait une
information fiable de son environnement au momensah développement. Contrastant avec
ce pré-requis, la défoliation s’applique a des tarpertés par des réseaux de connexions déja
développés. Ainsi, bien que la défoliation puisstivar les bourgeons axillaires, amplifiant
les processus de ramification au niveau des racoeises, il ne permet pas au genet d’ajuster
les distances inter-ramets. Les premieres obsensissues de cette expérience tendent a
confirmer l'absence de plasticité architecturaléraigenet en réponse a la défoliation
hétérogéne.

La réponse a I'échelle du ramet semble plus prebakihsi, les ramets défoliés sont
susceptibles de présenter des caractéristiqueshologiques (taille, surface des feuilles),
physiologiques (stocks de réserves, substancesféast) ou régénératives (activation de
bourgeons floraux ou végétatifs) différentes deseta non coupés, notamment en relation
avec leur croissance compensatoire. Néanmoinseffets de l'intégration physiologique
pourraient s’opposer a cette spécialisation de®tat permettre au genet de moyenner les
effets d’'une défoliation hétérogene (Harnett 1989) effet, le transport de ressources permet
aux ramets intacts de soutenir la reprise de @osdes ramets endommagés (Jonsdottir &
Callaghan 1989, Hutchings 1999), tandis que lsstomation de messagers induit une réponse
systémique et la mise en place de mécanismes @éas#epar plusieurs ramets (Gémez &
Stuefer 2006). Nos données de modélisation suggereaffet une implication complexe de
I'intégration physiologique en fonction des paramegide défoliationaRTICLE 8).

5. Limites de I'étude

L’'une des principales limites des travaux réaliséiscours de cette thése réside dans la
difficulté voire I'impossibilité de mesurer les it clonauxin situ (Weiher et al 1999,
KlimeSova & de Bello 2009). La compilation des déas de composition spécifique récoltées
sur le terrain et des traits clonaux collectés damsse de données CLO-PLA3 (KlimeSova &

KlimeS 2008) offre une premiere opportunité de nédes formes clonales sous différents



régimes de paturage. Cependant, ces informatiorisasent sur les traits potentiellement
exprimés par les plantes, mais ne permettent paseatelre en compte la réponse effective
des plantes au paturage et, plus particuliererfiBnpact du régime de paturage sur les traits
clonaux. En effet, ces méthodes ne permettent pgeahdre en compte la variabilité intra-
spécifique, qu’elle soit liée a des adaptationalles (sélection des traits les mieux adaptés au
régime de paturage local aboutissant a des popusagiénétiquement différenciées ; Sultan &
Spencer 2002, Lenssar al 2004), a la plasticité phénotypique (capaciténdgénotype
d’exprimer différents phénotypes en fonction desditions environnementales ; Bradshaw
1965) et/ou a des effets mémoires (transmission g@nérations suivantes de caracteres
phénotypiques induits par I'environnement, Schweeg al 2000).

Des mesures de traits clonanxsity, telles que celles réalisées pour mesurer I'impact
du paturage sur les réserves carbonéRsICLE 7), seraient les méthodes les mieux adaptées
pour décrire, non plus les traits potentiels, nhesstraits réellement exprimés par les plantes
sous divers régimes de paturage. La culture eekune des traits clonaux de plantes récoltées
sous différents régimes de paturage et en présencempétiteurs permettraient en outre de
déterminer I'importance des adaptations locale= lojue cette méthode ne permette pas de
faire la distinction entre différenciation généeget effet mémoire. Enfin des expériences de
transplantations pourraient étre réalisées damgidioe de décrire la plasticité phénotypique

en réponse au paturage.

6. Conclusions et perspectives
La croissance clonale chez les plantes est un piném® complexe, associé a des propriétés
singulieres. Il n'existe donc pas une, mais degalltés, dont les caractéristiques dépendent
des conditions environnementales (Kline¢&l 1997). Ainsi, les plantes clonales dominent la
végeétation prairiale du site étudié au cours deedbese, mais les formes clonales varient en
fonction du régime de paturage. Nous avons donchBer caractériser les réponses des traits
clonaux a la défoliation et a déterminer leur iro@lion dans la résistance des plantes au
paturage. Bien que nous ayons tenté d’exploreetitail de pistes s’ouvrant a nous, il nous
reste encore de nombreuses voies a explorer, caemm®ntrent notamment les diverses
expériences en cours d’analyse.

A lissue de ce travall, il semble cependant queckelts liés aux pertes de biomasse, a
la croissance compensatoire et, certainement, lssures associées a la défoliation, jouent
un réle majeur dans I'expression des traits clon&bxeffet, bien que I'architecture clonale

Soit contrainte par les propriétés structuralesifigaes, la défoliation provoque au mieux un



maintien, mais dans la plupart des cas une baes$edestissement du genet dans son réseau
de connexions, voire méme dans la production deetsanies formes clonales les mieux
adaptées a la défoliation seraient celles qui mizeimt I'occupation de I'espace tout en
limitant I'allocation de biomasse aux structuresneles. En prairies paturées la compaction
du sol par le piétinement pourrait s’ajouter a cecpssus freinant I'expansion latérale
(Schmid & Bazzaz 1990). Ces formes clonales catiaét#s par des connexions relativement
courtes, une plasticité architecturale faible et dapacités de stockage importantes, peuvent
étre comparées aux stratégies consolidatricestdggrar de Kroon & Schieving (1990) qui
doivent leur nom a leur capacité d’occupation dspace et de persistance locale du fragment
clonal.

Les formes clonales investissant extensivement tidlesigation des connexions ont
été suggérées comme avantageuses en environnepeenibés, car elles permettraient la
colonisation des trouées dans des conditions gapeoduction sexuée serait limitée par la
destruction des structures reproductrices (Fagtrigl 1994, KlimeSova & Klimes 2003). A
l'inverse, nous n'avons pas montré de relationeslamrésistance au paturage et le nombre et
la biomasse de fleurs produitesRficLE 3). Chez les formes clonales décrites en prairies
paturées et en réponse a la défoliation, la digs#ion par les graines émerge comme le seul
moyen de coloniser I'espace. En conditions patyeake-ci est rendue d’autant plus efficace
gue les herbivores peuvent constituer des vectderpropagules (endo- ou épizoochorie,
Amiaudet al 2000, Moussiet al. 2005, Couvreuet al. 2008). La diminution de la pression
compétitive, notamment pour la lumiére, généréee lpadéfoliation des plantes voisines
facilite, quant a elle, 'émergence des grainesl'@nblissement des jeunes plantules.
L'avantage de la clonalité en prairies paturéesogsemit donc essentiellement sur les
capacités de stockage qu’elle confere au fragmiemak D’une part, en permettant une
repousse rapide et efficace des tissus endommiggéstocks de réserves contenus dans la
base des tiges conféreraient un avantage competiiiial en conditions paturées. D’autre
part, en permettant le développement de méristéloraaix activés suite a la défoliation, ils
favoriseraient la reproduction sexuée et la dissatian.

A lissue de ce travail de thése, il apparait dgacticulierement intéressant de
développer des études permettant d’estimer l'ingmoe de la reproduction sexuée sous
divers régimes de paturage, et notamment de véfifigpact du paturage sur les compromis

entre reproduction sexuée et multiplication clonale
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