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SOMMAIRE 

La disponibilite des nutriments du sol peut varier fortement en peu de temps, done a des 

echelles temporelles tres reduites. Ceci implique que tout changement adaptatif du phenotype 

d'une plante doit atteindre une certaine ampleur et le faire a une vitesse appropriee. Ici, on 

s'interesse aux traits phenotypiques que sont la vitesse specifique de croissance (VSC) et ses 

composantes: la surface specifique des feuilles (SSF), le taux net d'assimilation (TNA) et la 

proportion de biomasse allouee aux feuilles (FMF). Dans cette etude, on a examine comment, 

a la suite d'une diminution dans la disponibilite d'azote, la plante modifie devolution 

ontogenique de ces composantes (SSF, TNA et FMF) et aussi comment ces changements 

affectent la courbe ontogenique de la VSC. On a aborde plus specifiquement les questions qui 

suivent. (i) Est-ce que, en general, le niveau de plasticite d'une espece est relie positivement a 

la vitesse specifique de croissance maximale de l'espece (VSCmax)? De quelle facon la 

plasticite de la VSC peut-elle etre reliee aux patrons de plasticite de ses composantes? (iii) Les 

reponses de plasticite dans revolution ontogenique des composantes de la VSC sont-elles 

coordonnees de facon a reduire l'ampleur de la plasticite dans revolution ontogenique de la 

VSC? Pour repondre a ces questions, on a cultive des individus appartenant a 44 especes 

herbacees dans deux conditions experimentales. Les series de controle etaient composees de 

plantes exposees pendant 28 jours a une solution hydroponique constante ayant une 

concentration en azote de ImM. Les series de traitement etaient composees des memes 

especes et les plantes ont ete cultivees dans la meme solution pendant les 12 premiers jours 

puis soumises ensuite a une diminution de la concentration d'azote de la solution 

hydroponique de 100 fois (0.01 mM). Pour les deux series, on a effectue des recoltes 

journalieres du 7e au 28e jour. La VSCmax est reliee positivement au niveau de plasticite de la 

VSC. Par contre, la VSCmax n'est reliee, pour ce qui est de la plasticite a aucune des 

composantes de la VSC. Le degre de plasticite de la VSC est relie negativement au degre de 

plasticite de la FMF et positivement au degre de plasticite du TNA. Dans le cadre de cette 

etude, on peut done dire que les especes qui montrent une forte plasticite de la FMF montrent 

aussi une faible plasticite de la VSC, et aussi que les especes qui presentent une forte plasticite 
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du TNA presenters egalement une forte plasticite de la VSC. II n'y a pas eu des evidences de 

correlations negatives entre les composants de la VSC qui auraient pu amortir le degre de 

plasticite de la VSC. On n'a pas observe de correlations negatives entre les composantes de la 

VSC qui auraient pu amortir le degre de plasticite de la VSC. 
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INTRODUCTION 

La plasticite phenotypique est la capacite qu'a un genotype donne d'exprimer des phenotypes 

differents en reponse a des variations de l'environnement. La serie particuliere de phenotypes 

qui sont produits par un genotype donne en reponse a une sequence d'environnements est 

appelee «norme de reaction». Les organismes qui possedent une certaine capacite de 

mouvement peuvent repondre aux variations de l'environnement par des deplacements de 

facon, par exemple, a aller vers des environnements plus favorables ou a fuir des milieux 

defavorables. Chez les plantes, la capacite de deplacement est extremement reduite et ne 

depasse pas l'echelle du volume occupe par son systeme racinaire et par sa canopee. Les 

plantes sont done contraintes de developper des reponses au niveau de la structure et du 

fonctionnement de leur propre organisme, done des reponses morphologiques, physiologiques 

ou d'allocation des ressources. 

Chez les plantes, la theorie de l'utilisation optimale des ressources (Aikio et Markkola, 2002) 

prevoit que les ressources destinees a la croissance doivent se diriger vers l'organe qui est 

susceptible d'acquerir la ressource la plus limitante pour la croissance. Ainsi, les feuilles et les 

racines se developpent en proportions telles que la plante est limitee de fa9on egale par la 

disponibilite des nutriments et par la lumiere. Cependant, en plus d'ajuster le taux d'allocation 

de biomasse aux feuilles ou aux racines, la plante peut egalement ajuster l'acquisition et 

l'utilisation des ressources en modifiant la morphologie et la physiologie (Aikio et Markkola, 

2002). Ce modele prevoit done que, de cette fagon, la plante pourra atteindre une vitesse de 

croissance maximale. 

Au niveau historique, certaines idees sur le phenomene de la plasticite phenotypique chez les 

plantes, qui avaient ete developpees il y a longtemps, n'ont ete reexaminees que tout 

recemment. Schlichting (2002) souligne, en effet, que les etudes de plasticite ont subi un 

ralentissement dans les annees 1970 et 1980, au moment ou la recherche etait concentree 

principalement sur les variations genotypiques plutot que sur l'interaction entre le genotype et 
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l'environnement, c'est-a-dire sur la plasticite phenotypique d'un meme genotype. Et ce n'est 

que dans les annees 1990 que les ecologistes ont manifeste, dans leurs recherches, leur interet 

pour cette interaction entre le genotype, et Fenvironnement, et pour les variations du 

phenotype en general. II faut preciser que la notion d'« environnement» comprend ici 

1'ensemble des facteurs abiotiques (lumiere, temperature, eau et nutriments) qui influent sur 

l'expression du genotype. A ces etudes se sont ajoutees ensuite des recherches sur l'influence 

des facteurs biotiques tels que les competiteurs, les predateurs et les pollinisateurs, puis sur la 

valeur adaptative et les consequences ecologiques des patrons de plasticite phenotypique. On 

a alors commence a porter une plus grande attention aux liens entre la regulation genetique, les 

mecanismes physiologiques et la plasticite morphologique et on commence maintenant a se 

questionner sur les signaux environnementaux qui declenchent la reponse de plasticite et sur la 

facon dont la plante les detecte. Schlichting (2002) souligne aussi un certain regain d'interet 

pour les aspects ecologiques et evolutifs qui influent sur le developpement de l'individu, des 

recherches maintenant qualifiees d' « eco-devo ». 

Un des parametres environnementaux les plus importants pour la survie et la performance 

d'une plante est la disponibilite des ressources que sont la lumiere, l'eau et les mineraux 

nutritifs. Ces derniers contribuent au niveau de fertilite du sol et la fertilite du sol est 

consideree comme un des facteurs environnementaux qui permettent le mieux d'expliquer et 

de prevoir la distribution geographique et ecologique des especes, ou mieux des genotypes, 

aussi bien que des communautes vegetales (Grime, 1977; Wijesinghe et John, 2005). 

Quelques etudes ont ete faites en comparant les individus ou genotypes d'une meme espece ou 

d'un meme genotype soumis a differents niveaux de nutriments, ces niveaux restant constants 

dans le temps (Meziane et Shipley, 1999). Dans la nature, toutefois, les ressources varient non 

seulement dans l'espace mais aussi dans le temps et ce, a differentes echelles (Cain et al, 

1999). Done, les plantes doivent repondre a ces variations de la disponibilite des nutriments 

non seulement avec une certaine intensite mais aussi avec une certaine vitesse. Les travaux qui 

ciblent les variations temporelles de la disponibilite des nutriments sont tres rares et limites a 
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des dispositifs experimentaux comportant de brefs episodes d'augmentation dans la 

concentration des nutriments fournis (Campbell and Grime, 1989; Fransen et al, 1999). En 

milieu naturel, on sait toutefois que la disponibilite des nutriments pour la plante, peut 

augmenter ou diminuer, qu'il s'agisse de la teneur en nutriments du sol ou de la proportion qui 

en est reellement disponible pour la plante (Hagedorn et al, 2000). Les reponses des plantes 

face a une diminution dans la disponibilite d'azote est le sujet de recherche de la presente 

etude. 

Parmi les differents elements nutritifs, l'azote est frequemment le mineral limitant pour la 

croissance des plantes dans de nombreux ecosystemes (Aerts et Chapin, 2000). La 

concentration des diverses formes d'azote du sol peut varier fortement sur des periodes 

temporelles aussi courtes qu'une semaine ou meme un jour (Cui et Caldwell, 1997), aussi bien 

qu'a l'echelle d'un mois ou d'une saison (Jamieson et al, 1998). Par exemple, dans une foret 

de Picea abies (L.) Karst et Vacinium sp. (L.), Hagedorn et al. (2000) rapportent des niveaux 

de variation moyens des nitrates du sol de 39 % (± 59,2 SD) par heure et est de 30,1 % (± 

31 SD) dans une prairie de Poa trivialis L. et Carex ferruginea Scop. 

La disponibilite des ressources peut avoir differents effets sur differentes especes. Si on 

considere un environnement constant, on s'attend a ce que les especes qui ont une grande 

vitesse specifique de croissance potentielle soient favorisees par une grande disponibilite des 

ressources, mais ce patron peut etre modifie par la distribution spatiale des individus et done 

des ressources. Dans une situation ou la disponibilite des ressources est tres faible et constante, 

ce seront les especes a faible vitesse de croissance potentielle qui auront du succes (Grime, 

1977). Par contre, dans un environnement ou la disponibilite des ressources change dans le 

temps, il est possible que ce ne soient plus les valeurs maximales des traits de l'espece, ici la 

VSC, mais plutot la plasticite dans ces traits qui determinent sa capacite a s'ajuster a cette 

disponibilite variable. En effet, Grime et Mackey (2002) ont trouve qu'il y avait des 

differences interspecifiques dans les patrons de plasticite. De fait, une augmentation ou une 

diminution dans la disponibilite des ressources a des implications physiologiques differentes 
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pour la plante. Et s'il y a bien quelques etudes sur des reponses de plasticite a des 

augmentations dans la disponibilite des nutriments, nous ne connaissons aucune etude qui ait 

examine l'effet des diminutions. 

Dans une experience de terrain, Sher et al. (2004) ont manipule la periodicite et la quantite 

totale d'eau ajoutee a des milieux sees. lis ont trouve que les taux de survie et de croissance 

des plantes etaient influences plus par la duree des intervalles entre les arrosages que par la 

quantite totale d'eau ajoutee. De tels resultats montrent que, pour une periode determinee, la 

variation temporelle dans la disponibilite des ressources peut etre aussi importante que la 

quantite totale disponible de ces ressources pour la performance des plantes. lis ont trouve 

egalement que les reponses face aux dynamiques temporelles pouvaient varier d'une espece de 

plante a l'autre. Etant donne, done, que les variations interspecifiques peuvent dependre des 

variations temporelles de la disponibilite des ressources plus que de leur disponibilite totale ou 

moyenne, on peut conclure que les patrons temporels dans la disponibilite des ressources 

jouent un role important sur la structure et la dynamique des communautes des plantes, mais 

ce role est encore peu etudie. 

L'etude presentee dans ce memoire cible specifiquement les reponses de differentes (14) 

especes de plantes a une variation temporelle dans la disponibilite de 1'azote, une ressource 

qui est limitante pour la croissance des plantes dans de nombreux ecosystemes. Bien qu'il 

s'agisse d'une etude de laboratoire, ce travail est un premier pas pour determiner les patrons 

de plasticite associes a la variation interspecifique dans la performance des plantes, et plus 

specifiquement dans leur vitesse specifique de croissance (VSC ou RGR : relative growth rate) 

lorsque la disponibilite des ressources presente des variations temporelles. Cette etude 

constitue le premier travail de comparaison interspecifique (14 especes) de la reponse, en 

termes de plasticite phenotypique, a une diminution dans la disponibilite d'azote. 

Comme on l'a mentionne plus haut, la vitesse de croissance d'une espece determine 

partiellement sa distribution ecologique en fonction de la disponibilite et de la distribution 
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spatiale des ressources. La vitesse specifique de croissance (VSC) est en fait le taux de 

production de nouvelle biomasse a partir d'une biomasse existante. Cette VSC est done une 

mesure de Fefficacite de croissance d'une plante et elle est reliee a la persistance et a 

l'abondance relative de l'espece dans des sites avec de niveaux de perturbation et de stress 

differents (Grime, 1977). La vitesse de croissance maximale, qui est atteinte en conditions 

optimales (VSCmax), est done aussi un trait qui permet de separer les especes de plantes en 

differents groupes fonctionnels. Ainsi, si on veut etudier comment les fluctuations dans la 

disponibilite des ressources influent sur la performance de differentes especes, un bon point de 

depart est d'examiner les reponses de plasticite des traits qui determinent la VSC et la facon 

dont ces reponses varient en fonction de la VSCmax. 

On sait que la variation dans la VSC depend des variations de plusieurs traits morphologiques, 

physiologiques et d'allocation des ressources, traits qui determinent 1'acquisition, l'utilisation 

et la retention des ressources par la plante. Etudier la plasticite de la VSC correspond done a 

etudier un phenomene multivarie et il est done aussi necessaire de decortiquer la variation de 

la VSC en ses principales composantes. La VSC peut etre decomposee, done factorisee 

mathematiquement, en differents traits relies a la croissance, ces traits constituant les 

composantes de la VSC. Cette factorisation mathematique est connue comme la 

« decomposition classique de la VSC ». Dans cette factorisation, toute variation de la VSC 

dans le temps (t) est correlee a la variation dans le temps (t) de ses composantes qui sont la 

surface specifique des feuilles (SSF), le taux net d'assimilation (TNA) et la fraction de masse 

foliaire (FMF) et on peut done ecrire : 

VSC(t) = (SSF)(t).(TNA)(t).(FMF)(t) 

La surface specifique des feuilles est une composante morphologique qui correspond a la 

surface totale des feuilles de la plante divisee par la masse totale de ces feuilles. Le taux net 

d'assimilation est une composante physiologique qui traduit le taux de production de nouvelle 

biomasse par unite de surface de feuille. La fraction de masse foliaire correspond a la 
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proportion de biomasse allouee aux feuilles par rapport a la biomasse allouee au reste de la 

plante. En fait, la reconnaissance et l'etude de la nature multivariee du phenomene de 

plasticite phenotypique chez les plantes represented, en soi, une avancee dans les recherches 

sur la plasticite phenotypique (Shipley, 2004). 

Parmi les nombreuses etudes qui ont compare la plasticite de plantes cultivees dans des 

niveaux de ressources differents, ces niveaux restant constants dans le temps, tres peu ciblent 

les reponses de plasticite liees a la VSC. Shipley (1988) a montre que les especes dont la 

VSCmax est la plus elevee montrent une plus grande plasticite de leur VSC en reponse a des 

niveaux de nutriments contrastants. II y aurait done une relation positive entre la VSCmax et 

le degre de plasticite de la VSC. Les etudes qui ont examine la plasticite au niveau des 

composantes de la VSC sont encore plus rares (Meziane et Shipley, 1999). Ces auteurs ont 

montre que la variation interspecifique de la VSC etait correlee faiblement mais 

significativement a la variation interspecifique des composantes de la VSC (la SSF, la TNA et 

la FMF). Ces auteurs ont aussi trouve des correlations negatives entre certaines de ces 

composantes. De cette facon, la variation interspecifique des composantes de la VSC aurait 

comme resultat un effet tampon sur la variation interspecifique de la VSC. A partir de ce 

constat, il est logique d'envisager que ces compromis determinent quelles sont les especes 

susceptibles de coexister dans une aire avec niveau donne de fertilite. II s'agit d'un progres 

theorique dans l'etude du probleme central que constitue 1'explication de la diversite et 

l'abondance des vegetaux. La presente etude sur les compromis entre les reponses de plasticite 

de differentes especes face a une fluctuation dans la disponibilite d'azote est une contribution 

aux connaissances des mecanismes permettant d'expliquer les differences de performance de 

divers types fonctionnels face a une fluctuation de Fenvironnement, ici, un environnement 

artificiel. 

Etant donne que les reponses aux variations temporelles de disponibilite des nutriments sont 

peu etudiees, le present travail vise des questions nouvelles en ecologie. Que peut-on attendre 

du comportement de la VSC si des especes, ayant differentes valeurs de VSCmax, sont 
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exposees a une diminution dans la disponibilite d'une ressource au cours de leur croissance? 

Est-ce que dans des situations ou la disponibilite d'une ressource diminue subitement, il y a 

une relation positive entre la variation de la VSCmax des especes et leur degre de plasticite? 

On ne connait pas d'etudes qui aient deja explore ces questions. Par contre, au niveau 

theorique, Alpert et Simms (2002) ont deja examine la question, assez critique; de savoir « a 

quel moment est-ce approprie pour une plante de faire des ajustements de plasticite? ». Ces 

auteurs emettent l'hypothese que la plasticite d'un trait peut etre avantageuse seulement si ce 

trait s'ajuste au nouvel environnement a une vitesse plus rapide que celle du changement 

environnemental. Cependant, il ne faut pas oublier que le phenomene de plasticite est 

generalement, et surtout dans le cas de la VSC, de nature multivariee (Shipley, 2004). Done, 

la variation dans la VSC face a une fluctuation de 1'environnement dependra de la facon dont 

ses composantes sont coordonnees dans le temps lors de leur propre reponse de plasticite. 

Cette coordination entre les reponses de differents traits est possible seulement lorsqu'il s'agit 

des traits qui presentent une plasticite de type reversible. On parle aussi de « flexibilite du 

phenotype » et la recherche sur ce type de plasticite prend actuellement de plus en plus 

d'importance (Piersma et Drent, 2003). 

Les etudes de plasticite en reponse aux fluctuations de 1'environnement presentent de 

nouvelles exigences, mais egalement des avantages au niveau methodologique. 

Premierement, il faut considerer que meme dans un environnement constant, les traits d'un 

organisme ne sont pas supposes demeurer constants au cours du developpement de l'individu. 

Pour une plante, on peut s'attendre a ce que chaque trait suive un patron de variation 

particulier, done une courbe ontogenique specifique, au cours du developpement de la plantule 

puis au cours des phases reproductives et vegetatives de la plante adulte. Pour cette raison, 

l'etude des patrons de plasticite d'un trait, en reponse aux fluctuations de 1'environnement, 

risque de confondre plasticite et simples variations du trait vise le long de la courbe 

ontogenique de croissance presentee dans un environnement constant. Afin de pouvoir etudier 

des patrons de plasticite d'un trait en reponse aux fluctuations de 1'environnement, il faut 

comparer la courbe ontogenique presentee par ce trait dans un environnement constant avec la 
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courbe ontogenique presentee apres chaque fluctuation. Trouver des differences significatives 

entre les parametres des courbes, lorsqu'on les compare, serait une preuve certaine de 

l'existence d'une plasticite ontogenique. Dans ce domaine, il y a quelques etudes au niveau de 

rinfluence de l'environnement sur les variations du cycle de vie de l'organisme (Sultan, 

2007). Mais chez les plantes, on ne connait pas d'etudes interspecifiques concernant des cas 

de plasticite ontogenique reversible. Ceci est le sujet de notre etude. 

Dans cette recherche on explore comment, apres une diminution dans la disponibilite d'azote, 

la plante modifie la trajectoire ontogenique des composantes de la VSC, et on examine 

comment les changements dans la trajectoire ontogenique de ces composantes affectent la 

courbe ontogenique de la VSC. 
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CHAPITREI 

PLASTICITY IN RGR AND ITS UNDERLYING COMPONENTS AFTER A DECREASE 

IN NITROGEN AVAILABILITY 

Mise en contexte 

Le sujet aborde par la presente etude a une grande importance en ecologie vegetale : il s'agit 

de comparaisons interspecifiques des patrons de plasticite de la vitesse specifique de 

croissance (VSC). Ce travail est novateur en ce qu'il traite d'une question completement 

inexploree a savoir les reponses de plasticite le long de la courbe ontogenique de la VSC et de 

ses composantes en reponse a une diminution dans 1' approvisionnement en azote. Les auteurs 

de cette etude sont Antonio Useche et Bill Shipley. Le premier auteur a elabore et applique le 

protocole experimental. II a aussi realise les analyses statistiques, interprets les resultats et 

redige le present manuscrit, grace au support et a 1'expertise du deuxieme auteur. Ce 

manuscrit correspond au chapitre unique de ce memoire et il a ete soumis a la revue 

scientifique Functional Ecology. 

Summary 

1. Nutrient availability varies greatly over short time scales, and this requires that a well-

adapted plant modify its phenotype by an appropriate amount but also at a certain speed. 

2. We examined how, following a decrease in nitrogen availability, the plant modifies the 

ontogenetic trajectory of relative growth rate (RGR) and its underlying components (specific 

leaf area (SLA), net assimilation rate (NAR) and leaf weight ratio (LWR)), and how such 

changes in the ontogenetic trajectory of the underlying components affects the ontogenetic 

curve of RGR. Specifically we addressed the following questions: (i) Is the level of plasticity 
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positively related with the maximum growth rate of the species (RGRmax)? (ii) Independent of 

RGRmax, how will plasticity in RGR depend on the plasticity patterns of the underlying 

components? (iii) Are the plastic responses in the ontogenetic trajectories of the components of 

RGR coordinated in such a way that they buffer the plasticity in the ontogenetic trajectory of 

RGR? 

3. Individuals from 14 herbaceous species were grown under two experimental 

conditions. The control series involved plants that were exposed to a constant hydroponic 

solution over 30 days with ImM nitrogen and harvested daily from the 7th to 28th days. The 

treatment series involved the same species; plants were grown in the same solution for the first 

12 days, at which time the nitrogen concentration was reduced 100 times (0.01 mM) and plants 

were again continuously harvested until day 28. 

4. RGRmax was positively related with plasticity in RGR. However, RGRmax was not 

significantly related with the level of plasticity of any component of RGR. 

5. Plasticity in RGR was negatively related with plasticity in LWR and positively related 

to plasticity in NAR . Thus species highly plastic in LWR were less plastic in RGR while 

species highly plastic in NAR were more plastic in RGR. 

6. There was no evidence of negative correlations in the plasticity among the underlying 

components of RGR that could buffer plasticity in RGR. 

Keywords: leaf weight ratio, LWR, net assimilation rate, NAR, nutrient stress, ontogenetic 

plasticity, RGR, specific leaf area, SLA 

Introduction 

The ability of the same genotype to express different phenotypes in the face of varying 

environments (i.e. phenotypic plasticity) is especially important to sedentary organisms like 

plants. Such phenotypic plasticity is particularly critical when the environmental change is 
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related to resource supplies, which is the topic of this paper. Research in this area has mostly 

concentrated on only one aspect of plasticity: the amount of phenotypic change induced by a 

given change in the resource. However, resource levels and supply rates can change over 

many temporal and spatial scales, and so the speed with which a plant can change its 

phenotype is also important. 

Besides the amount and speed of plasticity, one must also consider its multivariate nature 

(Meziane & Shipley 1999; Shipley 1999, 2000; Meziane & Shipley 2001). Since many 

different phenotypic traits can express plastic responses at the same time, since the ecological 

outcome will often be determined by all of these plastic changes in interaction, and since some 

plastic responses can mitigate or accentuate the effects of other plastic responses, it is also 

important to decompose the overall change in phenotype into its component parts. 

The amount and speed of plastic responses in relative growth rate (RGR) and interactions 

between the determinants of RGR following changes in nutrient availability are the topic of 

the current research. RGR is the rate of production of new dry mass per unit of existing dry 

mass per unit time. It is a measure of the growth efficiency of the plant, is related to typical 

levels of disturbance and fertility, and thus with persistence and abundance of the species or 

genotype in different habitats (Grime & Hunt 1975; Poorter & Gamier 1999). From the 

classical decomposition of RGR (Blackman & Wilson 1951; Grime & Hunt 1975) it is known 

that variation in RGR at time t is mathematically linked with variation in its underlying 

components, the specific leaf area (SLA), the net assimilation rate (NAR) and the leaf weigh 

ratio (LWR): RGR(t)=NAR(t) X SLA(t) X LWR(t). SLA, a morphological component, is the 

total leaf area divided by total leaf mass. The net assimilation rate (NAR), a physiological 

trait, is the rate of increase in biomass per unit of leaf area. The leaf weigh ratio (LWR) is the 

proportion of biomass allocated to leaves relative to the rest of the plant. 

Most research on the ecological importance of RGR and its components has concentrated on 

average interspecific differences in these attributes when compared in constant environments. 
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Interspecific levels of plasticity in RGR and its components, i.e. the degree to which different 

environments induce changes in these attributes, have not received much attention. There is 

some evidence showing that species with a high maximum potential RGR are more sensitive 

to decreases in nutrient supply (Shipley 1988). Furthermore, Meziane & Shipley (1999) found 

that when species are grown under different but constant resource availabilities, interspecific 

variation in RGR was weakly but significantly correlated with variation in its underlying 

components such that interspecific variation in RGR was buffered by negative correlations 

among some of its underlying components. If so, then the decreased plasticity in RGR of some 

species could be the result of negative correlations between the degrees of plasticity of some 

of these underlying components. In fact, there is some evidence indicating that, among species 

typical from fertile or unfertile environments, there is a trade-off in the level of plasticity 

presented by different traits related with resource foraging, and consequently, with plasticity in 

growth rate (Campbell et al. 1991). 

These patterns have been obtained from experiments that do not take into account temporal 

variation in resource supply. However, there are questions about plastic responses which are 

specific to this time dimension, and which present new ecological and evolutionary 

implications. A plastic response will be advantageous only if the timing of the phenotypic 

change appropriately tracks the timing of the environmental fluctuation. In fact, Campbell et 

al. (1991) found that a slow-growing species gained a greater advantage (in terms of its 

growth rate) from short pulses of nutrient enrichment than did a fast-growing species. 

Moreover, when plasticity of a trait is generated by a multivariate relationship, the change 

over time of a given trait will depend on the coordination in time between it and those other 

traits to which it is linked. This is the case for RGR and its underlying components. 

On other hand, even within a constant environment, the traits of a plant are not expected to 

remain constant throughout its development, each trait following a pattern of variation during 

ontogeny. Thus, phenotypic plasticity after a fluctuation in the environment can be 

confounded with changes in the dynamics of the ontogenetic curve (i.e., variations in the 
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rapidity and magnitude of change along the curve). Given this, when studying the plasticity of 

a trait in response to temporal fluctuations in the environment, one must consider that this 

corresponds to comparing the changes in the ontogenetic curve of the trait, in comparison with 

the curve observed in a constant environment. 

What would happen if species with different values of RGRmax were exposed to a decrease in 

the availability of a resource during their growth trajectories? In situations when the 

availability of a resource decreases suddenly, is there a positive relationship between variation 

in the RGRmax of different species and their level of plasticity? These questions have rarely 

been studied. The only interspecific study of which we are aware (Shipley 2000) involved a 

change in light intensity during the growth trajectory rather than nutrient supply and involved 

only two species, thus preventing any generalizable interspecific conclusions. Since relative 

growth rate is more affected by variation in nutrient supply than by variation in light intensity 

(Poorter & Van Der Werf 1998) one might expect rather different conclusions with respect to 

temporal changes in nutrient availability. 

This study will concentrate on plastic responses to temporal variation in nitrogen supply that 

affect the entire root system. This will be done by measuring changes in RGR and its 

underlying components during a control treatment where 14 plant species were exposed to a 

constant nitrogen supply, and during a stress treatment where the same species were exposed 

to a sudden reduction in the nitrogen supply during their growth trajectory. We examine how, 

following a decrease in nitrogen availability, the plant modifies the ontogenetic trajectory of 

the underlying components of RGR, and how such changes in the ontogenetic trajectory of the 

underlying components affects the ontogenetic curve of RGR. Specifically we addressed the 

following questions: (1) Is the level of plasticity positively related with the RGRmax of the 

species? (2) Independent of the RGRmax, how will plasticity in RGR depend of the plasticity 

patterns of the underlying components of RGR? (3) Are the plastic responses in the 

ontogenetic trajectories of the components of RGR negatively related and coordinated in such 

a way that they buffer the level of plasticity in the ontogenetic trajectory of RGR? 
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Materials and methods 

Forty-four plants in each of 14 species were grown under each of two experimental conditions. 

Individuals in a control experiment were exposed to a constant hydroponic solution (see 

below), for which the nitrogen concentration was 1 mM, over four weeks. In a nutrient stress 

experiment (the treatment), individuals from the same species were grown in this solution for 

the first 12 days, after which the nitrogen concentration was reduced 100 times and maintained 

at this level until the end of the four weeks period. All plants remained in the vegetative phase 

during the experiment. The 14 species used corresponded to herbaceous species typical of 

open habitats and representing a wide range of growth rates and ecological types. Species used 

were: Aquilequia canadensis Munz, Aster novae-angliae L., Carex crinita Lam., Coreopsis 

lanceolata L., Echinacea purpurea (L.) Moench, Epilobium glandulosum Lehm., Hypericum 

pyramidatum Aiton, Lycopus americanus Muhl., Mentha arvensis L., Penthorum sedoides L., 

Rudbeckia hirta L., Scutellaria lateriflora L., Silene niveae (Nutt.) Muhl. ex Otth, Solidago 

nemoralis Aiton.. 

GROWTH CONDITIONS AND PLANT HARVESTS 

Plants were grown in a growth chamber with an irradiance of 500 umol m"2 s"1 PAR, 16/8 

(light/dark) hours photoperiod and a 22/18 °C temperature cycle for both the treatment and 

control series. Germination was timed in order to provide sufficient individuals per species 

having a similar size and large enough to allow transplantation into the hydroponic system. 

The hydroponic system consisted of a 148 cm x 66 cm x 26 cm container placed within the 

growth chamber and filled with 279L of nutrient solution. This container was covered with a 

lid having a grid of 220 equidistant holes. The plants were placed in these holes and randomly 

positioned on the cover. Since the growth chamber could only hold 220 plants (thus 5 species), 

both the control and the treatment series were split in three sets of five species at a time. The 

same combination of species per set was used for the treatment and the control. A fan below 

the container ensured air circulation and a homogeneous air temperature within the chamber. 
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The nutrient solution was maintained in movement and was continuously aerated by two water 

and two air pumps. The solution used during the control consisted of 1/3 mM KNO3, 1/4 mM 

Ca(N03)24H20, 1/12 mM (NH4)2S04, 5/3 mM K2S04, 5/4 CaCl2, 2 mM MgS047H20, 1 mM 

KH2P04, 10 uM MnS04H20, 1 uM Na2Mo044H20, 46 uM H3BO3, 1 uM ZnS047H20, luM 

CuS04, 68.1uMFe-EDTA, which made a total nitrogen concentration of 1 mM. The same 

hydroponic solution was used during the first 12 days of the treatment. During day 12 the 

nitrogen concentration was reduced 100 times and maintained at this level until the end of the 

experiment. To obtain this nutrient solution with 0.01 mM of total nitrogen, the concentrations 

of some components were modified as follows: 1/3 x 10"2 mM KNO3, 1/4 x 10"2 mM 

Ca(N03)24H2O, 1/12 x 10" mM (NH4)2S04. In order to maintain the potassium and calcium 

concentrations as in the control series, the concentrations of K2S04 and CaCl2 were adjusted to 

1.996 mM and 1.497 mM respectively. The pH was monitored daily and adjusted to 5.85. The 

solution was completely renewed every five days for both the control and the treatment. 

The harvest schedule began on day 8 following transplantation into the growth chamber. In 

order to be able to detect sudden plastic responses, for both experimental conditions, the 

harvest program was characterized by a more intensive harvest frequency bracketing day 12 

(the day when the reduction in nitrogen availability was imposed in the treatment) as follows: 

On average 1.79 plants per species (range: 0.50 to 3.25) were harvested each day from days 8 

to 11. From days 12 to 15, an average of 2.22 plants per species per day (range: 1.25 to 2.75) 

were harvested. From day 16 to day 20, an average of 1.95 plant per species per day (range: 

1.00 to 2.80) were harvested. From day 21 until the end of the experiment, an average of 1.47 

plants per species per day (range: 0.83 to 2.50) were harvested. Plants were chosen for harvest 

based on a random draw. At each harvest the individual was separated into leaves, roots and 

"support" tissues (stems, petioles and leaf sheaths). Water was removed from the surface of 

each plant part with absorbent paper, and its fresh weight was measured. Total one-sided leaf 

area of the plant was measured by image analysis with WinFolia2001a for Windows (Regent 

Instruments Inc.). Plant parts were then oven-dried for at least 48 hours at 80° C before 

obtaining dry weights. 
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GROWTH ANALYSIS AND ESTIMATION OF PLASTICITY PARAMETERS 

From these measures the observed values of SLA were calculated as the whole plant leaf area 

divided by whole-plant leaf dry mass. LWR corresponded to whole-plant leaf dry mass 

divided by whole-plant dry mass. The predicted values and 95% confidence intervals of these 

growth components as well as of NAR and RGR were estimated using cubic-spline smoothers. 

Cubic-spline smoothers do not impose any functional relationships on the data and have been 

shown to detect even subtle changes in complicated nonlinear growth trajectories (Shipley & 

Hunt 1996). The predicted values of RGR were estimated as the derivative with respect to 

time of the natural logarithm of plant dry mass. Predicted values of NAR were obtained from 

the product of RGR and whole plant dry mass divided by total leaf area. The predicted values 

through time of RGR and each of its components correspond to a curve describing the 

ontogenetic trajectory followed by each trait. 

To test whether plants show plasticity in the ontogenetic trajectory of the growth components 

after a reduction in nitrogen availability, we need measures of the strength and rapidity of 

change that the growth component would follow during ontogeny in each environment. For 

this purpose, the following parameters were calculated from the curve of each growth 

component of each species in each treatment series: (i) the maximum rate of change (either 

positive or negative), (ii) the time at which this maximum rate occurs (with reference to day 

12.7, i.e. the time when the nitrogen stress began during the treatment), (iii) the percentage 

change in the growth component at the time of maximum change compared to the mean value 

before day 12.7, (iv) the percentage change at the end of the experiment compared to the mean 

value before day 12.7, (v) the predicted value at time when the maximum rate of change 

occurred, and (vi) the predicted value at end of the experiment (Fig. 1A). Cubic-spline 

smoothers were fit using the smooth, spline function in R (R Foundation for Statistical 

Computing, http://www.R-project.org). All other statistical analyses were done using SPSS 13 

for Windows computer package. The degree of plasticity for each ontogenetic parameter 
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corresponds to the absolute value of the difference between the two environments in the value 

of the ontogenetic parameter (Fig. IB). 

A 

%change at 
maximum rate of 

change 

Maximum rate of 
change 

Predicted value at time of 
maximum rate of change 

%change at 
end 

Predicted value 
at end of the 
experiment 

X: time 

Time of maximum 
rate of change 

B 

x 

Hypothetic ontogenetic trajectory 
during the control for trait X 

Hypothetic ontogenetic 
trajectory during the 
treatment for trait X 

Figure 1. (A) Parameters of ontogenetic change (text in rectangles) calculated from 
the predicted values (curved line) of RGR and each of its components. (B) Plasticity 
between hypothetic ontogenetic trajectories followed during each experimental 
condition 
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In order to have comparable measures of plasticity among the different variables, we used the 

percentage of the absolute value of the difference. T-tests were conducted without assuming 

equality of variances between groups, resulting in Welch (or Satterthwaite) approximations to 

the degrees of freedom. 

Results 

In the control, in which the nitrogen concentration of the nutrient solution remained constant 

and high, the instantaneous RGRmax varied from 0.141 g g^d"1 {Hypericum pyramidatum) to 
1 1 1 1 

0.320 g g" d" (Lycopus americanus) with an average interspecific value of 0.238 g g" d" . At 

the end of the experiment (mean = 29.6 days) RGR values decreased from their maxima for 

the majority of species (12 of 14) being, on average, 12.33% lower than the mean value before 

day 12.7 (i.e. the time at which the nitrogen concentration of the solution was decreased 

during the treatment). On average, comparing across species, SLA decreased by 18.68% ± 

17.98 SD, NAR decreased by 3.14% ± 25.32 SD and LWR decreased by 6.09% ± 16.23 SD. 

In the treatment, but before the nitrogen concentration of the solution was decreased, the 

values of RGR components were comparable to those observed in the control. In general, 

RGR started to decrease within the first three days after decreasing the nitrogen concentration 

of the solution at day 12.7. The interspecific RGR at the end of the experiment (mean = 28.62 

days) was, on average, 63.34% lower than the mean value before day 12.7. At the end of the 

experiment and comparing across species, SLA decreased by 25.59% ± 14.94 SD over time, 

NAR decreased by 28.13% ± 55.97 SD and LWR decreased by 24.44 % ± 14.32 SD. 

PLASTICITY IN THE ONTOGENETIC TRAJECTORY OF GROWTH COMPONENTS 

AFTER A DECREASE IN NITROGEN SUPPLY 
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Plasticity in the ontogenetic trajectory of a growth component corresponds to significant 

differences between the control and the treatment in any of the measures of change calculated 

from the ontogenetic curve followed by that trait in each environment (figure 1). After day 

12.7, the maximum rate of change of RGR (t22.042 = 3.292, p = 0.003), NAR (tn.54o = -2.466, p 

= 0.024) and LWR (t24.033 = -3.427, p = 0.002), but not SLA (t24.no = -1.288, p = 0.210) were 

significantly more negative in the treatment than in the control, i.e., these three growth 

components decreased more rapidly during the treatment than during the control. 

In contrast, the time to attain this maximum rate of change did not differ significantly between 

the control and treatment for RGR (t22.i42 = -0.944, p = 0.356), NAR (t23.748 = -0.607, p = 

0.549), or LWR (fe.oso = -1.536, p = 0.138), although, during the treatment plant species took 

less days to reach the time at which SLA was decreasing at its maximum rate of change in 

comparison with the control (tis.23o = 2.106, p = 0.049). 

Regarding the degree of ontogenetic change, NAR and SLA were not plastic in their 

percentage change either at time of their maximum rate of change (ti8.215 = -1.275, p = 0.218 

for NAR; t25.964 = -0.603, p = 0.551 for SLA), or at the end of the experiment (tis.io7 = -1.522, 

p = 0.145 for NAR; t25.i52 = -1.107, p = 0.279 for SLA). In contrast, in comparison with the 

control, both RGR and LWR showed a significantly higher reduction in this percentage 

change in the treatment, both at the time of their maximum rate of change (ti9.790 = -3.849, p = 

0.001 for RGR; t25.98i = -3.931, p = 0.001 for LWR) and at the end of the experiment (t24.703 = 

-4.794, p = 6 x 10"5 for RGR; t25.603 = -3.173, p = 0.004 for LWR). 

IS THE LEVEL OF PLASTICITY POSITIVELY RELATED WITH THE RGRMAX OF 

THE SPECIES? 

The maximum potential growth rate was positively related with the level of plasticity in the 

predicted value in RGR at time of its maximum rate of change (Fig. 2A). However, RGRmax 

was not related with the level of plasticity of any component of RGR. 
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Fig. 2 (A). Relationship between RGRmax and the predicted value of RGR at time 
of its maximum rate of change (r2 = 0.38, P = 0.018). (B) Relationship between the 
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of maximum rate of change (r2 = 0.53, p = 0.003) 

20 



PLASTICITY IN RGR IN RELATION TO PLASTICITY OF ITS UNDERLYING 

COMPONENTS 

The level of plasticity in RGR was negatively related with the level of plasticity showed by 

one ontogenetic parameter of biomass allocation. Specifically, the percentage decrease in 

RGR at the time of its maximum rate of change was negatively related with the maximum rate 

of change of LWR (Fig. 2B). In contrast, the (logio transformed) predicted value of NAR at 

end of the experiment was positively related with the percentage change in RGR both at the 

time of its maximum rate of change (Fig. 3A) and at the end of the experiment (Fig. 3B). 

There was no evidence of negative correlations in the plasticity among the underlying 

components of RGR which plasticity was correlated with the plasticity in RGR. 

Discussion 

PLASTICITY IN THE ONTOGENETIC TRAJECTORY OF GROWTH COMPONENTS 

AFTER A DECREASE IN NITROGEN SUPPLY 

The significant differences that were detected between traits in the control and treatment 

conditions constitute a clear indication of plasticity in such traits. The fact that we are 

comparing ontogenetic trajectories (including the curves of RGR) makes unnecessary any 

experimental control for a possible effect of size on the observation of plastic responses 

(Semchemko & Zobel 2005). 

In general, SLA did not respond to the decrease in the supply of nitrogen. This is unexpected, 

since SLA showed strong and rapid responses to changes in irradiance (Shipley 2000). There 

are at least two possible explanations for this. First, Shipley (2006) found that the importance 

of SLA on RGR decreased with increasing irradiance, especially at the levels used in our 

experiment. Second, the rapid change in SLA in Shipley (2000) was likely due to the decrease 

in levels of non-structural carbohydrates from leaves when irradiance decreased. Since our 
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experiment was conducted at higher constant irradiance levels, and since there is no reason to 

expect a decrease in nutrient availability to change levels of non-structural carbohydrates, it 

appears that plasticity in SLA is not strongly induced by changes in nutrient levels. However, 

following the nutrient decrease, plants took significantly fewer days to reach the time at which 

SLA was decreasing at its maximum rate of change in comparison with the control. This 

suggests that SLA responded very quickly to the treatment but in amounts to small to be 

detected by our sample procedures. 

The interspecific maximum rate of change of NAR was significantly more negative in the 

treatment than in the control, i.e., NAR decreased more rapidly during the treatment than 

during the control. However, this higher rate of decrease in NAR was not reflected in a higher 

percentage decrease at the end of the experiment (i.e, there was no plasticity in the percentage 

decrease at the end of the experiment). This is possible only if, after the time NAR reached its 

maximum negative rate of change, there was a strong deceleration in this rate of change for 

most of the species. In other words, NAR recovered after an initial fall caused by nitrogen 

stress. 

The time to attain the maximum rate of change did not differ significantly between the control 

and treatment for RGR, NAR, or LWR. However, since some species responded very rapidly 

after the decrease in nitrogen concentration, and since the ability to accurately measure this 

time is limited by the harvest schedule used, the inability to detect significant changes could 

be due to these experimental limitations. Perhaps more frequent harvests are necessary. 

IS THE LEVEL OF PLASTICITY POSITIVELY RELATED WITH THE RGRmax OF THE 

SPECIES? 

We found some evidence indicating that fast growing species present a higher plasticity after a 

decrease in nitrogen availability. RGRmax was positively related with the level of plasticity in 

the predicted value of RGR at time of its maximum rate of change. This is in agreement with 
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the results from constant but different environments made by Shipley (1988) and Meziane & 

Shipley (1999). However, RGRmax was not related to the level of plasticity of any single 

component of RGR. Perhaps some of the underlying components of RGR at the root level 

(specific root area, net nutrient uptake rate and root weight ratio) presented plastic responses 

to the treatment of nitrogen stress. Whether this possible plasticity in root traits is related with 

the growth rate of the species is a question that deserves to be explored. 

ARE THE PLASTIC RESPONSES IN THE ONTOGENETIC TRAJECTORIES OF THE 

COMPONENTS OF RGR COORDINATED IN A WAY THAT BUFFER THE LEVEL OF 

PLASTICITY IN THE ONTOGENETIC TRAJECTORY OF RGR? 

In contrast to the results from Meziane & Shipley (1999), there was no evidence of negative 

correlations in the plasticity among the underlying components of RGR whose plasticity was 

correlated with the plasticity in RGR. However, we found support for our initial hypothesis 

about opposite effects among the plasticity of the components of RGR on the plasticity of 

RGR: the level of plasticity in RGR was negatively related with the level of plasticity showed 

by one ontogenetic parameter of LWR. In contrast, the predicted value of NAR at end of the 

experiment was positively related to the percentage change in RGR both at the time of its 

maximum rate of change and at the end of the experiment. In general, species highly plastic in 

LWR were less plastic in RGR while species highly plastic in NAR were more plastic in RGR. 

These opposite effects on RGR bewteen NAR and LWR support the hypothesis about a trade­

off between the effects that the plasticity of the components of RGR can have on the plasticity 

of RGR (Meziane & Shipley 1999, Grime & MacKey 2002). These findings are also in 

agreement with Meziane & Shipley (1999) and Shipley (2000) who proposed that plasticity in 

RGR is buffered by plasticity in some of its underlying components. This occurs because of 

the multivariate nature of plasticity in RGR, and many other plant traits. 

Although in general the studied species presented a decreasing trend in RGR, NAR and LWR 

over time, there was high interspecific variation in the shapes of their ontogenetic trajectories 
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as is reflected by the high values of standard deviations in all the parameters measured from 

the ontogenetic trajectories. NAR, in particular, presented very large interspecific differences. 

One possible cause for this strong variation in NAR can be the patterns of plasticity that 

occurred at the root level which could influence not only variation in RGR but also variation 

in the rate of production of biomass per unit of leaf area. 
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CONCLUSION 

Signification des resultats obtenus 

Comme prevu, cette etude a montre l'existence de plasticite phenotypique dans la vitesse 

specifique de croissance (VSC) et dans ses composantes de la VSC lors d'une diminution dans 

la disponibilite d'azote. En plus, cette etude montre que la plasticite ontogenique est reversible 

done que le phenotype est plastique (Piersma et Drent, 2003) puisqu'on a fait une comparaison 

entre certains parametres de la courbe ontogenique des traits pendant le controle et pendant le 

traitement. Tant la plasticite dans la fraction de masse des feuilles que la plasticite dans le taux 

net d'assimilation est reliee significativement au degre de plasticite de la VSC. Ce resultat 

confirme la nature multivariee du phenomene de plasticite dans le cas de la VSC (Shipley, 

2004). Le fait que les especes presentant une grande plasticite de la fraction de masse des 

feuilles aient une faible plasticite de la VSC et que simultanement les especes ayant une 

grande plasticite du taux net d'assimilation aient une grande plasticite de la VSC montre que 

les plasticites ontogeniques des composantes de la VSC sont coordonnees de facon a amortir 

la plasticite de la VSC. Done, cette etude sur les compromis entre les reponses de plasticite des 

differentes especes face a une fluctuation dans la disponibilite d'azote est une contribution aux 

connaissances des mecanismes permettant d'expliquer la performance similaire ou 

contrastante de differents types fonctionnels face a une fluctuation de l'environnement. 

Certains patrons observes sont inattendus. On a en effet trouve une relation entre la VSCmax 

et le degre de plasticite dans la VSC mais pas entre la VSCmax et la plasticite des 

composantes de la VSC prises separement. Et ce, malgre le fait qu'on ait demontre la nature 

multivariee de la VSC. D'autre part, cette etude a montre que la reponse de plasticite evoluait 

dans le temps pour atteindre la vitesse de changement maximale dans la surface specifique des 

feuilles (SSF) . Elle n'a toutefois montre aucun signe evident de plasticite, ni dans la vitesse 

de changement elle-meme, ni dans Fampleur du changement de la SSF. Dans une situation de 

stress en nutriments, on se serait attendu a ce que la SSF diminue parallelement a une 

augmentation de la densite des tissus des nouvelles feuilles produites apres le traitement (i.e., 
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des feuilles plus resistantes). Bien s'il s'agisse d'une reponse plutot lente, toutes les especes 

ont produit des nouvelles feuilles apres le traitement (Useche, observation personnelle) 

Resultats non expliques, questions ouvertes et nouvelles experiences pour les aborder 

Un resultat surprenant de l'etude est qu'il existe une relation entre la VSCmax et le degre de 

plasticite dans la VSC, mais non entre la VSCmax et la plasticite des composantes de la VSC. 

Comme on l'a mentionne dans rarticle, ce resultat peut s'expliquer si on considere que la 

VSC peut aussi etre decompose mathematiquement (factorisee) aussi au niveau des traits relies 

a la captation des nutriments. Dans cette factorisation, toute variation de la VSC dans le temps 

(t) est reliee a la variation dans le temps (t) de ses composantes au niveau des racines. On peut 

done se demander : (1) Quelle est la relation entre la VSCmax et le degre de plasticite dans la 

trajectoire ontogenique des composantes de la VSC au niveau des racines? (2) Est-ce que la 

plasticite dans la trajectoire ontogenique de la VSC est reliee a deux ou trois des ses 

composantes au niveau des racines? (3) Si e'est le cas, est-ce que les reponses de ces 

composantes sont coordonnees de facon a amortir la plasticite dans la VSC? (4) Quelles 

seraient alors les relations de causalite entre la plasticite des composantes et la plasticite de la 

VSC? Pour aborder cette derniere question il faudrait se servir des analyses des pistes ou 

d'analyses avec des equations structurelles. 

Une autre question qu'il serait important d'examiner est de savoir s'il existe une plasticite de 

reallocation des mineraux entre differents tissus vegetaux. Comment reagit la teneur en azote 

des differents tissus, jeunes ou vieux, de la plante apres une diminution dans le supplement de 

ce mineral? Par exemple, est-ce que la concentration d'azote des feuilles, qui ont ete produites 

par la plante apres la diminution d'azote, est inferieure a celle des feuilles produites avant la 

diminution d'azote? Est-ce que, une fois l'experience terminee, on peut voir une recuperation 

de cette concentration d'azote? Pour verifier cela, on devrait premierement faire des 

estimations de la teneur d'azote organique des feuilles, des racines et des structures de support 

sechees apres avoir estime leur poids et surface. Deuxiemement, on peut supposer a priori que 

la courbe ontogenique de la teneur en azote diminuera a un moment donne. Done pour estimer 
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le degre de recuperation de cette teneur en azote, on devrait programmer, dans la fonction 

utilisee dans le logiciel R, une estimation du taux de changement minimal qui soit restreinte a 

la periode apres que le taux de changement negatif maximal ait ete atteint. 

Est-ce que lors du traitement de diminution de la disponibilite d'azote il y aurait translocation 

d'azote des vieilles feuilles vers les tissus, ou les feuilles, jeunes? Experimentalement il 

faudrait se limiter a se demander si les vielles feuilles ont toujours une plus faible 

concentration d'azote que les feuilles jeunes et si cette difference est plus grande dans le 

traitement de diminution d'azote que dans le controle. 

Parmi les reponses possibles en termes de retention des nutriments, on pourrait examiner si la 

duree de vie des tissues augmente apres la diminution d'azote. II faudrait faire des experiences 

de croissance plus longues et marquer les feuilles. Le logiciel d'analyse d'images des racines 

WinRizo 2002a (Regent Instruments) pourrait etre utilise pour identifier des racines mortes. 

II a ete rapporte que des especes annuelles presentent des traits au niveau de racines qui sont 

mieux adaptes pour l'acquisition de nutriments que chez les especes perennes (Roumet 2006). 

Done on pourrait se demander si cette tendance se maintient au niveau des patrons de 

plasticite face a une diminution d'azote. II faudrait tout simplement refaire l'experience avec 

un nombre suffisant d'especes de chaque groupe et confronter, par une ANOVA, les plantes 

traitees avec les plantes controle et les annuelles avec les perennes. 
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ANNEXE 

FONCTIONS UTILISEES DANS LE LOGICIEL R POUR ESTIMER LES PARAMETRES 

DE CHANGEMENT ONTOGENIQUE DE LA VITESSE SPECIFIQUE DE CROISSANCE 

(VSC) ET DE SES COMPOSANTES. 

FONCTION D'ESTIMATION DES PARAMETRES DE CHANGEMENT ONTOGENIQUE 

DE LA VSC : 

rgr.plasticity 

function (biomass, time, DF = NA, treatment.start = 12.7) 

{ 

sel <- !is.na(biomass) & lis.na(time) 

time <- time[sel] 

y <- log(biomass[sel]) 

ord <- order(time) 

time <- time[ord] 

y <- y[ord] 

if (length(time) != length(y)) 

return("time and biomass not same length") 

if(is.na(DF)) 

fit <- smooth. spline(x = time, y = y) 

if(!is.na(DF)) 

fit <- smooth. spline(x = time, y = y, df = DF) 

pred <- predict(fit, time) 

t.crit <- qt(0.975, length(time) - fit$df) 

SE.y <- sqrt(diag(G.matrix(time, fit$df)$S %*% t(G.matrix(time, 
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fit$df)$S)) * fit$cv.crit) 

rgr <- predict(fit, fit$x, deriv =1) 

h <- (l/length(y)) + ((time - meantime, na.rm = T))A2)/sum(timeA2) 

studentized.residuals <- abs(y - fit$y)/(SE.y * sqrt(l -

h)) 

prob.resid <- 2 * (1 - pt(studentized.residuals, df = (length(fit$x) -

fit$df))) 

SE.rgr <- sqrt(diag(G.matrix(time, fit$df)$G %*% t(G.matrix(time, 

fit$df)$G)) * fit$cv.crit) 

change.rgr <- predict(fit, fit$x, deriv = 2) 

last.time <- max(time, na.rm = T) 

max.change <- min(change.rgr$y, na.rm = T) 

time.max.change <- change.rgr$x[change.rgr$y == max.change] 

rgr.at.end <- rgr$y[rgr$x == last.time] 

rgr.at.max.change <- predict(fit, x = time.max.change, deriv = l)$y 

mean.rgr.before.treatment <- mean(rgr$y[rgr$x <= treatment, start], 

na.rm = T) 

percent.decrease.rgr.at.end <-100 * (mean.rgr.before.treatment -

rgr. at. end)/mean.rgr.before. treatment 

percent, decrease.rgr.at.max.change <-100 * (mean.rgr.before.treatment -

rgr.at.max.change)/mean.rgr.before.treatment 

par(mfrow = c(l, 2)) 

min.y <- min(c(pred$y - t.crit * SE.y, biomass), na.rm = T) 

max.y <- max(c(pred$y + t.crit * SE.y, biomass), na.rm = T) 

plot(time, y, xlab = "Time", ylab = "Ln(biomass)", ylim = c(min.y, 

max.y)) 

lines(x = fit$x, y = fit$y) 

lines(x = pred$x, pred$y - t.crit * SE.y, lty = 2) 

lines(x = pred$x, pred$y + t.crit * SE.y, lty = 2) 
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min.rgr <- min(rgr$y - t.crit * SE.rgr, na.rm = T) 

max.rgr <- max(rgr$y + t.crit * SE.rgr, na.rm = T) 

plot(x = rgr$x, y = rgr$y, ylim = c(min.rgr, max.rgr), type = "1", 

lwd = 2, xlab = "Time", ylab = "RGR") 

lines(x = rgr$x, rgr$y - t.crit * SE.rgr, lty = 2) 

lines(x = rgr$x, rgr$y + t.crit * SE.rgr, lty = 2) 

lines(x = c(treatment. start, treatment, start), y = c(min.rgr, 

max.rgr), lwd = 3) 

lines(x = c(time.max.change, time.max.change), y = c(min.rgr, 

max.rgr), lty = 2) 

par(mfrow = c(l, 1)) 

ord <- order(studentized.residuals, decreasing = TRUE) 

n <- length(ord) 

outliers <- data.frame(time = time[ord], time.fit = fit$x[ord], 

obs.y = fit$yin[ord], pred.y = fit$y[ord], studentized.residuals 

studentized.residuals[ord]) 

list(mean.rgr.before.treatment = mean.rgr.before.treatment, 

max.change = max.change, rgr.atmax.change = rgr.at.max.change, 

rgr.at.end = rgr.at.end, percent.decrease.rgr.at.max.change 

percent.decrease.rgr.at.max.change, 

percent.decrease.at.end = percent.decrease.rgr.at.end, 

time.of.max.change = time.max.change, fit.summary = fit, 

outliers = outliers) 

} 
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FONCTION D'ESTIMATION DES PARAMETRES DE CHANGEMENT ONTOGENIQUE 

DU TNA : 

nar.plasticity 

function (time, plant.mass, leaf.area, DF.mass = NA, DF.nar = NA, 

treatment.start = 12.7, omit.lines = NA) 

{ 

if (length(omit.lines) > 1) { 

time <- time [-omit, lines] 

plant.mass <- plant.mass[-omit. lines] 

leaf.area <- leaf.area[-omit.lines] 

} 

else if (!is.na(omit.lines)) { 

time <- time [-omit, lines] 

plant.mass <- plant.mass[-omit. lines] 

leaf.area <- leaf.area[-omit.lines] 

} 

else NULL 

par(mfrow = c(3, 2)) 

sel <- lis.na(time) & !is.na(plant.mass) & lis.na(leaf.area) 

time <- time[sel] 

plantmass <- plant.mass[sel] 

leaf.area <- leaf.area[sel] 

if (is.na(DF.mass)) 

fit.plant <- smooth. spline(time, log(plant.mass)) 

if (Us.na(DF.mass)) 

fit.plant <- smooth. spline(time, log(plant.mass), df = DF.mass) 

dlnM.dt <- predict(fit.plant, fit.plant$x, deriv =1) 

plot(time, log(plant.mass), xlab = "Time", ylab = "Ln(plant mass)") 
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lines(fit.plant$x, fit.plant$y) 

lines(x = c(treatment. start, treatment, start), y = c(min(log(plant.mass), 

na.rm = T), max(log(plant.mass), na.rm = T))) 

title(paste("DF=", as.character(round(fit.plant$df, 2)))) 

plot(dlnM.dt$x, dlnM.dt$y, xlab = "Time", ylab = "RGR", type = "1") 

nar <- dlnM.dt$y * (plant.mass/leaf.area) 

if (is.na(DF.nar)) 

fit.nar <- smooth. spline(time, nar) 

if (lis.na(DF.nar)) 

fit.nar <- smooth.spline(time, nar, df = DF.nar) 

plot(time, plant.mass/leaf.area, xlab = "Time", ylab = "Plant mass/leaf area") 

lines(c(treatment.start, treatment.start), c(min(log(leaf.area), 

na.rm = T), max(log(leaf.area), na.rm = T))) 

plot(time, nar, xlab = "Time", ylab = "NAR") 

lines(c(treatment.start, treatment.start), c(min(nar, na.rm = T), 

max(nar, na.rm = T))) 

lines(fit.nar$x, fit.nar$y) 

title(paste("DF=", as.character(round(fit.nar$df, 2)))) 

resid <- abs(nar - fit.nar$y) 

ord <- order(resid) 

n <- length(ord) 

outliers <- cbind(time[ord[(n - 3):n]], nar[ord[(n - 3):n]]) 

nar.before.treatment <- mean(nar[time <= treatment.start], 

na.rm = T) 

nar.at.end <- nar[time = max(time, na.rm = T)] 

dnar.dt <- predict(fit.nar, fit.nar$x, deriv =1) 

plot(dnar.dt$x, dnar.dt$y, xlab = "Time", ylab = "dNAR/dt", 

type = "1") 

lines(c(treatment.start, treatment.start), c(min(dnar.dt$y, 
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na.rm = T), max(dnar.dt$y, na.rm = T))) 

max.change <- max(abs(dnar.dt$y), na.rm = T) 

time.max.change <- time[dnar.dt$y == max.change] 

percent.at.max.change <- 100 * (nar.before.treatment - nar[time 

time.max.change])/nar.before.treatment 

percent.at.end <- 100 * (nar.before.treatment - nar.at.end)/nar.before.treatment 

list(time = time, nar = nar, fit.plant = fitplant, fit.nar = fit.nar, 

outliers = outliers, nar.before.treatment = nar.before.treatment, 

nar.at.end = nar.at.end, time.max.change = time.max.change, 

max.change.nar = max.change, percent.decrease.nar.at.max.change = 

percent.at.max.change, 

percent.decrease.nar.at.end = percent.at.end) 

} 

FONCTION D'ESTIMATION DES PARAMETRES DE CHANGEMENT ONTOGENIQUE 

DE LA SSF ET DE LA FMF : 

any.plasticity 

function (y, time, DF = NA, treatment.start =12.7) 

{ 

sel <- !is.na(y) & lis.na(time) 

time <- time [sel] 

y <- y[sei] 

ord <- order(time) 

time <- time[ord] 

y <- y[ord] 

if (length(time) !=length(y)) 

return("time and y not same length") 
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if(is.na(DF)) 

fit <- smooth. spline(x = time, y = y) 

if(!is.na(DF)) 

fit <- smooth. spline(x = time, y = y, df = DF) 

SE.y <- sqrt(diag(G.matrix(time, fit$df)$S %*% t(G.matrix(time, 

fit$df)$S)) * fit$cv.crit) 

h <- l/length(y) + ((time - meantime, na.rm = T))A2)/sum(timeA2) 

studentized.residuals <- abs(y - fit$y)/(SE.y * sqrt(l -

h)) 

t.crit <- qt(0.975, length(time) - fit$df) 

y.pred <- predict(fit, fit$x) 

x.time <- timeftime > treatment.start] 

change.y.pred <- predict(fit, fit$x, deriv =1) 

change.y.pred.after.treatment <- predict(fit, x.time, deriv = 1) 

last.time <- max(time, na.rm = T) 

max.change <- max(abs(change.y.pred.after.treatment$y), na.rm = T) 

time.max.change <- change.y.pred.after.treatment$x[abs(change.y.pred.after.treatment$y) 

max.change] 

y.at.end <- y.pred$y[y.pred$x == last.time] 

y.at.max.change <- predict(fit, x = time.max.change)$y 

mean.y.before.treatment <- mean(y.pred$y[y.pred$x <= treatment.start], 

na.rm = T) 

percent.decrease.y.at.end <- 100 * (mean.y.before.treatment -

y. at. end)/mean. y .before .treatment 

percent.decrease.y.at.max.change <- 100 * (mean.y.before.treatment -

y.at.max.change)/mean.y.before.treatment 

par(mfrow = c(l, 2)) 

min.y <- min(c(y.pred$y - t.crit * SE.y, y), na.rm = T) 
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max.y <- max(c(y.pred$y + t.crit * SE.y, y), na.rai = T) 

plot(time, y, xlab = "Time", ylab = "Y", ylim = c(min.y, 

max.y)) 

lines(x = fit$x, y = fit$y) 

lines(x = y.pred$x, y.pred$y - t.crit * SE.y, lty = 2) 

lines(x = y.pred$x, y.pred$y + t.crit * SE.y, lty = 2) 

lines(x = c (treatment, start, treatment, start), y = c(min.y, 

max.y), lwd = 3) 

lines(x = c(time.max.change, time.max.change), y = c(min.y, 

max.y), lty = 2) 

plot(x = change.y.pred$x, y = change.y.pred$y, type = "1", 

lwd = 2, xlab = "Time", ylab = "Change in Y") 

lines(x = c(treatment.start, treatment.start), y = c(min(change.y.pred$y), 

max(change.y.pred$y)), lwd = 3) 

lines(x = c(time.max.change, time.max.change), y = c(min(change.y.pred$y), 

max(change.y.pred$y)), lty = 2) 

par(mfrow = c(l, 1)) 

ord <- order(studentized.residuals, decreasing = T) 

n <- length(ord) 

outliers <- cbind(time = time[ord], y.obs = y[ord], y.pred = y.pred$y[ord], 

studentized.residuals = studentized.residuals[ord]) 

list(mean.y.before.treatment = mean.y.before.treatment, max.change = max.change, 

y.pred.at.max.change = y.at.max.change, y.pred.at.end = y.at.end, 

percent.decrease.y.at.max.change = percent.decrease.y.at.max.change, 

percent.decrease.at.end = percent.decrease.y.at.end, 

time.of.max.change = time.max.change, fit.summary = fit, 

outliers = outliers) 

} 
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