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*Priming effect corresponds to the acceleration of the mineralization of recalcitrant SOM after addition of fresh organic matter (FOM) to soil
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The recent advances on the priming effect have indicated that the decomposition of soil organic carbon (C s ) is limited both by the C s content and microbial biomass (MB). The identification of this co-limitation is crucial for modeling the long-term C s dynamics: soils can have finite or infinite capacity to accumulate C s depending on the shape of this colimitation. Here we present the results of an incubation study showing the co-limitation of C s decomposition by MB and C s content. The MB was manipulated by the addition of different levels of 13 C labelled cellulose, while the C s content was manipulated by diluting soil with sand. We show that the rate of C s decomposition increased 1) linearly with cellulose level and MB, and 2) with a saturating effect with C s content. The linear response of C s decomposition to MB is explained by the very limited colonization of soil pores and C s stock by MB. However, the effect of C s content indicates that the local availability of C s may be limiting for microbes in some extent. The observed co-limitation of C s decomposition was accurately modeled with the Michaelis-Menten equation (1913) classically used to describe enzyme kinetics when enzyme/substrate ratio is low.

Incorporation of this equation in a model of C s dynamics show that soils can have finite or infinite capacity to accumulate C s depending on microbial parameters controlling C s mineralization and formation. This model can explain how C s often continuously accumulates in undisturbed soils whereas it reaches steady state in cultivated soils.
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ABSTRACT

Integration of the priming effect * (PE) in ecosystem models is crucial to better predict the consequences of global change on ecosystem carbon (C) dynamics and its feedbacks on climate. Over the last decade, many attempts have been made to model PE in soil. However, some basic knowledge to model the PE is lacking such as the relationship between decomposition rate of soil organic matter (SOM) and microbial biomass (MB). Moreover, the PE has never been inserted in a plant-soil model to analyze its role on plant-soil interactions. The main objectives of this thesis were to 1) integrate the activity, biomass and diversity of soil microorganisms in models of ecosystem C and nitrogen (N) dynamics in order to simulate the PE, and 2) determine the consequence of this integration for ecosystem functioning and response to global change. These objectives were achieved thanks to the combination of diverse approaches such as modeling, experimentation and statistical.

In a lab experiment, I show that the rate of SOM decomposition increases 1) linearly with MB, and 2) with a saturating effect with SOM content. The linear response of SOM decomposition to MB is explained by the very limited microbial colonization of SOM reserves. However, the positive effect of SOM content on decomposition rate indicates that the local availability of SOM may be limiting for microbial mineralization. The observed colimitation of SOMdecomposition was accurately modeled with the Michaelis-Menten equation. Finally, incorporating this equation in a simple model of soil Cdynamics explained how carbon often continuously accumulates in undisturbed soils whereas it reaches steady state in cultivated soils.

Moreover, I present the first parameterized PE embedding plant-soil model (SYMPHONY) which provides realistic predictions on forage production, soil C storage and N leaching for a permanent grassland. SYMPHONY also shows that plant persistence depends on a fine adjustment of microbial mineralization of SOM to plant nutrient uptake. This fine adjustment was modeled by considering the destruction of SOM through PE and the interactions between two microbial functional groups: SOM-decomposers and SOM-builders. Moreover, consistent with recent observations, SYMPHONY explains how elevated CO 2 induce modification of soil microbial communities leading to an intensification of SOM mineralization and a decrease in the soil C stock.

By incubating a large range of soils sampled at global scale, I show that PE is a common phenomenon which occurs virtually in all soil types and ecosystems (grasslands, croplands, forests, savannahs and orchard) justifying current efforts to incorporate it in ecosystem models. The intensity of PE in soils was significantly correlated to silt and clay SOM pools which contain the major part of SOM reserve. Nevertheless, most of the PE variability (79%) is not explained by soil properties and SOM pools. This result suggests that the main source of PE variability is the microbial component of soils, which should be characterized in further studies. In conclusion, PE is a common phenomenon that may be incorporated in ecosystem models with a few additional parameters, improving the accuracy of their predictions on ecosystem functioning and response to global change.

RẾSUMẾ

La prise en compte du priming effect * (PE) dans les modèles biogéochimiques est essentielle afin de mieux prévoir les conséquences du changement global sur le cycle du C (C) dans les écosystèmes et les interactions avec le climat. Au cours de la dernière décennie, de nombreux travaux ont été réalisés afin de modéliser le PE. Cependant, quelques connaissances de base nécessaires à cette modélisation du PE manquent tels que la relation entre le taux de décomposition des matières organique du sol (MOS) et la biomasse des décomposeurs (MB). En outre, le PE n'a jamais été inséré dans un modèle sol-plante afin de déterminer son rôle dans les interactions plante-sol. Dans ce contexte, les principaux objectifs de la thèse sont 1) d'intégrer l'activité, de la biomasse et de la diversité des microorganismes du sol dans les modèles de dynamique du C et de l'azote (N) des écosystèmes afin de simuler le PE, et 2) de déterminer les conséquences de cette intégration pour le fonctionnement des écosystèmes et la réponse au changement global.Ces objectifs ont été atteints grâce à la combinaison de la diverses approches telle que la modélisation, l'expérimentation et les analyses statistiques.

Dans une expérience de laboratoire, je montre que le taux de décomposition des MOS augmente 1) linéairement avec la MB et 2) avec un effet de saturation avec la teneur en MOS. La réponse linéaire de décomposition des MOS à la MB s'explique par la colonisation très limitée du sol et des réserves des MOS par les microorganismes. Cependant, la limitation de la décomposition par la teneur en MOS montre que la disponibilité locale des MOS peut être un facteur limitatif pour la minéralisation microbienne. La co-limitation observée de la décomposition des MOS est correctement modélisée avec l'équation de Michaelis-Menten. L'intégration de cette équation dans un modèle simple de dynamique des MOS permet d'expliquer comment les MOS s'accumulent souvent continuellement dans les sols non perturbés alors qu'elles stagnent dans les sols cultivés.

Cette présente également le premier modèle d'écosystème paramétré incorporant le PE (SYMPHONY). Ce modèle génère des prévisions réalistes sur la production de fourrage, stockage de C dans le sol et lessivage de l'azote pour des prairies permanentes. SYMPHONY montre également que la persistance des plantes dans les écosystèmes dépend d'un réglage fin de la minéralisation microbienne de MOS au besoin en nutriments des plantes. Ce réglage est modélisé par SYMPHONY en considérant la destruction de MOS par le PE et les interactions entre deux groupes fonctionnels microbiens: les décomposeurs des MOSet les stockeurs de MOS.Enfin, conformément aux récentes observations, SYMPHONY explique comment l'augmentation du CO 2 atmosphérique induit une modification des communautés microbiennes du sol conduisant à une intensification de la minéralisation microbienne et à une diminution du stock des MOS dans le sol.

En incubant une large gamme de sols prélevés à l'échelle mondiale, nous montrons que PE est un phénomène ubiquiste présent dans tous les types de sols et d'écosystèmes testés (les prairies, les sols cultivés, les forêts, les savanes et les fruitiers justifiant les efforts actuellement entrepris pour l'intégrer dans les modèles biogéochimiques. En outre, l'intensité du PE des sols est significativement corrélée aux pools de MOS associées aux argiles et limons lesquels renfermant la plus grande partie du réservoir en MOS des sols. Cependant, la plupart de la variabilité de PE (79%) ne peut être expliquée par les propriétés du sol et les pools de MOS. Ce résultat suggère que la principale source de variabilité du PE des sols réside dans la composante microbienne qui devrait faire l'objet d'une caractérisation dans une prochaine étude.

En conclusion, le PE est un phénomène ubiquiste qui peut être incorporé dans les modèles de l'écosystème avec quelques paramètres supplémentaires, améliorant substantiellement la qualité des prédictions sur le fonctionnement des écosystèmes et leurs réponses au changement global.

Mots clés: priming effect, minéralisation microbienne, matière organique du sol, cycle du carbone, cycle de l'azote, diversité microbienne, mécanisme de banque, interactions solplante, stockage de carbone, co-limitation de la minéralisation, modèle SYMPHONY.

.*Le priming effect, qui peut être traduit de l'anglais par « effet d'amorçage », correspond à l'accélération de la minéralisation des matières organiques du sol (MOS) suite à l'apport de matière organique fraîche (MOF) dans un sol. Le priming effect découlerait d'une intensification des activités enzymatiques des microorganismes utilisant l'énergie contenue dans la MOF pour dégrader les MOS récalcitrantes afin d'en extraire les nutriments nécessaires à leur croissance.

Chapter 1 : General introduction 1.1.

Soil carbon (C) cycle

Soil organic matter (SOM) is a fundamental determinant of soil quality and functioning: it improves soil structure, aggregation, water retention, buffering capacity [START_REF] Herrick | Relationships between soil organic carbon and soil quality in cropped and rangeland soils: the importance of distribution, composition, and soil biological activity[END_REF]; it is also a principle source of nutrients (nitrogen (N), phosphorus (P), sulfur (S) along with micronutrients) for plant growth [START_REF] Nannipieri | Microbial diversity and soil functions[END_REF]. These nutrients are released from SOM upon its mineralization. SOM also acts as the major sink and source of carbon (C). Given that SOM is typically estimated to contain 52-58% C (Paul and Clark, 1985), the terms "SOM" and "soil organic C (SOC)" are often used interchangeably, with measured SOC content often serving as proxy for SOM. In this thesis, I have used the terms SOC and SOM respectively for organic C and the reserve of organic C plus mineral nutrients, present in soil. Given the current concerns over global warming, SOM dynamics and the capacity of soils to provide the ecosystem service of C sequestration have received considerable attention [START_REF] Stevenson | The carbon cycle[END_REF].

The soil C stock is almost 2 times larger than the stocks of C in vegetation and atmosphere. The total global stock of C in soil is estimated at approximately 2500 Pg C distributed between soil organic C (1500 Pg C) and soil inorganic C (i.e. carbonates, 950

PgC) [START_REF] Lal | Carbon sequestration[END_REF]. The soil vegetation contains about 560 Pg C and atmospheric C stock is about 760 Pg C [START_REF] Schimel | Terrestrial ecosystems and the carbon cycle[END_REF][START_REF] Lal | Carbon sequestration[END_REF]. About two-thirds of soil C worldwide is stored in forests (Smith et al., 1993;[START_REF] Dixon | Carbon pools and flux of global forest ecosystems[END_REF] and grasslands [START_REF] Lal | Soil carbon sequestration to mitigate climate change and advance food security[END_REF]Ramankutty et al., 2008). The stock of SOC is the result of the balance between the inputs and outputs of C within the belowground environment (Fig. 1) [START_REF] Ontl | SoilCarbonStorage[END_REF]. The inputs are products of net primary productivity like root exudates, plant litter deposits, crop straws etc.

The outputs are the release of C from soil as CO 2 mostly due to microbial mineralization of SOM.

Due to increasing atmospheric CO 2 levels, we must investigate whether soils act as net carbon sink or source in the global carbon cycle [START_REF] Ehleringer | Carbon isotope ratios in belowground carbon cycle process[END_REF][START_REF] Gleixner | Plant compounds and their turnover and stabilization as soil organic matter[END_REF][START_REF] Krull | Importance of mechanisms and processes of the stabilisation of soil organic matter for modelling carbon turnover[END_REF], IPCC, 2007). Therefore, it is important to know and understand the processes resulting in sequestration of CO 2 into SOM and those leading to the mineralization of SOM resulting in a release of CO 2 to the atmosphere. Atmospheric CO 2 is transformed into plant OM via photosynthesis. The amount and the composition of plant litter inputs into soils are important factors that control the formation of SOM [START_REF] Kögel-Knabner | The macromolecular organic composition of plant and microbial residues as inputs to soil organic matter[END_REF]. In addition to the above ground input of litter, a considerable proportion of OM is incorporated into soils belowground through root exudates and depositions. However, only a portion of this carbon is incorporated in soil micro-organisms and contributes to SOM formation [START_REF] Kuzyakov | Carbon input by plants into the soil. Re-view[END_REF]. The stability of SOCpool is influenced by many different factors. In addition to the physical and chemical environment (i.e. moisture, temperature, pH, mineralogy), the chemical composition of OM as well as the location of OM within the soil matrix determine their susceptibility to degradation by microorganisms and extracellular enzymes [START_REF] Baldock | Role of the soil matrix and minerals in protecting natural organic materials against biological attack[END_REF]. Although soils contain considerable amounts of SOC, most of it is not available for microorganisms. However, the substrates may be available locally, e.g. in decaying material of plant and animal origin. Due to this heterogenity there are "hot spots" of microbial activity and growth in soils [START_REF] Kuzyakov | Priming effects: Interactions between living and dead organic matter[END_REF]. 

Process of SOM decomposition

Decomposition of SOM depends on three major factors: soil microorganisms, the physical environment, and the quality of the OM. Here a brief description of these three factors is given:

Soil microorganisms

The community of decomposer microorganisms is composed of microbes and soil fauna (Dommergues and Mangenot, 1970). The bacteria and fungi are the main responsible for the production of CO 2 though the relative importance of these actors remains unclear. The micro fauna and soil fauna (protozoa, arthropods etc) participate in the degradation of plant residues.

They have notably a role at the level of fragmentation of organic residues; increase the surface of contact for the microbial degradation. The bacterial decomposition is often only limited to the surface of residues, the fungal decomposition can extend into the interior of plant residues (Fontaine et al., 2011;Tanvir et al., 2012). The fungi thus have a competitive advantage to decompose the residues of large size, due to the structure of their hyphae which facilitate them to enter in the plant cell walls. The microbial succession can also be linked to the C/N ratio of the substrate. Indeed, the fungi need the N for their enzyme synthesis, thus, they can decompose relatively humified compounds that are rich in N [START_REF] Levi | Role of nitrogen in wood deterioration. VII. Physiological adaptation of wood destroying and other fungi to substrate deficient in nitrogen[END_REF].

Finally, the last step of decomposition is marked by the residue colonization with a particular microbial type which metabolize continuously and slowly the quasi inexhaustible stock of SOM (Zuyaginstev, 1994). Consequently, there exists a number of functionally different microorganisms in the soil, only a small fraction, decompose SOM, the rest remain dormant.

The physical environment

The physico-chemical environment of the soil microorganisms is largely conditioned by the soil type, the climatic conditions and vegetation cover (Dommergues and Mangenot, 1970). For example, the temperature and humid conditions under tropical forests are particularly favorable to the microbial activities [START_REF] Wallace | Tropical Nature and Other Essays[END_REF] which can explain the rapid turnover of organic matter and the low organic stocks in these soils. The positive relationship between temperature and microbial activity has been shown by the short term soil incubations, alone or amended by FOM. In the normal environmental conditions, the soil contains a minor part of OM very easily degradable and a major part of OM recalcitrant for microbial decomposition. The increase in temperature accelerates the C decomposition in the first step of incubation until the quality of C becomes the limited factor to derive the rate of decomposition to the comparable values.

The quality of soil organic matter (SOM)

The decomposition is highly dependent on the biochemical nature of the OM being decomposed (Swift et al., 1979). The plant tissues are composed of soluble elements, hemicelluloses, cellulose and lignin present in different proportions as a function of plant type or considered tissue. These different compounds do not require the same enzymes and do not decompose at the same rate [START_REF] Tate | Soil microbiology[END_REF]. For example, the soluble sugars can metabolize instantly and represent an important energy source for soil microorganisms (Paul and Clark, 1989;Fontaine et al., 2003). In the soil, these compounds have very short turn over time (some hours). In reverse, the highly polymerized compounds, for example, lignin requires a step of solublization [START_REF] Darwis | Effet des modalités de gestion de la paille de blé sur l'évolution du carbone et de l'azote au cours de sa décomposition dans le sol[END_REF]Swift et al., 1979;Fontaine et al., 2003), very expensive in energy because it depends on the production of high quantity of extracellular enzymes. As consequence, the energy liberated by the catabolites of these enzymes is lower than the energy invested for their depolymerization. These so-called recalcitrant compounds (SOM) hardly sustain the microbial growth and decompose very slowly (many years, i.e. lignin). However, some soil microorganisms (i.e. fungi) can use this SOM as food. As fungi break down this SOM, many excess nutrients (N, P, and S) are released into the soil mostly in plant useable forms. This release process is called mineralization. The waste products produced by microorganisms led to build the stock of SOM.

Priming effect

As early as 1926 Löhnis observed an increase in SOC mineralization after the addition of fresh organic residues to soil. Later, this phenomenon was named as "priming effect" by Bingemann et al. (1953). Since its introduction by Bingemann et al. in 1953, the term PE has also been used in other context and for describing other processes (Jenkinson et al., 1985, Dalenberg andJager 1989). The focus of this thesis is SOM mineralization, thus I refer to the original definition of PE given by Bingemann et al. (1953), "the acceleration of mineralization of soil originated C after addition of fresh organic C to soil" (Fig. 2).

These fresh organic C inputs to soil could be glucose (Wu et al. 1993), cellulose (Fontaine et al., 2004(Fontaine et al., , 2007)), fructose (De Nobili et al., 2001;Hammer and Marschner, 2005) and crop residues (Powlson et al., 2012). Now it is clear that not only the C compounds but plant also induces PE through rhizodeposition such as release of root exudates, mucilage and sloughed-off root cells. This phenomenon is named as rhizosphere priming effect (RPE) and has been discussed in detail by Kuzyakov (2002). The importance of this effect can be gauged from the fact that the increase in SOM mineralization in planted soils can reach to three-fold of SOM mineralization in bare soils under similar experimental conditions (i.e. temperature and moisture) (Zhu and Cheng, 2011). 

Priming effect mechanisms

According to the energy limitation theory (Fontaine, 2003;Fontaine et al., 2005;2007), soil micro-organisms are unable to use the large SOM stock for assimilation and growth. This is because of the chemical composition of SOM that is high in lignin and low in C or energy.

Thus, soil micro-organisms have to spend more C or energy on synthesizing extracellular enzymes to mineralize SOM than the return they could get in terms of energy and nutrients.

Consequently, despite a huge diversity in soil microorganisms in soil, only few of them are adapted to mineralize the large reservoir of SOM (Swift et al., 1979), the others being dormant when are not in contact with fresh organic matter (FOM). The addition of easily decomposable C, that can be found in fresh plant litter or root exudates, to soils not only enhances the activity and growth of many dormant microorganisms but also new microbial populations, now able to specifically use this new substrate. (De Nobili et al., 2001;Fontaine et al., 2003). Therefore, the intensity of PE is controlled by the interaction between two microbial communities: Fresh C decomposers (also called as r -strategists, grow rapidly on It has been suggested that two mechanisms could induce priming effect (PE) (Fontaine et al., 2003). One of these mechanisms is co-metabolism suggesting that the enzymes produced by the FOM decomposers (r-strategists) may be partly efficient for degrading SOM (Fig. 3, Mechanism 1). By this mechanism, the higher the biochemical similarities between FOM and SOM, the higher the possibility of occurrence of the PE (Wu et al., 1993). The second mechanism suggests that SOM decomposers may use a proportion of FOM as an energy source in order to synthesize the extracellular enzymes to decompose SOM (Fig. 3 Mechanism 2). By this mechanism, PE could be considered as a phenomenon that regulates the mineralization of SOM via the distribution and sharing of energy between these two microbial communities (Kuzyakove, 2002;Fontaine et al., 2003;Fontaine and Barot, 2005).

For these two mechanisms, it has been suggested that SOM decomposers and FOM decomposers could be principally fungi and bacteria, respectively (Bell et al. 2003;Carney et al., 2007). In the second chapter of this thesis, we have renamed FOM decomposers as SOMbuilders because this group favors SOM accumulation via release of recalcitrant SOM compounds without mineralizing them.

Figure 3:

Possible mechanisms of priming effect (Fontaine et al., 2003). Classical models of SOM describe the decomposition process as a physical or biogeochemical phenomenon. In these models, the decomposition of C is described by the equation of first order kinetics assuming that the decomposition of a particular C pool depends only on the size of C pool and coefficient of decomposition,k (Jenny, 1941;McGill and Myres, 1987;[START_REF] Paustian | Modelling soil biology and biogeochemical processes for sustainable agriculture[END_REF]McGill, 1996).The effect of SOM quality and different environmental factors (for example, soil water content and temperature) is taken into account through the decomposition coefficient k. Most of these models do not distinct between SOM and litter, considering the decomposition process like a continuum. Moreover, some of them represent the litter or SOM by mixing many compartments more or less degradable and then modify the value of decomposition coefficient k over time. While, in reality the litter and SOM are composed of different compounds of more or less degradable and the proportion of these different compounds change over time. Consequently, the common prediction of all classical models is that decomposition of SOM is a continuous process meaning no stop of decomposition in soils and no permanent C storage.

For pedagogy, I present here the very basic structure of the SOM decomposition models, for only one pool of soil C (recalcitrant C).

The differential equation for this C pool is written as:

(1)

Integrating the eq. 1 with time (t) gives:

∫ ( ) (2) 
Eq. 2 shows that when , as predicted by classical models of SOM 

The models of SOM dynamics

The models of SOM dynamics consider the incorporation of litter (φ l ) into the soil and distinguish the SOM into pools of different degradability (such as, "CENTURY" and "ROTH-C"). The physiology of soil microorganisms is not explicitly taken into account in these models, although some of them represent the microbial biomass as a pool of SOM (such as ROTH-C). The predictions of these models always remain similar to models of SOM decomposition: soil C pool always tends toward equilibrium and soil C storage capacity is limited.

Again, for pedagogy, I present here the very basic structure of SOM dynamic models for only one pool of soil C (such as recalcitrant C).

The differential equation of decomposition for this C pool remains the same as eq. 1 except with an addition of litter flux (φ l ):

(3)

Integrating the eq. 3 with time (t) gives:

∫ ( ) ( ) (4) 
Eq. 4 shows that when , , indicating that whatever the initial condition of soil C pool, it always tends to a steady state as shown in Fig. below:

C (t) t φ l CC CO 2

Conclusion

To summarize, classical models of SOM decomposition and dynamics are important quantitative tools to study and predict the C dynamics in cultivated soils where microbial diversity and functioning has drastically reduced and SOM pool has attained a steady state.

Moreover, these models also help to understand and predict the impact of different agricultural practices on SOM dynamics: fertilization, recycling of crop residues and effect of global temperature increase on organic C stocks. Although, the diversity of an organization scheme between models and the variety of factors has taken into account, the philosophy of models on the decomposition process remains same. Consequently, these models are not able to explain some important empirical results, for example, the steady C accumulation in the soils of many ecosystems (undisturbed soils) over millennia (Syers et al., 1970;Schlesinger, 1990;[START_REF] Knops | Dynamics of soil nitrogen and carbon accumulation for 61 years after agricultural abandonment[END_REF]. Moreover, some important mechanisms like stop of SOM decomposition in deep soil horizons and priming effect remain unexplained by these models.

All these limitations indicate the need of revision of classical models of SOM in order to reduce the convergences between their predictions and empirical observations.

Objectives and structure of the thesis

In the above context, the main objectives of this thesis were to 1) integrate the biomass, activity and diversity of soil microorganisms in models of ecosystem C and nitrogen (N) dynamics in order to simulate the PE, and 2) determine the consequence of this integration for ecosystem functioning and response to global change. From an applied perspective, this thesis aims at identifying the key mechanisms that will permit to ameliorate the ecosystems services such as soil C storage, nutrient retention and low N leaching. These

C(t) t

mechanisms could help to develop high performance agricultural ecosystems based on soil functioning and maximizing primary production with minimum fertilizer use.

This thesis has been constructed on eight main scientific questions structured in four thesis chapters following this chapter of introduction.

Chapter 2 to 4 are self-containing papers, which have been published, or submitted or in preparation for submission in international journals.

Chapter 2 (Page 31-54): This chapter determines the co-limitation of soil organic carbon (SOC) decomposition by microbial biomass and SOC content. Moreover, this study also determines the consequences of the integration of this co-limitation in SOM models on SOC dynamics.

This article is under revision in "Soil Biology and Biochemistry".

The specific questions addressed in this chapter are:

What is the shape of co-limitation of soil organic C decomposition by microbial biomass (MB) and soil C content?

The recent advances on the priming effect (PE) have indicated that the decomposition of soil organic C (SOC) is limited both by the microbial biomass (MB) andSOC content.

However, the exact shape of this co-limitation is not known. Many, alternative formulations have been proposed to model SOC decomposition and its dependence on MB and SOC content. For example, some soil scientists have modeled the co-limitation of SOC decomposition as a linear function of SOCcontent and MB [START_REF] Manzoni | Theoretical analysis of nonlineari-ties and feedbacks in soil carbon and nitrogen cycles[END_REF][START_REF] Fang | Incorporating microorganisms as decomposers into models to simulate soil organic matter decomposition[END_REF][START_REF] Knapp | Carbon, nitrogen and microbial biomass interrelationships during the decomposition of wheat straw -a mechanistic simulation model[END_REF], whereas some others have determined this co-limitation by the most limiting factor between SOC content and MB (Moorhead and Sinsabaugh, 2006;[START_REF] Neil | Soil organic matter decomposition driven by microbial growth: A simple model for a complex network of interactions[END_REF]. Moreover, the co-limitation of SOC decomposition by MB and SOC has also been modeled as a linear function of MB and saturating function of SOC content [START_REF] Parnas | Model for decomposition of organic material by microorganisms[END_REF]Smith 1979;[START_REF] Van Veen | Simulation model of the behavior of N in soil[END_REF][START_REF] Ladd | Simulation of 14 C turnover through the microbial biomass in soils incubated with 14 C-labelled plant residues[END_REF][START_REF] Blagodatsky | Microbial growth in soil and nitrogen turnover: A theoretical model considering the activity state of microorganisms[END_REF][START_REF] Kersebaum | A model approach to simulate C and N transformations through microbial biomass[END_REF] and sometimes, as a saturating function of MB and linear function of SOC content [START_REF] Garnier | Modelling carbon and nitrogen dynamics in a bare soil with and without straw incorporation[END_REF][START_REF] Raynaud | Soil microbial loop and nutrient uptake by plants: a test using a coupled C : N model of plant-microbial interactions[END_REF]. However, the experimental studies devoted to determine this co-limitation of SOC decomposition are almost inexistent. Therefore, a long-term experiment describing the response of SOC decomposition to a large range of SOC content and MB is required to describe the exact shape of the co-limitation of SOC decomposition.

What are the consequences of the integration of this co-limitation on SOM dynamics?

The existing theoretical equations of the SOC co-limitation, when incorporated in models of SOC dynamics, result in qualitatively different predictions (Fontaine and Barot, 2005;Wutzler and Reichstein, 2008). For example, equations where co-limitation of SOC is modeled as a linear function of SOC content systematically predict a finite steady state of SOC pool over the long-term (limited capacity of soils to accumulate SOM). While all those equations where co-limitation of SOC is determined by the most limiting factor between SOC content and MB, and as a saturating function of SOC content predict that an unlimited accumulation of SOC in soil is possible depending on model parameters (unlimited capacity of soils to accumulate SOM). These contradictory outcomes of different models show how the description of the decomposition process in models is a challenge for predicting the long-term C dynamics in soil.

Chapter 3 (Page 55-85):

This chapter is about the integration of priming effect and microbial diversity in soil-plant models and their role in ecosystem functioning and response to global change. This paper has been published in "Global Change Biology".

The specific questions of this chapter are:

How the integration of PE in plant-soil models influence the plant soil interactions and ecosystem C and N dynamics?

In last decades, many attempts have been made to model PE and its consequences for soil C and N cycles. All these attempts have focused on building alternative models of SOM dynamics rather than integrating PE into existing models (Schimel & Weintraub, 2003;Fontaine & Barot, 2005;Neill & Gignoux, 2006;Guenet et al., 2010;[START_REF] Blagodatsky | Model of apparent and real priming effects: Linking microbial activity with soil organic matter decomposition[END_REF], likely because the latter approach requires changes in the core structure of classical/current models that are relatively complex (many SOM compartments and soil processes are modeled) (McGill, 1996). Alternative models simulate the PE by considering one or several pools of microbial biomass that are linked to SOM decomposition rate using linear (Fontaine & Barot, 2005;[START_REF] Blagodatsky | Model of apparent and real priming effects: Linking microbial activity with soil organic matter decomposition[END_REF] or non-linear saturating equations (Gignoux et al., 2001;Schimel & Weintraub, 2003). Some models also consider the interactions between different microbial functional groups to simulate the decrease in PE (Fontaine et al., 2005) after supply of mineral nutrients to soil microbes (Fontaine et al., 2004b;Allison et al., 2008). However, the common missing point in all of these models is the plant compartment. The next step is to build a PE model taking into account soil-plant interactions and their feedback to C and N cycles. Such a model could lead to new findings about role of microorganisms, soil and ecosystem functioning. Indeed, plant directly stimulates the soil microorganisms through deposition of energy-rich C-substrates in rhizosphere (Cheng et al., 2003;Dijkstra & Cheng, 2007;Shahzad et al., 2012) and also indirectly controls the N release/sequestration balance by uptake of mineral N [START_REF] Inselsbacher | A novel 15 N tracer model reveals: Plant nitrate uptake governs nitrogen transformation rates in agricultural soils[END_REF]. Therefore, I want to integrate the plant compartment in the existing PE-embedding models in order to analyze the consequences of this integration on plant-soil intercations and C and N dynamics. Moreover, in my models, I also want to consider the stoichiometric constrains of the soil microorganisms. These stoichiometric constrains are explained by the fact that organic matter and living organisms are constituted by C and nutrients (such as N) in specific ratios. The respect of these ratios will constrain the exchange of matter (C and N) between plant and soil microorganisms.

What is the role of microbial diversity and PE in ecosystem response to global change (elevated CO 2 and N depositions)?

Regarding the ecosystem response to global change (elevated CO 2 and N depositions ) many contradictions exist between the predictions of current models of SOM and empirical observations. For example, most of the current models of SOM implicitly consider that plant growth is limited by C resources (Cao & Woodward, 1998a;[START_REF] Krinner | A dynamic global vegetation model for studies of the coupled atmosphere-biosphere system[END_REF][START_REF] Sokolov | Consequences of Considering Carbon-Nitrogen Interactions on the Feedbacks between Climate and the Terrestrial Carbon Cycle[END_REF]. These models consistently predict that an increase in atmospheric CO 2 will stimulate primary production, C input to soil and in fine C storage in soil (Cao & Woodward, 1998b;[START_REF] Krinner | A dynamic global vegetation model for studies of the coupled atmosphere-biosphere system[END_REF][START_REF] Sokolov | Consequences of Considering Carbon-Nitrogen Interactions on the Feedbacks between Climate and the Terrestrial Carbon Cycle[END_REF]. In contrast, recent lab and green house studies (Korner & Arnone, 1992;Finzi et al., 2006;Carney et al., 2007) have shown that an increased atmospheric CO 2 induce change in soil microbial communities from being dominated by FOM-decomposers to SOM-decomposers (Finzi et al., 2006;Carney et al., 2007;Blagodatskaya et al., 2010). This community change lead to an intensification of SOM mineralization (Körner & Arnone, 1992;Finzi et al., 2006;Carney et al., 2007) and depletion in soil C stock (Carney et al., 2007). Therefore, by including the microbial diversity in the Following particular question are addressed in this chapter:

Is priming effect a general phenomenon occurring in all soil types and land uses?

After observing PE in limited soil types (Bell et al., 2003;Hamer and Marschner, 2005;Fontaine et al., 2007) sampled from limited ecosystems (Hamer andmarschner, 2005, 2007;Fontaine et al., 2004Fontaine et al., , 2007) ) and climatic conditions (Hamer and marschner, 2005;Fontaine et al., 2004aFontaine et al., , 2004b)), it is suggested that PE is a worldwide phenomenon. Moreover, the above observations were made under different experimental conditions (i.e. temperature and moisture). To date, the generalization of PE on a wide range of soil types and ecosystems (i.e. grasslands, forests, croplands, savannahs and orchard) sampled from the whole world has never been tested under the same experimental conditions. Such an incubation study could help to understand the general phenomenon and undelaying mechanism of PE.

What is the relationship of PE with soil properties and SOM pools?

Many studies have aimed at determining the biological factors influencing PE. For example, it has been reported that intensity of PE is controlled by the interaction between different microbial groups; the size and activity of which depend on the availability of fresh C and mineral N (Blagodatskaya and Kuzyakov, 2008;Fontaine et al., 2004a, Shahzad et al., 2012). However, the physical and chemical factors that could influence PE have received very less attention. Consequently, the relationship between PE and soil characteristics remained poorly understood.

Morover, it is considered that only the labile pools of organic C are affected by PE (Jenkinson, 1971;Kuzyakov et al. 2000). Some studies have also reported a positive relationship between stabilization of organic C and N in soils and clay or silt plus clay content [START_REF] Feller | Physical control of soil organic matter dynamics in the tropics[END_REF][START_REF] Hassink | The capacity of soils to preserve organic C and N by their association with clay and silt particles[END_REF][START_REF] Ladd | Decomposition of plant material in Australian soils. III. Residual organic and microbial biomass C and N from isotope-labeled legume material and soil organic matter, decomposing under field conditions[END_REF][START_REF] Ladd | Decomposition of plant material in Australian soils. III. Residual organic and microbial biomass C and N from isotope-labeled legume material and soil organic matter, decomposing under field conditions[END_REF][START_REF] Sorensen | Stabilization of newly formed amino acid metabolites in soil by clay minerals[END_REF] indicating that C in silt and clay pools is less affected by microbial decomposition.

However, some recent studies have reported that PE increases with decreasing particle size indicating that humified C associated to soil minerals is more sensitive to PE (Ohm et al., 2007). These contradictory observations indicate the need to determine the response of PE to different SOM pools on a wide range of soils in order to generalize their relationship. 

Approaches of the thesis

The objectives of this thesis were achieved thanks to the combination of diverse approaches such as modeling, experimentation and statistical. The detail of these approaches is given below.

Modeling

This approach was mainly used to build the two soil-plant models coupling the C and N dynamics to the microbial activity and diversity in order to simulate PE (Chapter 3). To this end, a plant compartment was integrated in two existing models of SOM dynamics including the PE: one considers a single microbial type, the second considers two distinct microbial functional groups (Fontaine & Barot, 2005). First group of soil microorganisms, called SOMdecomposers degrades recalcitrant SOM by using fresh C as an energy source (PE) and the second group of soil microrganisms called FOM-decomposers particularly decomposes fresh C (Fontaine et al., 2003). In my models, I have renamed the FOM-decomposers as SOMbuilders since this group favors SOM accumulation through release of recalcitrant SOM compounds without mineralizing them. Indeed, the use of these two microbial groups allowed me to test the idea that whether the interactions between two distinct microbial functional groups control plant-microbe co-existence and ecosystem properties as crucial as SOM accumulation. For my models, I have also taken into account the stoichiometric constraints of soil micro-organisms, that is, organic matter (OM) and soil micro-organisms have specific C/N ratios (explained in section 6 of this chapter).

This approach was also used to construct respectively the two simple models of SOM This approach is constituted by the following sub-approaches:

Mathematical analysis

The two soil-plant models including the PE were mathematically analyzed at steady state of all model compartments, that is, the differential equations were set to zero except for SOM pool that does not necessarily reach equilibrium (see criteria below). The feasibility of steady states was determined by studying the conditions to obtain positive values for ecosystem compartments. Moreover, the models must be able to account for the priming effect and a number of key ecosystem properties used as criteria for model evaluation:

1) The co-existence of plant and decomposers.

2) Ecosystems must be able to resist to a long-term (tens years) net nutrient output.

Indeed, several long-term agro-ecological experiments (LTAE) have shown that grasslands and cultivated soils persist even when they are exposed to net nutrient outputs (biomass harvest and no fertilization) over tens years [START_REF] Kofoed | Askov 1894 -Fertilizers and Manure on Sandy and Loamy Soils[END_REF][START_REF] Dyke | The Broadbalk wheat experiment 1968-78: yields and plant nutrients in crops grown continuously and in rotation[END_REF]Mattsson, 1987b;[START_REF] Rasmussen | Agroecosystem-Long-term agroecosystem experiments: Assessing agricultural sustainability and global change[END_REF]. During this period, SOM serves as a reserve of nutrients for plants allowing ecosystem persistence despite the large quantity of nutrient exported [START_REF] Kofoed | Askov 1894 -Fertilizers and Manure on Sandy and Loamy Soils[END_REF][START_REF] Dyke | The Broadbalk wheat experiment 1968-78: yields and plant nutrients in crops grown continuously and in rotation[END_REF]Mattsson, 1987b;[START_REF] Rasmussen | Agroecosystem-Long-term agroecosystem experiments: Assessing agricultural sustainability and global change[END_REF].

3) The continuous accumulation of SOM in undisturbed soils (grassland and forest soils)

when there is net nutrient input to ecosystems (Syers et al., 1970;Schlesinger, 1990;[START_REF] Knops | Dynamics of soil nitrogen and carbon accumulation for 61 years after agricultural abandonment[END_REF], i.e. there is no theoretical limit to soil C accumulation (Reichstein et al., 2009).

4) Eventual steady state for SOM pool, especially in agricultural systems where N inputs balance N outputs (Johnston et al., 2009).

Taking into account the above four criteria, all the possible scenarios of C and N limitation of plant and soil microorganisms in two models were analyzed. The stability of the model (model compartments do not vary with time) was analyzed by the matrix analysis of parameterized model.

This approach was also used to analyze the effect of co-limitation of SOM decomposition on long term soil C dynamics (Chapter 2).

Model fitting and parameterization

The model including the two microbial populations (called SYMPHONY hereafter in reference to the organized interactions between plant and decomposers) was the sole model capable of accounting for above mentioned criteria. Therefore, SYMPHONY was parameterized from data obtained both from published studies and specific measurements made at a temperate permanent grassland located at 1040 m in France (Laqueuille, 45°38'N, 2°44'E).

All the parameters of SYMPHONY were estimated by calculations except y and u, SOMdecomposers and SOM-builders consumption rate of FOM. These two parameters were obtained by fitting using Berkeley Madonna. For this purpose, the deviation between modeled (MV) and observed (OV) values of the compartment sizes and fluxes was minimized. In order to give the same weight to each variable during the fitting, the relative mean deviation (RD)

was calculated as ∑ ( ) where n is the number of study variables.

For our incubation results of the co-limitation of SOM decomposition by MB and soil C content (Chapter 2), the Mechaelis-Menten equation was most suitable to model the observed data. This equation was further parameterized by our incubation results through model fitting in software R. Our criteria to evaluate the best fitting were: 1) to minimize the sum of squares of residues between OV and MV, 2) to calculate the uncertainties (coefficient of variations) related to each parameter, and 3) observe the coefficient of determination of fitting (R 2 ).

Simulations

Parameterized SYMPHONY was used to 1) study the mechanistic basis of the bank functioning of soils, that is, there exists a strong synchronization between microbial nutrient mineralization and plant nutrient uptake, 2) simulate the compartments and fluxes of study grassland and 3) predict the grassland response to rising atmospheric CO 2 and N inputs to ecosystem (fertilization, atmospheric N depositions).

Experimentation

In two separate experiments, different soils were incubated in lab under controlled conditions at 20 °C. The objective of first experiment was to study the co-limitation of SOM decomposition by MB and soil C content (Chapter 2), for this objective the soil was incubated in two sets of incubation. In first set, soil C content was kept constant, while microbial biomass (MB) was manipulated by the addition of different levels of 13 C labeled cellulose (1-3 g C-cellulose kg -1 soil). For this set, MB carbon was determined by the chloroform fumigation-extraction method (Vance et al., 1987). In the second set, MB was kept constant, while the soil C content was manipulated by diluting the soil with sand.

The objectives of the second lab experiment were to 1) generalize the priming effect (PE) for different soil types and ecosystems sampled at global scale, and 2) find the relationship of PE with soil properties and fractioned SOM pools (Free light fraction, particulate organic matter, silt and clay). In this experiment and in the second set of first experiment, 1g C-cellulose kg -1 labeled with 13 C was added to unlabeled soils. For each treatment of each experiment, the soil without cellulose was also incubated as a control. All the soil incubations were maintained until the PE ceased. The CO 2 released by soils was trapped in 10 ml of 1M NaOH solution (Fig. 4). The C content of NaOH solution was measured with a total inorganic-C analyzer and the 13 C abundance of trapped CO 2 was measured after precipitating the carbonates with excess BaCl 2 and analyzing them by Isotope Ratio Mass Spectrometer (IRMS). The 13 C labeling of cellulose allowed the separation of soil C (R s ) and cellulose (R c ) respiration (mg C-CO 2 kg -1 soil) using mass balance equations:

R s + R c = R t R s * A s 13 + R c * A c 13 = R t * A t 13
where A s 13 is the 13 C abundance (dimensionless) of soil carbon, A c 13 the 13 C abundance of cellulose, R t the total CO 2 emitted by soil with cellulose and A t 13 its 13 C abundance.

The priming effect (PE, mg C-CO 2 kg -1 soil) induced by the addition of cellulose was calculated as:

PE = (R s soil with cellulose) -(R s control soil)
where (R s control soil) corresponds to CO 2 emission from control soil. and soils sampled at global scale to study the generalization of priming effect (c).

Statistical analyses

Statistical analyses were used to find the correlation and significance of the observed PE with the studied parameters (Experiments 1 & 2) at the end of incubation. For example, a one way ANOVA was performed to investigate the effect of 1) cellulose addition and SOC content on cumulative soil C respiration and PE, 2) cellulose addition on microbial biomass, and 3) land use (grasslands, croplands, forests, savannahs and orchard) and soil depth (0-20 and 40-60 cm) on observed cumulative PE. In first experiment, the difference of cumulative PE among cellulose levels and SOC contents was tested with Tukey's test. In second experiment, a correlation matrix (Pearson's correlation) was first applied to the whole dataset.

Then, Hierarchical Partitioning (HP) was applied for the four fractioned C pools and their respective C/N ratios (eight variables in total) in order to find their independent percent contribution. Further, a simple multiple regression (MR) was performed for the four important variable found in HP in order to find the direction of the effect and goodness of the overall model. All the statistical analyses were performed with software R version 2.14. 

Introduction

Classical models of soil organic carbon (C s ) dynamics need to be revised in order to integrate the role of soil microorganisms (Fontaine et al., 2005;[START_REF] Neil | Soil organic matter decomposition driven by microbial growth: A simple model for a complex network of interactions[END_REF]Perveen et al., 2014). The mathematical core of most classical models is the following equation of decomposition:

( [START_REF] Bahn | Does photosynthesis affect grassland soil-respired CO 2 and its carbon isotope composition on a diurnal timescale?[END_REF] This equation assumes that the decomposition of a particular carbon (C) pool is only limited by the size of C pool and different environmental factors integrated in the decay rate constant k (Jenny, 1941;McGill and Myres, 1987;[START_REF] Paustian | Modelling soil biology and biogeochemical processes for sustainable agriculture[END_REF]McGill, 1996). This assumption may be correct for the decomposition of easily degradable (energy-rich) C such as plant litter and rhizodeposits (Paul & Clark, 1989), but inadequately covers the role of the microbial community in C s decomposition (Fontaine et al., 2004;Fontaine and Barot, 2005). Indeed, this energy-rich C strongly stimulates microbial growth and degradation activities (Dijkstra and Cheng, 2007;Blagodatskaya and Kuzyakov, 2008), leading to substrate limitation. In contrast, the low accessibility and quality of C s strongly limits microbial activities [START_REF] Sollins | Stabilisation and destabilisation of soil organic matter: mechanisms and controls[END_REF]Fontaine et al., 2007;[START_REF] Wiesmeier | Carbon sequestration potential of soils in southeast Germany derived from stable soil organic carbon saturation[END_REF].

Moreover, some biologists have noted that only 2-3% of C s compounds are colonized by microorganisms [START_REF] Jenkinson | The effect of biocidal treatments on metabolism in soils-III. The relationship between soil biovolumemeasured by optical microscopy and theflush of decomposition caused by fumigation[END_REF]Paul and Clark, 1989), indicating that C s decomposition is limited by the size of microbial biomass (MB). This idea is supported by the priming effect (PE) studies [START_REF] Blagodatsky | Microbial growth in soil and nitrogen turnover: A theoretical model considering the activity state of microorganisms[END_REF]Kuzyakov, 2000;Fontaineet al., 2004Fontaineet al., , 2007) ) showing that the decomposition rate of C s is linked to the MB that are stimulated by the supply of easily degradable C (i.e. exudates, plant litters) (Kuzyakov, 2000;Cheng et al., 2003;Dijkstra and Cheng, 2007;Fontaine 2007;Shahzad et al., 2012).

Classical models of C s dynamics often successfully predict C dynamics in organic-poor cultivated soils where MB and activities have been drastically reduced (McGill, 1996;Smith et al., 1997). However, their ability to predict C dynamics in organic-rich undisturbed soils is limited (Syers et al., 1970;Schlesinger 1990;Reichstein et al., 2009).

For example, most of these models do not accurately forecast the steady C accumulation in the soils of many ecosystems over millennia. These limitations may arise due to not considering the critical role of soil microorganisms and their functions in models of C s dynamics.

In the last decades, alternative formulations have been proposed to model C s decomposition and its dependence on MB and C s pool (Schimel and Weintraub, 2003;Fontaine et al., 2005;[START_REF] Neil | Soil organic matter decomposition driven by microbial growth: A simple model for a complex network of interactions[END_REF]. For example, Fontaine and Barot (2005) proposed that decomposition of C s is linearly related to decomposer biomass ( ) and their degradation activity ( ):

(2)

Several equations have been proposed to model the co-limitation by decomposer biomass and C s (Wutzler and Reichstein, 2008). The decomposition flux can be proportional to both quantities of decomposers and C s [START_REF] Manzoni | Theoretical analysis of nonlineari-ties and feedbacks in soil carbon and nitrogen cycles[END_REF][START_REF] Fang | Incorporating microorganisms as decomposers into models to simulate soil organic matter decomposition[END_REF][START_REF] Knapp | Carbon, nitrogen and microbial biomass interrelationships during the decomposition of wheat straw -a mechanistic simulation model[END_REF]):

(

or can be determined by the most limiting factor (Moorhead and Sinsabaugh, 2006;[START_REF] Neil | Soil organic matter decomposition driven by microbial growth: A simple model for a complex network of interactions[END_REF]:

( ) (4) 
The classical Michaelis-Menten equation (1913) describes the co-limitation of enzymatic reactions by substrate and enzymes. Several authors [START_REF] Parnas | Model for decomposition of organic material by microorganisms[END_REF]Smith 1979;[START_REF] Van Veen | Simulation model of the behavior of N in soil[END_REF][START_REF] Ladd | Simulation of 14 C turnover through the microbial biomass in soils incubated with 14 C-labelled plant residues[END_REF][START_REF] Blagodatsky | Microbial growth in soil and nitrogen turnover: A theoretical model considering the activity state of microorganisms[END_REF][START_REF] Kersebaum | A model approach to simulate C and N transformations through microbial biomass[END_REF] have applied this equation to C s decomposition modeling by assuming a linear relationship between the amount of enzymes and MB.

(

) 5 
where is the Michaelis-Menten constant.

Another frequently used [START_REF] Garnier | Modelling carbon and nitrogen dynamics in a bare soil with and without straw incorporation[END_REF][START_REF] Raynaud | Soil microbial loop and nutrient uptake by plants: a test using a coupled C : N model of plant-microbial interactions[END_REF] equation has been proposed by Schimel and Weintraub in 2003. This equation is structurally opposite to the Michaelis-Menten equation and assumes that the decomposition flux saturates with increasing enzyme availability instead of increasing with substrate availability: [START_REF] Bingeman | The effect of the addition of organic materials on the decomposition of an organic soil[END_REF] These different equations of decomposition, when incorporated in models of C s dynamics, result in qualitatively different predictions (Fontaine and Barot, 2005;Wutzler and Reichstein, 2008). For example, equation ( 1), ( 3) and ( 6) systematically predict a limited capacity of soils to accumulate organic matter, that is, the C s pool has a finite steady state over the long-term. With equations ( 2), ( 4) and ( 5) an unlimited accumulation of soil organic C is possible depending on model parameters. These contradictory outcomes of different models show how the description of the decomposition process in models is a challenge for predicting the long-term C dynamics in soil.

Experiments devoted to study the co-limitation of C s decomposition by MB and C s pool are almost inexistent. Soil respiration is often correlated to C s content and MB (Hart et al., 1986;Bol et al., 2003;Zhang et al., 2013). However, these correlations are poor descriptors of the co-limitation because C s content and MB often vary simultaneously.

Moreover, without labelling of easily degradable fresh C, soil respiration is a mixture of easily degradable C and native soil C respirations. By applying three levels of 13 C labelled plant litter (i.e. fresh C) in soil, Guenet et al.(2010) showed that the rate of C s decomposition increased with the level of fresh C addition (PE) and, possibly, with the amount of MB. Moreover, the rate of increase decreased at the higher levels of fresh C addition, suggesting that C s decomposition (and PE) may saturate at high levels of fresh C addition and MB. However, MB was not quantified and the duration of the incubation was too short to quantify PE until the exhaustion of fresh C, which may have led to an underestimation of PE. By incubating two soils with contrasting C s content, it has been shown that PE and C s decomposition increased with C s content (Kuzyakov 2001, Bol et al., 2003) though the shape of the relationship (linear or saturating) could not be determined.

Consequently, a long-term experiment describing the response of C s decomposition to a large range of C s content and MB is required to describe the co-limitation of C s decomposition.

This study aims at: 1) exploring the co-limitation of C s decomposition by MB and C s content, 2) proposing an alternative equation of decomposition for new generation of models that integrate the role of soil microorganisms and 3) providing the first estimation of parameters of this new equation. To this end, a soil incubation experiment was conducted with a relatively organic-rich soil sampled in deep soil layer to ensure low MB.

The co-limitation of C s decomposition was studied in two sets of incubation (Table 1). In first set, C s content was kept constant, while MB was manipulated by the addition of different levels of 13 C labelled cellulose (easily degradable fresh C). In the second set, MB was kept constant, while the C s content was manipulated by diluting the soil with sand. For each treatment of each set, soil without cellulose addition was also incubated as a control.

The additional C s decomposition resulting from the introduction of a fresh C source (PE)

was quantified as the difference of unlabelled CO 2 emissions between cellulose-amended soil and control soil. In order to quantify the PE accurately, the incubation was maintained until the PE ceased The climate is semi-continental, with a mean annual temperature of 9°C and rainfall of 760 mm. The site has been a permanent grassland since >50 years. The soil was sampled from 40-60 cm depth where the slow decaying C is the main source of C for soil microorganisms and initial microbial biomass is low (110 mg C kg -1 dry soil) (Fontaine et al., 2007). The samples were air-dried, homogenized and sieved at 4mm. The soil is a drained Cambisol with the following characteristics: soil organic carbon 24±0.9 g kg -1 soil, soil pH 6.1±0.21, clay (%) 27 ± 1.3, soil organic C δ 13 C (‰) -26.7±0.02.

Incubations

In the first set of incubation (hereafter set 1), the microbial biomass was manipulated by the addition of three levels [START_REF] Bahn | Does photosynthesis affect grassland soil-respired CO 2 and its carbon isotope composition on a diurnal timescale?[END_REF][START_REF] Bell | Priming effect and C storage in semiarid no-till spring crop rotations[END_REF][START_REF] Bingeman | The effect of the addition of organic materials on the decomposition of an organic soil[END_REF] g C-cellulose kg -1 soil, Table 1) of 13 C labelled cellulose (δ 13 C = 2899 ‰). This gradient of fresh C is very large since the highest cellulose level corresponds to three times the availability of fresh C typically found in permanent grassland (Fontaine et al., 2007). In the second set (hereafter set 2), nine levels of C s content (from 1.1 to 24 g C kg -1 soil, Table 1) were obtained by diluting soil with fine sand. For the latter set, the same level (1 g kg -1 soil) of 13 C labelled cellulose was added to all soil dilutions to have similar levels of active microbial biomass. For each treatment of each set of incubations, soil without cellulose was also incubated as a control. The incubation microcosms consisted of 25 g (oven-dry basis) soil or soil-sand mixture placed in 500 ml flasks. Cellulose was added after 7 days of pre-incubation. The cellulose was extracted from uniformly 13 C labelled wheat straw by the method of Wise (1944). All microcosms were amended with a nutritive solution (NH 4 NO 3 , KH 2 PO 4 , MgSO 4 ) so that soil micro-organisms were not limited by mineral nutrients. Concentration of nutrients was calculated on the basis of the highest level of cellulose and to reach final C/N, C/P and C/S ratios of 20, 80 and 200, respectively. Sufficient microcosms were prepared to ensure five destructive sampling and three replicates per treatment. The microcosms of set 1 and 2

were incubated at a water potential of -50 kPa and at a temperature of 20 °C.

Measurement of C mineralization and microbial biomass

The CO 2 released by soils was trapped in (Vance et al., 1987;[START_REF] Wu | Measurement of soil microbial biomass C by fumigation-extraction-an automated procedure[END_REF].

Quantification of priming effect (PE)

In cellulose amended soils, the 13 C labelling of cellulose allowed separation of the respiration derived from soil C (R s ) and cellulose C (R c ) (mg C-CO 2 kg soil -1 ) using the following mass balance equations: R s + R c = R tot [START_REF] Blagodatskaya | Priming effects in Chernozem induced by glucose and N in relation to microbial growth strategies[END_REF] R s * A s 13 + R c * A c 13 = R tot * A tot 13 [START_REF] Bligh | A rapid method of lipid extraction and purification[END_REF] where A s 13 is the 13 C abundance (atom %) of C s , A c 13 the 13 C abundance of cellulose, R s the respiration of control soil, R c the respiration of cellulose, R tot the total respiration emitted by cellulose amended soil.

The priming effect (PE) induced by cellulose addition was calculated as: PE = (R s soil with cellulose)-(R s control soil) [START_REF] Broeckling | Root exudates regulate soil fungal community composition and diversity[END_REF] where (R s control soil) corresponds to CO 2 emission from control soil.

Statistical analyses

A one way ANOVA was done to investigate the effect of cellulose addition and C s content on cumulative soil C respiration and PE at the end of incubation. The difference of cumulative PE among cellulose levels and C s contents was tested with Tukey's test. The effect of cellulose addition on microbial biomass was studied by an ANOVA. All statistical analyses were performed with software R version 2.14.

Modeling of priming effect and estimation of parameters

The simplest model was built to model the decomposition of C s and its dependence on fresh C, MB and C s content (Fig. 5a, Table 2). This model comprised three C pools: soil organic C (C s ), microbial biomass C (C ds ) and cellulose C (C f ). MB is supplied by cellulose decomposition which is modeled by the classical equation kC f. (Paul and Clark, 1989) where k is the decay rate of fresh C. The microbial turnover and respiration is modeled as mC ds where m is the rate of C loss from the MB. Decomposition of C s depends on MB, but the shape of this dependence depends on the equation of decomposition tested. Equations 2 to 6 presented in the introduction have been tested with our incubation results. Only equation 5 was able to model the PE and, thereby, has been included in the model presented below.

( )

) (t) (11) ( ) ( ) ( ) ( (10) ( ) ( ( ) ( ) 
) 12 
where A is the maximum degradation activity of microorganisms, when C s content is not limiting. The CO 2 released in control (without cellulose) soils results from the combined mineralization of several C pools which cannot be separated. Therefore, the model was directly constrained to PE (degradation of recalcitrant soil C) and was not used to simulate C mineralization in control and cellulose amended soils separately. Given that change in the C s pool was negligible during incubation (<1.5% of the initial concentration), this pool was considered constant in order to simplify the mathematical analysis. The C s decomposition flux modeled with Eq. 12 determines the PE as following:

( ) ( ) (13) 
where (t) is the instantaneous PE.

In experiments, the PE is often presented in cumulative values since the instantaneous PE is often variable depending on rapid microbial dynamics (Dijkstra et al., 2009;Blagodatskaya et al., 2010;Guenet et al, 2010). Accordingly, most results of the present study are expressed in cumulative values. The fitting of the model against these cumulated data required an integration of equations 10 to 12 with time. After integration, the cumulative priming effect PE c was determined as:

( ) ∫ ( ) [ ( ( ) ) 
]

where J is a constant defined as and C 0 is the added amount of cellulose-C.

Given that the incubation was maintained until cellulose exhaustion and the end of PE ( ) , the relative complex equation 14 was simplified by integrating it from 0 to +∞ in order to model PE c at the end of incubation.

( ) ∫ ( ) (15) 
Replacing J by its value, this Eq. is rewritten as:

( ) (16) 
where K m is the Michaelis Menten constant.

Three parameters must be determined in Eq. 16: A, m and K m . The incubation set 1, where three levels of cellulose ( ) were applied to non-diluted soil, was used to determine m.

For this fitting, Eq.13 and 16 were combined in order to remove parameters A and K m from Eq 16 to obtain:

( ) ( ) ( ) ( ) ( ) (17) 
Parameter m was obtained by fitting Eq. 17 to the cumulative priming effect at the end of incubation ( ( )) and for the three levels of cellulose ( ), and to the instantaneous priming effect ( ) and microbial biomass ( ) determined at day 20, 40, 80, 177. In order to determine A and Km, Eq. 16 with the estimated parameter m was fitted against data from incubation set 2, where the cumulative PE at the end of incubation ( ( ))

was quantified for seven levels of C s .

Integration of co-limitation in models: consequences for their predictions

The integration of co-limitation of decomposition in models can change their predictions on soil C dynamics. To analyze these changes, we have built a simple model of C s dynamics inspired from the model of C s decomposition used previously (Fig. 5b, Table 2). Compared to the previous model, the microbial release of recalcitrant C compounds contributing to the formation of C s was incorporated. The formation of C s was modeled with sC ds where s is the rate of microbial production of C s . Moreover, a flux of fresh C supply ( ) from a non modeled plant compartment was incorporated. The release of CO 2 from microorganisms due to microbial turnover and respiration was modeled as rC ds where r is the rate of CO 2 release. r+s represent the turnover rate of microorganisms (m in the previous model). The model read as follow:

( ) (18) 
( ) ( ( ) ( ) ) ( ) (19) 
( ) ( ) ( ) (20) 
The model was mathematically analyzed at steady state (differential equations were set to zero) to determine the effect of the parameters on different soil compartments. The feasibility of steady states was determined by studying the conditions to obtain positive values for model compartments. The possibility and conditions under which C s does not reach a steady state were also analyzed by studying the derivative equation 20.

Model simulations were made to characterize the dynamics of C s pool after establishment of an ecosystem that is, starting from a soil without organic matter. The parameters A, and K m were obtained from this study. Parameters r and s were calculated from the microbial turnover m estimated in this study, and assuming a 70/30 partitioning of released C in CO 2 and C s (Hénin & Dupuis, 1945;Kirkby et al., 2013). To simulate the effect of a conversion of grassland to cultivated soil, which generally increases the decomposition activity of microorganisms (Murugan, 2013) the value of parameter A was tripled.

Results

Incubation set 1: effect of different levels of cellulose addition

Priming effect

Cellulose addition triggered an over-mineralization of soil-originated C compared to control, i.e. a positive priming effect (PE) (Fig. 6a). The PE started during cellulose decomposition and persisted until day 120. The cumulative PE did not significantly vary between days 120 to 177 indicating that there was no more over-mineralization of soil originated C at the end of incubation. A strong positive linear relationship was found between cumulative PE and cellulose level at the end of incubation (R 2 = 0.99) (Fig. 6b) implying that PE, and thereby SOM mineralization, is a linear function of fresh C input to soil.

Microbial biomass

The supply of cellulose significantly increased total microbial biomass (MB) (p < 0.001, Fig. 6c &6d). The control and cellulose amended soils had similar amount of unlabelled biomass throughout the whole incubation period (p = 0.2, Fig. 6c), which indicated that the PE induced in cellulose amended soils was actually caused by an acceleration of C s mineralization and not by an artifact due to C isotope substitution in MB (Bingeman et al., 1953;Fontaine et al., 2011). The increase in total MB resulted from the formation of labelled MB during cellulose decomposition (Fig. 6d). The MB peaked at day 40 and then decreased until the end of the incubation. A positive linear relationship was found between labelled MB at day 40 and cellulose level (R 2 =0.92) (S1), indicating that soil MB was successfully manipulated with cellulose addition. Labelled MB was linearly related to instantaneous PE (Fig. 7), but the slope decreased between days 20 to 80. This result indicates that the degradation activity of C s by microorganisms decreased with time.

Incubation set 2: effect of soil C content (C s ) on priming effect

The supply of cellulose induced a significant PE in all soil dilutions, except for three highest dilution rates (corresponding to C s =3.4, 2.3 & 1.1 g C kg -1 , Fig. 8a). In general, the PE is more variable in diluted soils compared to undiluted soil (Fig 8a,b). The PE started during cellulose decomposition and stopped after 150 days (Fig. 8a). At the end of incubation, the cumulative PE significantly increased with C s content until reaching a plateau between 10 to 15 g C kg -1 soil (Fig. 8b). The cumulative PE was not significantly different between the five highest C s content (From 12 to 24 g C kg -1 soil, Fig. 8). 

Modeling of priming effect and estimation of parameters

Given that the PE increased linearly with cellulose level and MB whereas it saturated with increasing C s content (Fig. 6 & 8), the Michaelis-Menten equation (Eq. 5) was the most suitable to model the PE. The linear relationship between the cumulative PE at the end of incubation and the cellulose level was fitted with Eq. 17 to determine parameter m (microbial turnover rate). For this fitting, the ratio between the instantaneous PE and the MB ( ) ( ) which corresponds to the C s degradation activity per unit of MB, was determined. However, Fig. 7 shows that this ratio decreased with incubation time, which can be explained by the progressive dormancy of microorganisms induced by cellulose exhaustion. Since our model of decomposition only considers the active part of MB, the highest value of ratio 

The fitted model explained 99% variability in the observed cumulative PE (Fig 6b).

Parameter m was estimated to 0.435 with little uncertainty (Coef. Var. = 5%, Table 2). This value of m corresponds to a mean residence time of C in MB of 2.3 days (including microbial respiration and turnover).

The positive saturating relationship between the cumulative PE at the end of incubation and the C s content was fitted with Eq. 16 with the estimated value of m (0.435) as following:

( ) (22) 
The fitted model explained 87% variability in the observed cumulative PE (Fig 8b). The estimated value of A was 0.0638 with moderate uncertainty (Coef. Var. = 31%, Table 2). It is notable that m > A indicating that C loss from MB due to turnover (mC ds ) is higher than the maximum microbial uptake of C from C s pool (AC ds ). Thus, the model predicts that C s is not a sufficient source of energy for soil microorganisms that therefore have to use fresh C as a complementary source of energy. These results are consistent with several studies using other modeling and experimental approaches (Fontaine et al., 2007(Fontaine et al., , 2011;;Perveen et al., 2014). Parameter K m was estimated at 8.6 g C kg -1 soil with a large uncertainty (Coef.

var. = 83%, Table 2). This uncertainty arises from the variability of PE in high dilution rates of C s (Fig 8).

Integration of co-limitation in model: consequences for their predictions

At steady state, the model compartments are defined by the following equations:

(23) (24) (25) 
Eq. 23 shows that the pool of fresh C at steady state depends on the input of fresh C to soil ( ) and decay rate ( ). Eq. 24 shows that MB at steady state depends on the input of fresh C to soil ( ), microbial turnover ( ) and C s decomposition ( ). Eq. 25 indicates that the pool of C s at steady state depends on microbial parameters s, A and K m . The pool of C s increases with a higher effect of C s limitation on decomposition flux (higher K m ) and production rate of C s (s), and decreases with a higher degradation activity of microorganisms (A).

The feasibility of steady state for the MB ( ) requires that C loss from MB due to turnover ( ( ) ) is higher than the microbial uptake of C from C s pool ( ). This condition is supported by the experimental results presented in this study (m > A, Table 2). Feasibility of steady state for soil C pool ( ) requires that the maximum degradation activity of C s by microorganisms (A) must be higher than their production rate of C s (s). If this condition is not fulfilled, the differential equation 20 is positive indicating a continuous increase in C s . Thus, the model predicts that the soil C pool may continuously increase or reach steady state depending on parameters.

Our simulations show that, after the establishment of an ecosystem, the rate of C s accumulation decreases with time due to an accumulation of C s , which foster the decomposition flux (Eq. 20, Fig. 9a). However, the rate of C s accumulation stabilizes on the long run and C s never reaches steady state. This stabilization is induced by a progressive decrease of C s control on decomposition flux that becomes only controlled by MB and parameters (Eq 20 tends to ( ) ). For example, a shift in microbial parameter values ( ) due to grassland conversion to cultivated soil induced a decrease in C s pool until a steady state where C s limits decomposition flux (Fig. 9b). 

Discussion

Positive linear response of C s mineralization to microbial biomass: a large volume of soil unexplored by microorganisms

An important finding of our study is the linear increase of PE with microbial biomass (MB) although a large gradient of fresh C availability was used to manipulate MB (see section"Materials &Methods"). These results mean that C s decomposition is connected to the soil MB and its activity without any saturating effect. The absence of a saturating effect can be explained by the small volume of soil explored by soil microorganisms. Several scientists have noted that only 2-3 % of soil pores are occupied by soil microorganisms [START_REF] Jenkinson | The effect of biocidal treatments on metabolism in soils-III. The relationship between soil biovolumemeasured by optical microscopy and theflush of decomposition caused by fumigation[END_REF]Paul and Clark, 1989) meaning that most of C s reserves are not exposed to microbial breakdown. Therefore, our results indicate that increasing the availability of fresh C by incorporating plant residues in soil increases the number of microbial colonies with little chance of overlapping between their mineralization activities.

Consistently, C s mineralization linearly increases with MB.

Positive saturating response of C s mineralization to C s content: the local soil C availability matters!

Another main outcome of this study is that the PE increases with C s content until reaching a plateau between 10 to 15 g C kg -1 soil. This shows that, although most C s reserves remain unexplored by soil microorganisms, the content of C s can limit the flux of mineralization. This result supports the recently suggested idea (Schimel et al., 2011;Dungait et al., 2012) that the local availability of C s can be limiting for soil microbial activity. Indeed, the C s reserve is widely dispersed in soil pores inducing a spatial separation between C s reserve and MB [START_REF] Kuka | Modelling the impact of pore space distribution on C turnover[END_REF][START_REF] Ekschmitt | Soil carbon preservation through habitat constraints and biological limitations on decomposer activity[END_REF].

Moreover, low mobility of soil microorganisms and diffusion of extracellular enzymes and catabolites may limit the accessibility of C s reserve to vicinity of microbial colonies (Dungait et al., 2012). As a result, an increase in C s content increases the rate of C s mineralization until the local availability for microbial enzymes is no more limiting leading to the saturating effect. 

Model compartments

Fresh

C g C kg -1 Microbial C g C kg -1 Soil organic C g C kg -1

Model fluxes

Flux of fresh C to cellulose pool g C kg -1 day -1

Model parameters

Microbial decomposition rate of C f day -1 

Modeling the co-limitation: advances and limits

The linear non-saturating relationship between C s mineralization and MB indicates that the equations 1, 4, 6 presented in the introduction are not adapted to model the process of C s mineralization. The positive saturating effect of C s content on mineralization rate also excludes equations 2 and 3. Finally, the Michaelis-Menten equation (Eq. 5) accurately models C s decomposition and its dependence on MB and C s content (Fig. 6b and8b). It is possible that other equations not tested in this study can also model the co-limitation.

However, Eq. 5 relies on only two parameters (A and K m ) and is based on a well-known theory of enzyme kinetics developed for enzymatic reactions with low enzyme/substrate ratio like in soil (low microbial C/ C s ratio). Our results also provide the first estimations of parameters (A, m and K m ) of the model of decomposition. However, these parameters must be used with cautions because of the uncertainty linked to the fitting and variability of results (Coef. Var. K m = 83%) and estimation of C s decomposer biomass (C ds in the model). To date no method exists to specifically measure the biomass of C s decomposer. Therefore, the labelled MBC has been used as a proxy of C s decomposer biomass in order to constrain the model. However, the supply of cellulose probably stimulates r-strategist microbial populations that do not degrade C s (Fontaine et al., 2003). A part of this MB becomes dormant after cellulose decomposition (Fig. 7). This means that our study overestimates the biomass of C s decomposers and underestimates values of parameters A and m. We encourage studies aiming at identifying microbial populations involved in the PE through molecular markers that will allow their quantification in soil (Radajewski et al., 2000;[START_REF] Bernard | Dynamics and identification of soil microbial populations actively assimilating carbon from 13C-labelled wheat residue as estimated by DNA-and RNA-SIP techniques[END_REF][START_REF] Chen | When metagenomics meets stable isotope probing: progress and perspectives[END_REF]Pascault et al., 2013). Finally, in our experiments we have independently manipulated the microbial biomass (for a unique value of C s ) and C s (for a unique value of microbial biomass). Estimations of parameters would certainly be improved by manipulating microbial biomass and C s content simultaneously.

Consequences of co-limitation for soil C dynamics

Historically soil science has been developed by agronomists who have studied C s dynamics in cultivated soils with the purpose of increasing soil fertility and plant productivity. Overall, long-term agronomic experiments have shown that the conversion of ecosystems in cultivated soils decreased C s stock until reaching a steady sate [START_REF] Mcdonagh | Soil organic matter decline and compositional change associated with cereal cropping in Southern Tanzania[END_REF][START_REF] Birch-Thomsen | Temporal and spatial trends in soil organic carbon stocks following maize cultivation in semi-arid Tanzania, East Africa[END_REF]Johnston et al., 2009;[START_REF] Bruun | Organic carbon dynamics in different soil types after conversion of forest to agricultural[END_REF]. They also showed the possibility of increasing C s by changing agricultural practices (i.e. straw incorporation) (Powlson et al., 2012), but the stock of C s systemically reached another steady state after several years or decades (Johnston et al., 2009). These results have led to the building of several theories and models suggesting a limited capacity of soils to accumulate C s (i.e. C s saturation concept, Jenny 1941;[START_REF] Six | Stabilization mechanisms of soil organic matter: implications for C-saturation of soils[END_REF][START_REF] Stewart | Soil carbon saturation: concept[END_REF][START_REF] Wiesmeier | Carbon sequestration potential of soils in southeast Germany derived from stable soil organic carbon saturation[END_REF]. More recently, the crucial need to depict the global C cycle and its interactions with climate has led to study the dynamics of C s in relatively undisturbed soils like permanent grasslands and forest soils. These studies have shown that C s accumulates over millennia without reaching steady state, suggesting a non-limited capacity of undisturbed soils to store C (Fontaine and Barot, 2005;[START_REF] Wutzler | Soils apart from equilibriumconsequences for soil carbon balance modelling[END_REF].

These apparent contradictory results between cultivated and undisturbed soils can be conciliated by our model of C s dynamics integrating the co-limitation. This model predicts finite and infinite capacity of soils to accumulate C s depending on microbial parameters A and s controlling C s mineralization and formation. The continuous accumulation of C s in some undisturbed soils (Schlesinger 1990;Reichstein et al., 2009;[START_REF] Lal | Carbon Sequestration in Forest Ecosystems[END_REF] can be explained by our model by assuming s > A. In contrast, the loss of C s induced by the conversion of undisturbed to cultivated soils can also be explained by our model, by assuming a change in microbial functioning (s < A). In this case, the model predicts that C s stock will decrease until reaching a steady state where the C s content limits decomposition flux. These model predictions can be tested by measuring parameters A and s in a large range of undisturbed and cultivated soils. Parameter A can be estimated by applying the method used in this study while parameter s will require quantifying the fraction of fresh C stabilized in soil.

Chapter 3 : Priming effect and microbial diversity in ecosystem functioning and response to global change: a modeling approach using the SYMPHONY model.
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Introduction

The priming effect (PE) corresponds to the acceleration of mineralization of recalcitrant soil organic matter (SOM) after addition of fresh organic matter (FOM) to soil (Bingeman et al., 1953). This acceleration enhances CO 2 emissions from SOM mineralization by 12 to 400% compared to soil without FOM addition (Wu et al., 1993;Cheng et al., 2003;Fontaine et al., 2004b). Strong and persistent increases in CO 2 emissions may lead to a negative soil C balance, reducing the soil C stock to below initial values (Fontaine et al., 2004a(Fontaine et al., , 2004b;;Dijkstra & Cheng, 2007). Furthermore, the response of ecosystem C fluxes to global change has been shown to be controlled by PE intensity (Heimann & Reichstein, 2008). For example, the lack of SOM accumulation in ecosystems exposed to elevated CO 2 has been attributed to microbial priming of SOM [START_REF] Hoosbeek | More new carbon in the mineral soil of a poplar plantation under Free Air Carbon Enrichment (POPFACE): Cause of increased priming effect?[END_REF][START_REF] Talhelm | Species-specific responses to atmospheric carbon dioxide and tropospheric ozone mediate changes in soil carbon[END_REF]Drake et al., 2011;[START_REF] Iversen | Soil carbon and nitrogen cycling and storage throughout the soil profile in a sweetgum plantation after 11 years of CO2enrichment[END_REF]. These recent advances on PE indicate the need for a revision of current models that simulate the decomposition of SOM with first order kinetics, considering only SOM pool size and environmental factors (Jenny, 1941;McGill, 1996).

Over the last decade, many attempts have been made to model PE and its consequences for soil C and nitrogen (N) cycles. It is remarkable that all theseattempts have focused on building alternative models of SOM dynamics rather than integrating PE into existing models (Schimel & Weintraub, 2003;Fontaine & Barot, 2005;Neill &Gignoux, 2006;Guenet et al., 2010;[START_REF] Blagodatsky | Model of apparent and real priming effects: Linking microbial activity with soil organic matter decomposition[END_REF], likely because the latter approach requires changes in the core structure of current models that are relatively complex (many SOM compartments and soil processes are modeled) (McGill, 1996).

Alternative models simulate the PE by considering one or several pools of microbial biomass that are linked to SOM decomposition rate using linear (Fontaine & Barot, 2005;[START_REF] Blagodatsky | Model of apparent and real priming effects: Linking microbial activity with soil organic matter decomposition[END_REF] or non-linear saturating equations (Gignoux et al., 2001;Schimel & Weintraub, 2003). Some models also explicitly consider the stoichiometric constraints of microbial biomass (Schimel & Weintraub, 2003;Fontaine & Barot, 2005) and the interactions between distinct microbial functional groups to simulate the decrease in PE after supply of mineral nutrients to soil microbes (Fontaine et al., 2004b;Allison et al., 2008). These models have improved our understanding of the molecular, cellular and microbial population-scale mechanisms at play and are able to predict PE in soils incubated with different C substrates and N availability (Neill & Gignoux, 2006;Neill &Guenet, 2010;[START_REF] Blagodatsky | Model of apparent and real priming effects: Linking microbial activity with soil organic matter decomposition[END_REF]. However, the common missing point in all of these models is the plant compartment. The next step is to build a PE model taking into account soil-plant interactions and their feedback to C and N cycles.

Some experimental studies on PE suggest that links between plant and SOMdecomposers are bidirectional. Plants stimulate SOM-decomposers through deposition of energy-rich C-substrates in rhizosphere (Cheng et al., 2003;Dijkstra & Cheng, 2007;Shahzad et al., 2012), whereas stimulated SOM-decomposers increase gross N mineralization (Dijkstra et al.,2009[START_REF] Dijkstra | Elevated CO 2 , but not defoliation, enhances N cycling and increases short-term soil N immobilization regardless of N addition in a semiarid grassland[END_REF] and subsequent plant N uptake. However, plant supply of C to soil decomposers can also reduce N availability for plants. Indeed, certain microbial communities immobilize N from soil solution in order to maintain their C:N ratio [START_REF] Recous | Interactions between decomposition of plant residues and nitrogen cycling in soil[END_REF][START_REF] Mary | Interactions between decomposition of plant residues and nitrogen cycling in soil[END_REF] because they are not able to mineralize SOM (Fontaine et al., 2003) or they prefer to absorb this readily available N instead of mineralizing SOM (Kuzyakov et al., 2000) which is an energy-consuming process (Fontaine et al., 2007). Part of the immobilized N is then sequestered in SOM over tens or hundreds of years [START_REF] Martel | The use of radiocarbon dating of organic matter in the study of soil genesis[END_REF] before its release by microbial mineralization (Mary etal., 1996). Consequently, the availability of N for plants depends on complex microbial mechanisms that control the N release/sequestration balance in SOM.

Recent studies report an indirect control of the N release/sequestration balance by plant uptake of mineral N (i.e. [START_REF] Inselsbacher | A novel 15 N tracer model reveals: Plant nitrate uptake governs nitrogen transformation rates in agricultural soils[END_REF]. For example, under elevated CO 2 , plants increase their N uptake, which in turn intensifies SOM mineralization (N release) (Carney et al., 2007;Drake et al., 2011). In contrast, a reduction in plant N uptake in response to plant clipping, decreases SOM mineralization leading to N sequestration (Shahzad et al. 2012). These results suggest that soils function as a bank of nutrients for plants, releasing nutrients from SOM when plant N uptake is high and sequestering mineral nutrients when plant N uptake is low. Since the availability of mineral N for microorganisms drives PE intensity and N mineralization (Fontaine et al., 2004), it has been suggested that PE could explain this bank functioning of soils (Fontaine et al., 2011).

The integration of plants in PE models is therefore needed to better understand the 'bank' mechanism and its consequences for ecosystem function. Moreover, since this 'bank' mechanism may be sensitive both to mineral N availability and atmospheric CO 2 that are currently increasing at a global scale [START_REF] Barnola | Comparison of CO 2 measurements by two laboratories on air from bubbles in polar ice[END_REF][START_REF] Keeney | The Nitrogen Cycle, Historical Perspective, and Current and Potential Future Concerns[END_REF], such a model could lead to new predictions on the ecosystem response to global change.

The objectives of this modeling work were to: 1) build a plant-soil model including the PE;

2) determine the consequences of this inclusion for plant-soil interactions and ecosystem C and N dynamics; 3) parameterize the model and test its ability to predict forage production, soil C storage and N leaching in a permanent grassland; 4) explore the role of PE and microbial diversity on ecosystem responses to rising atmospheric CO 2 and N depositions.

To this end, a plant compartment was integrated in twoexisting models of SOM dynamics including the PE: one considers a single microbial type, the second considers two distinct microbial functional groups (Fontaine & Barot, 2005). The use of these two models allowed us to test the idea that interactions between functionally distinct microbial groups control plant-microbe co-existence and ecosystem properties as crucial as SOM accumulation. Models were analyzed mathematically at steady state, through simulations and comparison with pasture observations. We emphasize that this work is an exploration of alternative mathematical formulations that can be used to integrate the PE in existing models, and does not call into question the relevance of these models.

Materials and methods

Plant-soil model with a single microbial type

The model consists of one plant compartment, three soil organic C pools and one pool of mineral N (Fig. 10a, Table 3). The plant compartment supplies the soil with a flux of fresh organic C m p C p where C p is the plant C and m p is the rate of plant C deposition (plant tissue turnover and root exudation). A fraction e p of plant biomass is exported out of the ecosystem owing to herbivory or plant harvest. A fraction r p of plant C is released as CO 2 owing to respiration. Plants take up mineral nitrogen (φ up ) and atmospheric CO 2 (φ ph ) to form biomass with constant N:C ratio (β). At each time step, the plant N uptake (φ up ) is determined by the maintenance of plant N:C ratio as follows:

(1) Thus, according to eq 3 the photosynthesis flux φ ph is calculated as:

( ) ( ) (2) 
( ) (3) 
(4)
Liebig's law of minimum determines whether plant is C or N limited:

{ } (5)
Input of N into the ecosystem (φ i , atmospheric N depositions and fertilization) is considered constant. N losses (leaching and dentrification) from ecosystem are modeled by the function lN where l is the N loss rate.

The soil C pools consist of recalcitrant organic C (C s ), fresh organic C (C f ) and decomposer C (C ds ) (Fig. 10). The N:C ratios of C s and C ds are assumed constant and equal toα. The N:C ratio of C f is assumed to be same as that of plant (β). Decomposers mineralize C s and C f together since the recalcitrant C s is not a sufficient source of energy for decomposer needs (Fontaine and Barot, 2005;Fontaine et al., 2007). A fraction (r) of decomposer biomass is released as CO 2 due to respiration and turnover. Decomposers contribute to the formation of C s by releasing recalcitrant organic compounds (s).

Uptake or release of mineral N by the decomposers (φ ims ) is determined by the maintenance of decomposers N:C ratio (α):

(6) (7) ( ) (8) 
The immobilization-mineralization flux (φ ims ) is positive in the case of net N mineralization and is negative in the case of net N immobilization.

In line with results of previous PE studies, the decomposition of C s is considered to be limited by decomposer biomass and activity. Accordingly, the decomposition of C s is modeled by the equation AC ds where A is the rate of SOM consumption by decomposers.

The availability of SOM, C s, could also limit decomposition in soils with low SOM contents (Wutzler and Reichstein, 2008). The effect of C s limitation on model predictions has been analyzed (Appendix S1), but results are not presented in the core manuscript that focuses on the role of decomposer diversity and activity. Under C s limitations, our model predictionsare similar to those commonly predicted by current models of SOM dynamics (i.e. The SOM pool has a finite steady state).

In contrast to recalcitrant soil C, the decomposition of easily degradable fresh-C is limited by the amount of C when N is not limiting for decomposers (Paul & Clark, 1989).

Thus, the decomposers can be either C or N limited. Under C limitation, the fresh-C decomposition flux φ d is expressed by the traditional function yC f where y is the decay rate of C f . Under N limitation, the decomposition flux φ d is limited by the immobilization flux -iN where i is the immobilization rate. Thus, according to Eq 8 the decomposition flux φ d can be expressed as:

(9)
Liebig's law of the minimum determines whether decomposers are C or N limited:

{ } (10)
Because of the strict C-N coupling in the compartments and fluxes, the differential equations for the model can be reduced to five independent variables:

( ) (11) (12) ( ) (13) (14) ( ) (15) 

Plant-soil model with two microbial functional types

Two microbial functional groups are distinguished in this model (called SYMPHONY hereafter in reference to the organized interactions between plant and decomposers; Fig. 10b, Table 3). As in the previous model, one group of microorganisms, called SOM-decomposers (C ds ), degrades recalcitrant SOM by using fresh C as an energy source. A second group of decomposers only decomposes fresh C (Fontaine et al., 2003). This group favors SOM accumulation since it releases recalcitrant SOM compounds without mineralizing them. This group is referred to as SOM-builders (C df ). Despite their contrasting roles regarding the SOM pool, SOM-builders and SOM-decomposers have similar characteristics: the two decomposers have the same N:C ratio (α), rate of CO 2 production (r), rate of SOM production (s) and can be limited by C or N. For C or N limitation of SOM-builders, fresh-C decomposition flux (φ f ) and mineralization-immobilization flux (φ imf ) were calculated with the same approach as in the previous model. The differential equations of the model read as follows:

( ) (16) 
(17)

( ) (18) 
( ) (19) 
(20)

( ) (21) 
{ } (22) ( ) (23) 
where u is the rate of FOM consumption by SOM-builders under C limitation. The fluxes , , and are expressed by the same equations as in the previous model. Plant N uptake rate 0.0289652 day -1 Atmosphere CO2 concentration 400 ppm N input to ecosystem 0.0627704 g N m -2 day -1

Mathematical analysis of models at steady state

The two models were mathematically analyzed at steady state of all model compartments (differential equations were set to zero) except the SOM pool that does not necessarily reach equilibrium (see criteria below). The feasibility of steady states was determined by studying the conditions to obtain positive values for ecosystem compartments. Moreover, the models must be able to account for the priming effect and a number of key ecosystem properties used as criteria for model evaluation:

1-The co-existence of plant and decomposers.

2-Ecosystems must be able to resist to a long-term (tens years) net nutrient output.

Indeed, several long-term agro-ecological experiments (LTAE) have shown that grasslands and cultivated soils persist even when they are exposed to net nutrient outputs (biomass harvest and no fertilization) over tens years [START_REF] Kofoed | Askov 1894 -Fertilizers and Manure on Sandy and Loamy Soils[END_REF][START_REF] Dyke | The Broadbalk wheat experiment 1968-78: yields and plant nutrients in crops grown continuously and in rotation[END_REF]Mattsson, 1987b;[START_REF] Rasmussen | Agroecosystem-Long-term agroecosystem experiments: Assessing agricultural sustainability and global change[END_REF]. During this period, SOM serves as a reserve of nutrients for plants allowing ecosystem persistence despite the large quantity of nutrient exported [START_REF] Kofoed | Askov 1894 -Fertilizers and Manure on Sandy and Loamy Soils[END_REF][START_REF] Dyke | The Broadbalk wheat experiment 1968-78: yields and plant nutrients in crops grown continuously and in rotation[END_REF]Mattsson, 1987b;[START_REF] Rasmussen | Agroecosystem-Long-term agroecosystem experiments: Assessing agricultural sustainability and global change[END_REF]. This soil process contributes to the stability of natural ecosystems since N inputs and N outputs are highly variable and can sometimes lead to a negative balance [START_REF] Vitousek | Nitrogen Limitation on Land and in the Sea -How Can It Occur[END_REF][START_REF] Rasmussen | Agroecosystem-Long-term agroecosystem experiments: Assessing agricultural sustainability and global change[END_REF]. Inour model, ecosystem resistance to net nutrient output implies that compartment values must remain positive when φi-lN-βe p C p <0 (Fig. 10).

3-The continuous accumulation of SOM in undisturbed soils (grassland and forest soils) when there is net nutrient input to ecosystems (Syers et al., 1970;Schlesinger, 1990;[START_REF] Knops | Dynamics of soil nitrogen and carbon accumulation for 61 years after agricultural abandonment[END_REF], i.e. there is no theoretical limit to soil C accumulation (Reichstein et al., 2009). In our model, this property implies that must be > 0 when φi -lN-βe p C p >0 where φi is the N input to ecosystem, lN is the N leaching and βe p C p is the N output from the ecosystem due to plant exports (herbivore consumption, plant harvest).

4-Eventual steady state for SOM pool, especially in agricultural systems where N inputs balance N outputs (Johnston et al., 2009). In our model, this property implies that = 0 in some conditions.

Model Parameterization

The model including the two microbial populations SYMPHONY was the sole model capable of accounting for all above criteria. Therefore, SYMPHONY was parameterized in order to 1)

study the mechanistic basis of the bank functioning of soils, 2)simulate the compartments and fluxes of study grassland and 3) predict the grassland response to rising atmospheric CO 2 and N inputs to ecosystem (fertilization, atmospheric N depositions).

Model parameters were estimated both from published studies and specific measurements made at a studied experimental site (Table 3). The site is a temperate permanent grassland located at 1040 m in France (Laqueuille, 45°38'N, 2°44'E). Mean annual precipitation and temperature are 1,200 mm and 7°C respectively. The site is divided into two adjacent pastures grazed by heifers but at different intensities. Intensive pasture is adjusted to a mean stocking rate of 1 living stock unit (LSU) ha -1 year -1 and is fertilized with190 kg N ha -1 year -1 (ammonium nitrate). Extensive pasture was adjusted to mean stocking rate of 0.5 LSU ha -1 year -1 and was not fertilized. For more details see [START_REF] Allard | The role of grazing management for the net biome productivity and greenhouse gas budget (CO 2 , N 2 O and CH 4 ) of seminatural grassland[END_REF].

Decomposer consumption rate of SOM A was estimated following Fontaine et al., (2011) who quantified biomass and activity of cellulolytic fungi carrying out PE. Turnover of decomposers s+r was calculated from the decay rate of cellulolytic fungi after exhaustion of fresh C (Fontaine et al., 2007;2011). Decomposer production rate of SOM s was estimated by assuming that 30% of the consumed fresh C by decomposers is humified in SOM (Hénin & Dupuis, 1945;Kirkby et al., 2013). The fraction of decomposer biomass released as CO 2 r was given by the difference between s+r and s. The rate of fresh C consumption by SOM-decomposers y and the rate of fresh C consumption by SOMbuilders u were determined by constraining SYMPHONY to compartments and fluxes of study grassland (See next section). The N:C ratio of FOM and SOM, respectively β and α, were estimated by measuring the N:C ratio of plant roots and total soil organic matter of the studied site. Plant photosynthesis rate under C limitation k was estimated by measuring biomass accumulation in the intensive pasture where plants were considered to be limited by C due to N fertilization and more frequent grazing [START_REF] Allard | The role of grazing management for the net biome productivity and greenhouse gas budget (CO 2 , N 2 O and CH 4 ) of seminatural grassland[END_REF][START_REF] Klumpp | Long-term impacts of agricultural practices and climatic variability on carbon storage in a permanent pasture[END_REF]. Plant N uptake under N limitation e was estimated by measuring biomass accumulation in the extensive pasture where plants were considered to be mainly Nlimited. The immobilization rate of mineral N by decomposers i was estimated by considering a ratio of 0.38 between rates of microbial immobilization i and plant N uptake e [START_REF] Recous | Transformations et devenir de l'azote de l'engrais sous cultures annuelle et sous prairies[END_REF]. Plant respiration rate r p was estimated by assuming that 40% of fixed C is released as CO 2 [START_REF] Nguyen | Rhizodeposition of organic C by plant: mechanisms and control[END_REF][START_REF] Balesdent | Contribution de la rhizodeposition aux matières organiques du sol, quelques implications pour la modélisation de la dynamique du carbone[END_REF] S3). For this analysis, the management parameters were taken from the intensive pasture.

Simulation of studied grassland functioning

To test the capacity of SYMPHONY to simulate the functioning of our study grassland, we constrained the model with the management of the intensive pasture (parameter e p and ,

Table 3) and compared predicted compartment sizes and fluxes with observations (Table 6). The deviation between modeled (MV) and observed (OV) values was minimized by fitting microbial parameters u and y using Berkeley Madonna. In order to give the same weight to each variable during the fitting, the relative mean deviation (RD) was calculated as ∑ ( ) where n is the number of study variables.

Plant export rate e p was calculated from the stocking rate (approx. 1 LSU ha -1 year -1 )

and by assuming an uptake of 12 kg DM day -1 LSU -1 . The total N inputs to this ecosystem (fertilization, animal excretion, biological fixation, N depositions) were estimated by calculating a complete N balance of the intensive pasture. Given that our model does not explicitly consider animal excretion and biological fixation, we assumed that these inputs supplied the pool of mineral N through φ i . The flux φ i was estimated to 0.063 g N m -2 day - 1 .

Mean annual compartment sizes and ecosystem fluxes were quantified in the intensive pasture over the period 2003-2008 and by considering a soil depth of 0-60 cm (Table 6).

Plant C stock (C p ) was estimated from root and shoot biomass and its C content. Fresh organic C stock (C f ) was estimated by quantifying particulate organic matter (POM > 200 µm) [START_REF] Loiseau | Elevated[END_REF] and its C content. Soil mineral N (N) was quantified after extraction with KCl. Soil C stock (C s ) was estimated from total C and bulk density. Net carbon flux to soil ( ) was estimated by the eddy covariance technique combined with specific greenhouse gas measurements such as methane emissions [START_REF] Klumpp | Long-term impacts of agricultural practices and climatic variability on carbon storage in a permanent pasture[END_REF].

Flux of N leaching (lN) was obtained from [START_REF] Simon | Gestion de l'azote dans les systèmes prairiaux pâturés permanentes ou de longe durée[END_REF] Plant carbon exports (e p C p ) by heifers were estimated assuming an uptake of 12 kg DM day -1 per LSU and 42% carbon content in forage (IPCC, 2006).

Study of the mechanistic basis of the bank functioning

Nitrogen inputs to the intensive pasture were drastically reduced (current inputs divided by 6) to impose a net nutrient output (φi-lN-βe p C p <0) on the ecosystem that is currently subjected to a net nutrient input (φi-lN-βe p C p >0). The response of ecosystem compartments and fluxes to these two ecosystem N balances was determined to analyze the soil capacity to release or sequester N (bank functioning).

Grassland response to rising atmospheric CO 2 and N depositions: SYMPHONY predictions

To study ecosystem responses to elevated CO 2 or N deposition, CO 2 concentration was increased by 40% (from 400 to 560 ppm) and N input to ecosystem was increased by 13% (from 0.06 to 0.07 g N m -2 day -1 ).The effect of CO 2 (C a ) and N input to ecosystem (φi) on soil C storage ( ) was also studied mathematically at steady sate in order to verify the generality of model predictions,

Results

Plant-soil model with a single microbial type

Decomposers and plants can be limited either by N or C. Four scenarios must thus be considered. For clarity, the results are summarized into two groups of scenarios that are interpreted similarly. The equations for these scenarios at steady state are given in Table 4.

Scenarios 1 and 2: decomposers are N-limited and plants are C or N limited All compartments have finite steady states except SOM and FOM (Table 4). The SOM and FOM compartments reach steady states under particular conditions depending on model parameters and N inputs to the ecosystem (Eqs (dC f /dt) * and (dC s /dt) * , Table 4).

Decomposer biomass (Eqs C ds * , Table 4) and thus SOM mineralization depends on the availability of mineral N rather than fresh C, signifying these scenarios do not simulate priming effect (PE). Moreover, decomposers immobilize N ( = -iN when decomposers are N-limited) implying that whole plant N uptake (φ up in Eqs N * , Table 4) must rely on N inputs to the ecosystem (φ i ). However, this is not realistic since N inputs to ecosystems are commonly very low compared to plant N uptake (Mattsson, 1987a;[START_REF] Vitousek | Nitrogen Limitation on Land and in the Sea -How Can It Occur[END_REF][START_REF] Rasmussen | Agroecosystem-Long-term agroecosystem experiments: Assessing agricultural sustainability and global change[END_REF]. Under these scenarios, the ecosystem is not able to resist a long-termnet nutrient output (criteria 2 of model evaluation).

Scenarios 3 and 4: decomposers are C-limited and plantsare C or N limited All compartments have finite steady states except SOM (Table 4). Decomposer biomass (Eqs C ds * , Table 4) and SOM mineralization depend on fresh C availability, signifying these two scenarios allow simulating PE. Direction of SOM change (increase or decrease) only depends on microbial parameters s and A (Eqs (dC s /dt) * , Table 4). To account for the accumulation of SOM in ecosystems (criteria 3) the condition s>A is imposed in these scenarios. This SOM accumulation implies a sequestration of N leading to a continuous removal of N from the mineral pool (Eqs N * , Table 4). Decomposers can mineralize or immobilize N. This immobilization-mineralization flux is determined by Eq 8 that can be reorganized as:

( ) (24) 
Decomposers mineralize N if the amount of N acquired through plant litter deposition ( ) is higher than the amount of N sequestered in the SOM pool (s>A to fulfill criteria 3). This equation also shows that, in the case of N mineralization, the amount of N mineralized by decomposers is always lower than the amount of N lost by the plant through litter deposition since part of litter N is sequestered in SOM. Moreover, there are several N outputs from ecosystems (plant harvest, N leaching). Under these conditions, the model predicts that the maintenance of ecosystem compartments requires that N inputs to the ecosystem always compensate plant N exports, N leaching and N sequestration in SOM (φi = βe p C p * +lN * +α(s-A)C ds * , Eqs N * , Table 4). Thus, the ecosystem is not able to resist a long-term net nutrient output (criteria 2 of model evaluation).

It is worth mentioning that when the criteria 3 (SOM accumulation) is not respected (s<A), microbial N mineralization can compensate ecosystem N losses allowing ecosystem persistence (Eqs N * , Table 4). However, the model predicts a continuous decrease in SOM pool until its exhaustion, which is unrealistic.

We conclude that the plant-soil model with one microbial type cannot account for ecosystem resistance to a long-term net nutrient output and the SOM accumulation in ecosystems simultaneously (criteria 2 & 3).

Plant-soil model with two microbial functional types (SYMPHONY)

Inclusion of a second microbial type that can either be N or C limited leads to eight possible scenarios. 5) must rely on N supply to ecosystems (φ i )., which is not realistic. 

( ) ( ( ) ( ) ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) Scenario 2 Scenario 4 ( ) ( ) ( ) ( ( ) ( ) ) N ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )
Scenarios 5 and 6: SOM-decomposers are N-limited, SOM-builders are C-limited and plantsare C or N limited Biomass of SOM-decomposers (Eqs C ds * , Table 5) and thus SOM mineralization depend on the availability of mineral N rather than fresh C, signifying these scenarios do not simulate the PE. The immobilization-mineralization flux induced by SOM-builders is determined by Eq 23 that can be reorganized as: [START_REF] Drake | Increases in the flux of carbon belowground stimulate nitrogen uptake and sustain the long-term enhancement of forest productivity under elevated CO₂[END_REF] This equation indicates that SOM-builders only release a part of plant litter N that they decompose ( ) the remainder being stored in SOM ( ). Moreover, due to their N limitation, SOM-decomposers immobilize mineral N ( ). Under these conditions, the maintenance of ecosystem compartments requires that N inputs to the ecosystem always compensate plant N exports, N leaching and N sequestration in SOM (Eqs N * , Table 5).Thus, the ecosystem is not able to resist to a long-term net nutrient output, which is unrealistic (criteria 2 of model evaluation). 5). Biomass of SOM-decomposers (Eqs C ds * , Table 5) and SOM mineralization depends on fresh C availability, signifying that these two scenarios allow simulating the PE. As SOM-decomposers compete for fresh-C with N-limited SOMbuilders the intensity of PE depends on microbial interactions as observed in recent lab studies (Nottingham et al., 2009;Pascault et al., 2013). Due to their N limitation, SOMbuilders immobilize N and sequester it in SOM. In contrast, SOM-decomposers mineralize N. This mineralization flux can be expressed as:

( ) (26) 
which indicates that SOM decomposers release N from plant litter they decompose ( ) and from the SOM pool if s<A, which is one condition of model feasibility (see paragraph on model feasibility below).

Ecosystem functioning in these two scenarios is notable because it can simultaneously account for ecosystem resistance to a long-term net N output (criteria 2)

and the long-term SOM accumulation when there is net N input to ecosystem (criteria 3).

These two key ecosystem properties are explained by the inclusion of PE and the interaction between SOM-decomposers and SOM-builders. A net N input to the ecosystem (φi -lN * -βe p C p * >0) increases N availability and biomass of N-limited SOM-builders (Fig.

12, Table 5). As the two decomposers are in competition for fresh C, an increase in biomass of SOM-builders decreases the biomass of SOM-decomposers (Fig. 12, Table 5).

As a result, the SOM pool increases leading to N sequestration. This N sequestration is maintained as long as there is net N input to the ecosystem (Unlimited capacity of soil to accumulate SOM). When there is a net N output from an ecosystem (φi -lN * -βe p C p * <0), biomass of SOM-builders decreases while biomass of SOM-decomposers increases resulting in destruction of SOM and release of mineral N (Fig. 12, Table 5). Thus, the soil functions as a bank of nutrients by storing mineral nutrients when they are in excess in solution and by releasing nutrients from SOM when they are in low concentration and could threaten plant persistence (Fig. 12). Finally, the model predicts that the SOM pool reaches a steady state (criteria 4) when ecosystem N inputs balance N outputs.

The model guarantees plant-decomposer co-existence (criteria 1) under some conditions of feasibility. For C df * >0 (Table 5), net N output from ecosystem must not exceed the term α (A-s) mpC p * /(s+r-A). The term mpC p */(s+r-A) is the maximum biomass of SOM-decomposers (all the fresh C is taken up by SOM-decomposers) and α (A-s) is the rate of release of N by SOM-decomposers (with A > s). Thus, the ecosystem persists if net N output from the ecosystem does not exceed the maximum capacity of SOMdecomposers to release N from SOM. For C ds * > 0 (Table 5), net N input to the ecosystem must not exceed the term (αs m p C p * /s+r) that corresponds to the maximum capacity of SOM-builders to sequester N in SOM. If this condition is not met, the mineral N pool increases, SOM-builders become C-limited (the model switches to scenarios 3 and 4) and excess of N is leached (data not shown). Another condition of feasibility is that the N:C ratio of FOM must be sufficiently lower than that of decomposers (for N*>0, αs-β(s+r) must be >0 implying that α must be >> β, Table 5). Otherwise, SOM-builders are no longer N-limited. This N limitation of SOM-builders is supported by many studies

showing an immobilization of N by microorganisms specialized in fresh C decomposition [START_REF] Recous | Interactions between decomposition of plant residues and nitrogen cycling in soil[END_REF][START_REF] Mary | Interactions between decomposition of plant residues and nitrogen cycling in soil[END_REF]. Finally, C loss from SOM-decomposers due to their turnover must be higher than their C uptake from SOM (For C df * > 0, s+r-A must be > 0, Table 5). This condition is supported by several studies (Fontaine et al., 2007(Fontaine et al., , 2011) ) showing that the energy required to solubilize SOM compounds (i.e. production of extracellular enzymes) is higher than the energy supplied by the respiration of these catabolites. Collectively, these results suggest that the conditions of plant-decomposer coexistence are realistic. Therefore, the model in these two scenarios meets the four evaluation criteria we chose.

Plants can be C-limited (scenario 7) or N-limited (scenario 8) depending on the relative availability of C (CO 2 +light) and N (mineral N). The conditions of switch between scenarios 7 & 8 are presented in Appendix S2. Shortly, when φ i increases, mineral N also increases and plants tend to become C-limited (scenario 7). In contrast, when N leaching (l) increases, mineral N decreases and plants tend to become N-limited (scenario 8).

Simulation of studied grassland functioning

The mean annual plant biomass of the studied permanent grassland represented 525±107 g C m -2 (Table 6). The continuous supply of fresh plant C led to the building of a large compartment of fresh C representing 635±129 g C m -2 . The amount of N present in mineral compartment was low compared to plant and fresh organic matter compartments, which is typical of undisturbed ecosystems (e.g. grasslands and forests). Despite the high N input to this ecosystem (0.063 g N m -2 day -1 ), the N leaching was low (0.0055± 0.0047 g N m -2 day -1 ) representing 9% of total ecosystem N input. The low rate of N leaching is a characteristic of undisturbed grassland ecosystems compared to cultivated soils [START_REF] Simon | Gestion de l'azote dans les systèmes prairiaux pâturés permanentes ou de longe durée[END_REF][START_REF] Lord | Agricultural nitrogen balance and water quality in the UK[END_REF]. The eddy covariance measurements showed a continuous net C storage of 0.57±0.40g C m -2 day -1 by this grassland. This result concurs with other studies (Syers et al., 1970;Schlesinger, 1990;[START_REF] Knops | Dynamics of soil nitrogen and carbon accumulation for 61 years after agricultural abandonment[END_REF][START_REF] Sanderman | Application of eddy covariance measurements to the temperature dependence of soil organic matter mean residence time[END_REF] suggesting that permanent grasslands can continuously accumulate organic C in soil without any apparent limit of accumulation.

SYMPHONY was able to simulate plant biomass (C p ), fresh organic C (C f ), mineral N (N), forage production (e p C p ), N leaching (lN) and ecosystem C storage (dC s /dt) with only 16.4% mean deviation compared to observed values (Table 6). The model simulations of C p , C f , e p C p and dC s /dt were particularly accurate with deviations < 6% compared to observed values. The mineral N pool and N leaching were less satisfactory with 43% deviation between observed and simulated values. However, this deviation was within the range of inter-annual variability observed for these variables (Table 6). Moreover, the amount of N in play in these variables was low compared to other ecosystem variables such as N in plant biomass and harvest.

Model simulations showed that the parameterized model had stable steady state (Fig. See section "Materials and methods" for details of measurements.

Grassland response to global change: SYMPHONY predictions

In agreement with the C limitation of plants, elevated CO 2 caused an increase in plant biomass and depositions of fresh organic C (Fig. 11). This stimulated the C-limited SOM-decomposers, the degradation of SOM (PE), the release of mineral N and finally the biomass of N-limited SOM builders (Data not shown) which sequester C and N in SOM.

Thus, under elevated CO 2 , the bank mechanism limits (adjustment of SOM dynamics to N availability) the loss of SOM owing to PE. However, despite the bank mechanism, the compartments of mineral N and plant at steady state were higher under elevated compared to ambient CO 2 (Fig. 11). As a result, ecosystem N outputs through leaching and plant exportation increased under elevated CO Mean deviation for all variables 16.4 decrease in the SOM builders/SOM decomposers ratio (Fig. 11& Table 5 for mechanistic understanding) decelerating C and N sequestration in SOM under elevated CO 2 (Fig. 11).

The mathematical analysis of SYMPHONY indicated that the negative effect of elevated CO 2 on SOM accumulation is general to all C-limited ecosystems (scenario 7).

Indeed, SOM dynamics after replacement of variables by their expressions at steady state reads as follows:

( ) ( ) (27) 
where

( ) ( ( ( ))) (28) (29) ( ) ( ( ( ))) (30) 
Given the conditions of feasibility of scenario 7, values of x, z and w are strictly positive. Thus, an increase in the concentration of CO 2 (C a ) has always a negative effect on the SOM pool (Eq 27).

In agreement with the bank mechanism described in scenarios 7 and 8, SYMPHONY predicted that increased N deposition (+30 kg N ha -1 year -1 ) increases the C df /C ds ratio and the rate of soil C storage (Fig. 12). However, increased N deposition also increased the mineral N pool (Fig. 12) and thereby N leaching (results not shown), signifying that only a fraction of added N was sequestered with C in SOM. Moreover, N inputs to the ecosystem should not exceed the maximum capacity of SOM-builders to sequester N in SOM (see conditions of feasibility of scenario 7) otherwise the excess of N is leached and SOM accumulation becomes C-limited.

Discussion

Paradox of plant persistence in a nutrient-trapping environment

One major outcome of our modeling analyses is that the question of plant persistence is not trivial in an environment where N is sequestered owing to SOM accumulation (Syers et al., 1970;Schlesinger, 1990) and ecosystem N inputs/outputs are large compared to plant biomass. In an environment characterized by N sequestration, plants can survive only if N sequestration stops when mineral N availability becomes critical for plants or if the external N supply compensates for N sequestration and eventual plant N exports. However, this latter condition is not realistic because N inputs to the ecosystem are not always higher than N removal by plant harvest/grazing and SOM accumulation [START_REF] Vitousek | Nitrogen Limitation on Land and in the Sea -How Can It Occur[END_REF][START_REF] Rasmussen | Agroecosystem-Long-term agroecosystem experiments: Assessing agricultural sustainability and global change[END_REF]. Moreover, it has been shown that SOM is a nutrient source for plants when there is net N output from ecosystems [START_REF] Kofoed | Askov 1894 -Fertilizers and Manure on Sandy and Loamy Soils[END_REF][START_REF] Dyke | The Broadbalk wheat experiment 1968-78: yields and plant nutrients in crops grown continuously and in rotation[END_REF]Mattsson, 1987b;[START_REF] Rasmussen | Agroecosystem-Long-term agroecosystem experiments: Assessing agricultural sustainability and global change[END_REF]. These observations combined with our modeling results suggest the existence of a fine adjustment of soil N dynamics to plant N uptake allowing plant-microbe co-existence.

Priming effect and microbial diversity in ecosystem functioning

Among the twelve analyzed scenarios, only scenarios 7 & 8 of the SYMPHONY (Table 5) model were able to account for the four criteria of model evaluation: plant-decomposers co-existence, ecosystem resistance to a long-term net N output from the ecosystems, the long-term SOM accumulation when there is net N input to the ecosystem and eventual steady state of SOM pool. This accounting is permitted by the fine adjustment of microbial N mineralization to plant N uptake the so-called "bank mechanism". Any excess of mineral nutrients is stored in SOM avoiding nutrient leaching, whereas mineral nutrients are released from SOM when they are in low concentration and could threaten plant persistence. A simple way to model this bank mechanism is to consider the destruction of SOM through PE and the interactions between two key microbial functional groups (Fontaine et al., 2003): SOM-decomposers and SOM-builders.These results support the idea of Fontaine & Barot (2005) that microbial diversity has key role on ecosystem persistence and properties as crucial as SOM accumulation. However, we cannot exclude the possibility of other model formulations able to simulate the bank mechanism with a single microbial type, but with more complex feedback mechanisms. A number of lab studies support the model formulation presented in this study to simulate the "bank mechanism". Indeed, N availability drives the structure of soil microbial communities (Allison et al., 2008;[START_REF] Ramirez | Consistent effects of nitrogen fertilization on soil bacterial communities in contrasting systems[END_REF][START_REF] Bates | Examining the global distribution of dominant archaeal populations in soil[END_REF]Ramirez et al., 2012), the activity of enzymes degrading recalcitrant SOM [START_REF] Carreiro | Microbial enzyme shifts explain litter decay responses to simulated nitrogen deposition[END_REF]Ramirez et al., 2012), the intensity of PE (Fontaine et al., 2004(Fontaine et al., , 2011) ) and thereby the direction of SOM pool change (increasing or decreasing). Now the bank mechanism may be studied in detail in plant-soil experiments where SOM dynamics, C and N fluxes and structure of microbial communities could be determined by combining different methods such as the 13 C and 15 N labeling of plants and mineral N [START_REF] Recous | Interactions between decomposition of plant residues and nitrogen cycling in soil[END_REF]Dijkstra & Cheng, 2007;[START_REF] Klumpp | Grazing triggers soil carbon loss by altering plant roots and their control on soil microbial community[END_REF]Shahzad et al., 2012) and the pyrosequencing of microbial DNA [START_REF] Wallenstein | Emerging tools for measuring and modelling the in situ activity of soil extracellular enzymes[END_REF]Pascault et al., 2013).

Ecosystem response to global change: new predictions lessen uncertainty

The earth's future climate depends on changes in ecosystem C storage in response to rising concentrations of atmospheric CO 2 . Current models qualitatively diverge in their predictions on ecosystem response to rising atmospheric CO 2 [START_REF] Amthor | Terrestrial higher plant response to increasing atmospheric [CO 2 ] in relation to the global carbon cycle[END_REF]Cao & Woodward, 1998a, 1998b;[START_REF] Kramer | Evaluation of six process-based forest growth models using eddy-covariance measurements of CO 2 and H 2 O fluxes at six forest sites in Europe[END_REF][START_REF] Krinner | A dynamic global vegetation model for studies of the coupled atmosphere-biosphere system[END_REF]. Some models focusing on the C cycle implicitly consider that plant growth is limited by C resources (Cao & Woodward, 1998a;[START_REF] Krinner | A dynamic global vegetation model for studies of the coupled atmosphere-biosphere system[END_REF][START_REF] Sokolov | Consequences of Considering Carbon-Nitrogen Interactions on the Feedbacks between Climate and the Terrestrial Carbon Cycle[END_REF]. These models consistently predict that an increase in atmospheric CO 2 will stimulate primary production, C input to soil and in fine C storage in soil (Cao & Woodward, 1998b;[START_REF] Krinner | A dynamic global vegetation model for studies of the coupled atmosphere-biosphere system[END_REF][START_REF] Sokolov | Consequences of Considering Carbon-Nitrogen Interactions on the Feedbacks between Climate and the Terrestrial Carbon Cycle[END_REF]. According to these models, plants could slow down the increase in atmospheric CO 2 emissions and the subsequent global warming, a forecast taken into account by the IPCC for their projections. In contrast, the models considering the coupling between C and nutrient cycles predict a negligible response of ecosystem to elevated CO 2 owing to limitation of plant growth by nutrient availability in soil [START_REF] Kirschbaum | Modelling forest-growth response to increasing CO 2 concentration in relation to various factors affecting nutrient supply[END_REF][START_REF] Sokolov | Consequences of Considering Carbon-Nitrogen Interactions on the Feedbacks between Climate and the Terrestrial Carbon Cycle[END_REF][START_REF] Goll | Nutrient limitation reduces land carbon uptake in simulations with a model of combined carbon, nitrogen and phosphorus cycling[END_REF]. supply of plants grown under elevated CO 2 . The model predicts that an increase in atmospheric CO 2 will not affect primary production and soil C storage when plants are Nlimited (i.e. high plant N uptake, low fertilization, high N exports and leaching). This prediction is supported by studies observing no effect of elevated CO 2 in nutrient (N or P) limited grasslands and forests [START_REF] Oren | Soil fertility limits carbon sequestration by forest ecosystems in a CO 2 -enriched atmosphere[END_REF][START_REF] Menge | Simulated global changes alter phosphorus demand in annual grassland[END_REF]. When plants are C-limited (i.e. low plant N uptake, high fertilization, low N exports and leaching), our model predicts an increase in primary production in response to rising atmospheric CO 2 .

However, contrary to the forecasts of current models, our model indicates that a higher plant C input to soil will deplete soil C stocks and increase N leaching as a result of SOMdecomposers stimulation (PE). This prediction is supported by recent studies showing a CO 2 -induced modification of soil microbial communities (Finzi et al., 2006;Carney et al., 2007;Blagodatskaya et al., 2010) leading to an intensification of SOM mineralization (Körner & Arnone, 1992;Finzi et al., 2006;Carney et al., 2007), a depletion in soil C stock (Carney et al., 2007) and an increase in N leaching (Liu et al., 2008).

Another outcome of our model was the positive effect of N inputs (i.e. fertilization, biological N fixation, atmospheric depositions) on SOM accumulation and ecosystem C storage irrespective of plant limitation (C or N) (Fig. 12). In the model, increased N availability not only stimulates photosynthesis of N-limited plants but also shifts the soil microbial community from being dominated by SOM-decomposers to SOM-builders. This community change preserves the old pre-existing soil C and stimulates formation of new soil C leading to SOM accumulation. These predictions are consistent with studies

showing an acceleration of SOM accumulation (Hagedorn et al., 2003 ;[START_REF] Bowden | Chronic nitrogen additions reduce total soil respiration and microbial respiration in temperate forest soils at the Harvard forest[END_REF]) by microbial communities with reduced catabolic capabilities in N-amended ecosystems [START_REF] Carreiro | Microbial enzyme shifts explain litter decay responses to simulated nitrogen deposition[END_REF]Fontaine et al., 2004b;Allison et al., 2008;Ramirez et al., 2012). Finally, by injecting N into ecosystems, legumes can also increase the SOMbuilders/SOM-decomposers ratio explaining their positive effect on soil C sequestration [START_REF] Sierra | Role of root inputs from a dinitrogen-fixing tree in soil carbon and nitrogen sequestration in a tropical agroforestry system[END_REF][START_REF] Van Groenigen | Element interactions limit soil carbon storage[END_REF].

Soil modeling: the slow revolution continues

Current models of SOM dynamics are based on concepts developed seventy years ago (Jenny, 1941;Hénin & Dupuis, 1945) simulating the SOM pool as a reservoir of water that flows out. This simple concept has generated models simulating C and N dynamics in a variety of ecosystem types, pedoclimatic situations, land use and agricultural practices (Smith et al., 1997). Although this valuable legacy must be preserved and used by the scientific community, current models should also evolve in order to integrate new knowledge and social expectations. However, it is now clear that PE exerts a strong effect on SOM dynamics (Bingeman et al., 1953;Wu et al., 1993;Cheng et al., 2003;Fontaine et al., 2004aFontaine et al., , 2004b) ) with important consequences for ecosystem function and responses to global change [START_REF] Hoosbeek | More new carbon in the mineral soil of a poplar plantation under Free Air Carbon Enrichment (POPFACE): Cause of increased priming effect?[END_REF]Dijkstra & Cheng, 2007;[START_REF] Talhelm | Species-specific responses to atmospheric carbon dioxide and tropospheric ozone mediate changes in soil carbon[END_REF]Drake et al., 2011;[START_REF] Iversen | Soil carbon and nitrogen cycling and storage throughout the soil profile in a sweetgum plantation after 11 years of CO2enrichment[END_REF]. Ecosystem models thus need to incorporate PE mechanisms if they are to accurately simulate trajectories of plant production and soil C storage under future conditions.

One of the main reasons why PE is not yet integrated in current models is the lack of an example of plant-soil models embedding PE and providing realistic predictions for key ecosystem functions. We contribute to filling this gap by proposing the first parameterized plant-soil model embedding the PE. With five compartments and eight parameters the soil module of SYMPHONY is relatively simple and lies in the low range of model complexity (Smith et al., 1997). When tested on a permanent grassland, SYMPHONY provided realistic predictions for ecosystem compartments and key fluxes such as forage production, soil C storage and N leaching. SYMPHONY was also able to propose new predictions regarding the ecosystem response to elevated CO 2 and increased N depositions.

In particular, SYMPHONY may explain the stimulation of soil C mineralization (PE) induced by enhanced fresh-C input in ecosystems exposed to elevated CO 2 (Carney et al., 2007;Phillips et al., 2012). This stimulation may be responsible for a positive feedback on atmospheric CO 2 concentration and climate. Collectively, these results suggest that the mathematical representation of PE proposed in SYMPHONY may be incorporated in current ecosystem models with few additional parameters, improving accuracy of predictions.

Future works could test the behavior of SYMPHONY in other ecosystems and climates in order to determine the generality of our predictions. SYMPHONY could also be used to answer further scientific questions. Given that SYMPHONY integrates the role of two key microbial populations on SOM dynamics it can be used to model effects of an erosion of soil biodiversity on cultivated soil functioning. It may also suggest alternative agricultural practices that will optimize the fine adjustment of N mineralization to plant N uptake, minimizing N losses and fertilizer application. These new investigations will require new development of SYMPHONY by including other soil processes and environmental factors (i.e. effect of temperature and water). However, a more efficient approach would be an inclusion of SYMPHONY in current models where it could benefit from the knowledge accumulated over these last ten years of soil modeling.

Introduction

Soils are globally the largest reservoir of soil organic matter (SOM) storing more carbon (C) than vegetation and the atmosphere combined (Jobbàgy and Jackson 2000).

Therefore, understanding the mechanisms controlling the accumulation of C in SOM and the liberation of C into the atmosphere is of primary interest in the context of global change. One key mechanism influencing soil C content is the priming effect (PE). PE corresponds to the acceleration of the mineralization of recalcitrant SOM after fresh organic matter (FOM) inputs to soil (Bingeman et al., 1953). These FOM inputs could be glucose (Wu et al. 1993), cellulose (Fontaine et al., 2004(Fontaine et al., , 2007)), fructose (De Nobili et al., 2001;Hammer and Marschner, 2005), crop straws (Powlson et al., 2012) and root exudates (Cheng et al., 2003;Shahzad et al., 2012).

Priming effect can be positive (meaning FOM inputs increase the rate of SOM mineralization) or negative (meaning FOM inputs decreases the rate of SOM mineralization). Positive PE might be due to the following two reasons: 1) co-metabolism effect meaning extracellular enzymes produced to decompose FOM by fast growing rstrategists may also be efficient for degrading SOM (Wu et al., 1993;Fontaine et al., 2003), 2) part of the FOM may be taken up by slowly growing k-strategists increasing their population and production of extracellular enzymes and finally, SOM mineralization (Fontaine et al., 2003). Negative PE is mostly due to the preferential substrate utilization (PSU) of FOM instead of SOM leading to a decrease in the rate of SOM mineralization (Fontaine et al., 2003;[START_REF] Kuzyakov | Priming effects: Interactions between living and dead organic matter[END_REF]. Whatever the mechanism involved, PE is now considered as a major phenomenon in soil functioning and may substantially alter soil C budgets (Fontaine et al., 2004a(Fontaine et al., , 2004b;;Dijkstra & Cheng, 2007). However, until now, the experimental observation of PE has been tested in very limited soil types (Hamer and Marschner, 2005;Ohm et al., 2007;Fontaine et al., 2007;2011) sampled from limited ecosystems and climatic conditions, (Hamer and marschner, 2005;Fontaine et al., 2004aFontaine et al., , 2007)). To date, the generalization of PE on a wide range of soil types and ecosystems (i.e.

grasslands, forests, croplands, savannahs and orchard) sampled from the whole world has never been tested under the same experimental conditions. Such an incubation study could help to understand the general phenomenon and mechanism of PE.

SOM is composed of a number of pools ranging from very active (labile) to stable (non-labile). The active pool may have a turn over time of less than a few decades [START_REF] Hsieh | Pool size and mean age of stable soil organic carbon in cropland[END_REF]) while the stable pools may have a turn over time as long as several thousand years (Campbell et al. 1967). In these pools, the protection of SOM against decomposition depends on three principle mechanisms: occlusion to soil aggregates, association to soil minerals and its own chemical recalcitrance [START_REF] Mikutta | Stabilization of soil organic matter: Association with minerals or chemical recalcitrance?[END_REF]. Consequently, the availability and accessibility of SOM to soil microorganisms depends on its stabilization in the soil and its nutrient content [START_REF] Stevenson | Humus Chemistry: Genesis, Composition, Reactions[END_REF][START_REF] Baldock | Role of the soil matrix and minerals in protecting natural organic materials against biological attack[END_REF]. The free light fraction (LF) and particulate organic matter (POM) are mostly considered as active pools [START_REF] Six | Aggregation and soil organic matter accumulation in cultivated and native grassland soils[END_REF]. The free LF is the organic matter (OM) present between aggregates while POM is OM occluded within soil aggregates [START_REF] Six | Aggregation and soil organic matter accumulation in cultivated and native grassland soils[END_REF]. Thus, Free LF is relatively labile than POM. The SOM associated to silt and clay minerals is considered as stable. In general, it is considered that only the labile pools of organic C are affected by PE (Jenkinson, 1971;Kuzyakov et al. 2000). Moreover, some studies have reported a positive relationship between stabilization of organic C and N in soils and clay or silt plus clay content [START_REF] Sorensen | Stabilization of newly formed amino acid metabolites in soil by clay minerals[END_REF][START_REF] Feller | Physical control of soil organic matter dynamics in the tropics[END_REF][START_REF] Hassink | The capacity of soils to preserve organic C and N by their association with clay and silt particles[END_REF][START_REF] Ladd | Decomposition of plant material in Australian soils. III. Residual organic and microbial biomass C and N from isotope-labeled legume material and soil organic matter, decomposing under field conditions[END_REF][START_REF] Ladd | Decomposition of plant material in Australian soils. III. Residual organic and microbial biomass C and N from isotope-labeled legume material and soil organic matter, decomposing under field conditions[END_REF] indicating that C in silt and clay pools is less affected by microbial decomposition. However, recently some studies have shown that PE increases with decreasing particle size indicating that humified C associated to soil minerals is more sensitive to PE (Ohm et al., 2007). These contradictory observations indicate the need to determine the response of PE to different SOM pools on a wide range of soils in order to generalize their relationship.

The main objectives of this study were to: 1) show that PE occurs in a wide range of soils, 2) determine which soil physical and chemical characteristics influence PE, and 3) investigate which pool of SOM is most affected by PE. To this end, we incubated 35 soils collected from a wide range of land uses, soil types and surface plus sub surface horizons (see Table 7 and section 2) with 13 C-labelled cellulose (the major chemical form of C entering soils). The PE was quantified as the difference of unlabelled CO 2 emissions between 13 C labelled cellulose-amended soil and control soil. Basic soil properties and four soil organic matter pools (Free light fraction (LF), particulate organic matter (POM), silt and clay) were determined for the whole set of soils.

Materials and Methods

Description of the Soils used in the Experiment

Soils were sampled from nineteen countries of five continents (Asia, Europe, America, Australia, and Africa) from the following depths: 0-5, 0-10, 0 -15, 0-20, 15-20 and 40-60 cm. For each soil, its number, sampling country, land use and soil depth is given in table 7.

Based on their land use, these soils were separated into five groups: a) grasslands, b) croplands, c) forests, d) savannahs and e) orchard. The soil samples were air-dried in the shade, homogenized and sieved. All the soils were analysed for following characteristics before incubation: total organic C, total organic N, C and N contents of all SOM pools, pH, cation exchange capacity (CEC), Al and Fe-oxides and soil texture (clay, loam and sand).

Incubation

Experimental units consisted of 15 g (oven-dried basis) of soil placed in 500 ml flasks incubated at a water potential of -100 kPa and a temperature of 20°C for 262 days. After 14 days of pre-incubation, half of the incubated samples were amended with 1g C-cellulose kg -1 dry soil and mixed (soil with cellulose). The other half consisted in control sampleswere also mixed to apply the same physical disturbance. The cellulose was extracted from a uniformly 13 C labeled wheat straw (INRA Laon, France) by the method of Wise (1944). The 13 C composition of cellulose was δ 13 C = 1860‰ (atom% excess = 1.983). All microcosms (soil with cellulose and control) were amended with a nutritive solution (NH 4 NO 3 , KH 2 PO 4 , MgSO 4 ) to reach the final C/N, C/P and C/S ratios of 15, 80 and 150 respectively. Each soil was incubated in three replicates.

The CO 2 released by the experimental units was trapped in 10ml of 1M NaOH solution that was changed when the production of CO 2 in flasks (measured in a separate set) approached 2-3% of total air. The sampling of NaOH was performed at day 20, 60, 160, 195 and 262. After each replacement of NaOH solution, the flasks were flushed with reconstituted humid and carbon free air (19% O 2 , 81% N) to prevent soil drying.

Isotopic Analyses

For each sampling of NaOH, an aliquot of 2 ml was sub-sampled to analyze the C content with a total inorganic-C analyzer. The remaining solution was used to measure the 13 C abundance of trapped CO 2 after precipitating the carbonates with excess BaCl 2 and filtration. The BaCO 3 precipitates were analyzed by Isotope Ratio Mass Spectrometer (IRMS).

Soil Size Density fractionation

Soils were separated into four pools: free light fraction (LF), particulate organic matter (POM), silt and clay using a modified method from Denef et al (2004), Plante et al (2006) and Stewart et al (2008). A 6 g sample of oven dried (105°C) soil, 30 ml of 1.85 g cm -3 sodium polytungstate (SPT) and twelve glass beads were added to each 50 ml centrifuge tube. The tubes were vigorously shaken by hand and were placed lengthwise on reciprocal shaker for 18 hours to disperse the oxisols.The material remaining on the cap and sides of the centrifuge tubes was washed into suspension with SPT and was centrifuged at 20°C for 60 min at 2500 rpm. The floating material (free light fraction, LF)

was aspirated onto a 20 µm nylon filter on the Millipore glass filter unit and rinsed three times with ionized water to remove SPT. Free LF was transferred to pre-weighed aluminum pans that were placed in oven at 50 °C. The resulting soil pellet was washed with water and centrifuged three times at 20°C for 10 min at 2500 rpm to remove excess SPT. Finally, the resulting pellet was dispersed in water and poured over a 53 µm sieve, rinsed thoroughly to isolate sand + particulate organic matter (POM) (>53 µm) from the silt and clay fraction (<53 um). The sand+POM fraction was then transferred to preweighed aluminum pan and placed in oven at 50°C. Thus, the free LF and POM are SOM occurring between and within the aggregates respectively. The remaining soil pallet was further used to separate the mineral-associated SOM. The silt+clay-sized fraction was transferred to a 1 L centrifuge bottle and separated from clay at 1000 rpm for 3 minutes.

The silt fraction was removed via aspirating and transferred to pre-weighed aluminum pan and placed in oven at 50°C. The remaining clay fraction was concentrated in the centrifuge for 16 minutes at 4000rpm, transferred to pre-weighed aluminum pan and placed in oven at 50°C. All the pools were weighed after drying and ground prior to C, N and isotope analyses.

Mass balances were used to determine the efficiency of the fractionation procedure.

Priming effect calculations

The soil derived C-CO 2 (R s , mg C-CO 2 kg soil -1 ) was separated from cellulose derived (R c , mg C-CO 2 kg soil -1 ) using the following mass balance equations:

R s + R c = R tot R s * A s 13 + R c * A c 13 = R tot * A tot 13
Where A s 13 is the 13 C abundance (atom %) of C s , A c 13 the 13 C abundance of cellulose, R s the respiration of control soil, R c the respiration of cellulose, R tot the total respiration emitted by cellulose amended soil.

The priming effect (PE) induced by cellulose addition was calculated as:

PE = (R s soil with cellulose) -(R s control soil)
where (R s control soil) corresponds to the CO 2 emission from the control soil.

Statistical analyses

A one way ANOVA was performed to investigate the effect of land use on the cumulative means of PE at the end of incubation. The land use "orchard" was not included in this statistical analysis since it contains only one soil. A one way ANOVA was also performed to explore the effect of soil depth (0-20 and 40-60 cm) on cumulative PE at the end of incubation for the following four soils: France Laqueuille (3 and 4), France

Grignon (13 and 14), Danemark (24 and 25) and Senegal (33 and 34). For searching a statistical explanation of PE in soils, a correlation matrix (Pearson's correlation) was first applied to the whole dataset. Then, Hierarchical Partitioning (HP) was applied for the four C pools and their respective C/N ratios (eight variables in total), in order to find their independent percent contribution. HP showed that four variables were important in controlling the PE. However, it does show the intercept, significance, direction of the effect and goodness of the overall model. For, this purpose, a simple multiple regression (MR) was performed for the four important variable found in HP. All the statistical analyses were performed with software R version 2.14.

Results

Cellulose respiration

The pattern of cellulose respiration was very similar in all the soils (all land uses) (p > 0.05) (Fig. 13). The CO 2 from the cellulose started to be emitting after 10 days of addition. No marked change in cellulose respiration was observed between day 60 and 262.

The plateau of cellulose after day 60 suggests the exhaustion of cellulose. At the end of incubation, the proportion of cellulose respiration (as percent of added) ranged between 45-74% in grasslands, except in soil 10 where it was 17%. The proportion of cellulose respiration (as percent of added) was respectively between 37-54%, 25-51%, 44-52% and 39% in croplands, forest, savannahs and orchard. Moreover, our results showed that for four studied sites (France Laqueuille, France Grignon, Danemark and Senegal); the cellulose respiration was lower in sub-surface horizons compared to the surface horizons.

Priming effect

The addition of cellulose induced a positive priming effect (PE) in all the soils (Fig. 14). In most of the soils, the PE started during cellulose decomposition and persisted until day 160. The intensity of observed PE varied with land use ranging respectively from 27.9 ± 11.3 to 445.3 ± 11.9, from 64.7 ± 58.5 to 186.8 ± 15.9, from 81.6 ± 8.13 to 319.2 ± 46.0, from 91.5 ± 8.56 to 102.6 ± 6.52 mg C-CO 2 kg -1 soil for grasslands, croplands, forests and savannahs. However, no significant effect of land use (p > 0.05) was observed on PE. A significant effect (p < 0.05) of soil depth on PE was observed for the four studied sites where soil was sampled from two depths (0-20 vs 20-40 cm). The mean of the PE for the four studied sites in 0-20 cm and 20-40 cm was respectively150.5 ± 12 and 87.4 ± 5.3 mg C-CO 2 kg -1 soil.

Characteristics of the total soil and SOM pools

The fractionation procedure led to a mean mass recovery of 101.9 ± 0.027 % for all the soils. The mass recovery slightly above 100% is likely due to incomplete washing of sodium polytungstate (SPT) after density fractionation. The mean C recovery in the sum of isolated pools for all the soils was 88.9 ± 0.21% indicating that the loss of C during the fractionation was limited. Overall, the mean contribution of LF C and POM C to the total soil C stock was highest in forests (Table 8) clearly indicating that the C stored under forests is more labile than other land uses. The contribution of POM C to total soil C stock was not significantly different between grasslands and forests (p > 0.05, Table 8).

Savannahs and croplands have the highest contribution of clay C to the total soil C stock (Table 8) indicating that these two land uses have higher mineral associated C than other land uses. The total C/N ratio was almost similar in all land uses with a general mean of 8.17 ± 0.52 (n = 35). The mean C/N ratio in all the soils was in the order of: LF (C/N) > POM (C/N) > silt (C/N) > clay (C/N) (Table 8) indicating that the proportion of N increases with the stability of SOM fraction. 

Relationship between priming effect and soil characteristics

As no significant effect of land use was observed on priming effect (PE), all the soils were considered together to investigate the effect of soil characteristics on PE. The relationship between PE and soils characteristics and inter correlation between soils characteristics is expressed by using Pearson's correlations (Table 9). PE has a significant positive relationship with POM N (p < 0.05), C and N in silt pools (p < 0.05), clay C (p < 0.05) and CEC (p < 0.001). Total soil C was highly correlated to total N, C and N in LF and POM. Total soil C was also significantly correlated to silt C and C/N ratio of silt and clay pools while it was very significantly correlated to CEC and Al and Fe-oxides (p < 0.001) (Table 9).

Relationship between priming effect and SOM pools

To find the percent contribution of each SOM pool to PE, Hierarchical Partitioning (HP) was applied to the C stocks and C/N ratios of LF, POM, silt and clay. Results (Fig [START_REF] Dalenberg | Priming effect of small glucose additions to 14Clabelled soil[END_REF] show that C in silt and clay pools contributed respectively 32% and 28% to the PE suggesting that humified C associated with these minerals was mainly responsible for PE.

The contribution of POM (C/N) ratio and POM C was respectively 17 and 5%. The contribution of other C pools was almost negligible ranging between 3-7%. Moreover, the MR shows that the effect of silt and clay C pools on PE is positive and significant (Table 10) whereas the effect of POM (C/N) ratio on PE is negative indicating that the contribution of POM C depends on the C/N ratio of that particular POM. 

Discussion

We show that cellulose addition induces a positive PE in all the soils collected from different land use, soil depth and climatic conditions (i.e. tropical, temperate etc). In contrast to some existing studies (review by Kuzyakov, 2002;Hamer and Marschner, 2005;Guenet et al., 2010) (Jenkinson et al., 1985) or another process than PSU. It is interesting to note that negative PE is of shortterm (24 hours) and mostly observed after the supply of soluble substrates (i.e. glycine, fructose, glucose etc) [START_REF] Degens | Changes in aggregation do not correspond with changes in labile organic C fractions in soil amended with 14 C-glucose[END_REF]Hammer andMarschner, 2002, 2005).

This suggests that the negative PE is simply the result of a dilution of unlabelled soluble C with labelled soluble C, which temporary decreases the microbial uptake and respiration of unlabelled soluble C. In contrast to negative PE, the positive PE is common to most soils and has a long-term effect on SOM mineralization (Fig. 14) indicating it must be considered in models of SOM dynamics.

Our results also show that the intensity of observed PE is highly variable and may range from 27.9 ± 11.3 to 445.3 ± 11.9 mg C-CO 2 kg -1 soil. This variability is not explained by the land use (p > 0.05). The absence of significant effect of land use on PE is likely due to the fact that soil type, sampling seasons (our study included soils from northern and southern hemisphere) and climatic conditions were different from soil to soil.

Moreover, each group of land use was not a homogenous: the rate of fertilization, tillage and cutting practices were different from site to site.

Combining all the statistical approaches (Pearson's correlation, HP, MR), our results

clearly show that the most important and significant factors controlling the PE is C in silt and clay pools (Fig. 15, Table 10). Indeed, silt and clay pools are large reserves of SOM stored in these pools and have high N content (see C/N ratios of SOM pools in Table 8).

Thus, our results suggest that after getting fresh C, soil microorganisms are able to use the SOM related to soil minerals by breaking the chemical bonds (such as sorption and surface interaction etc) between SOM and soil minerals (clay and silt), most probably to access the large N reserves. Soil microorganisms use this N to satisfy their increasing N demand of growth and enzyme synthesis for further decomposition. Thus, microbial priming of silt and clay SOM is mainly in the search of N for their growth. These results are in consistent with Ohm et al. (2007) who have shown that silt and clay fractions are most sensitive to PE. Our results strongly support the idea that priming effect is an acceleration of the humified C (Fontaine et al., 2007) that is bounded with the silt and clay minerals. We suggest that for future studies, the SOM pools should be incubated separately in order to examine the generality of these results.

Only 21 % of the variability in PE was explained by soil properties and the amount of C stored in different SOM pools (Table 10). We believe that the remaining variability is explained by the different activity and composition of microbial community associated to each soil. Now it is clear that PE is highly linked to the diversity and activity of microbial communities (Carney et al., 2007;Fontaine et al., 2011;Tanvir et al., 2012). This diversity and initial microbial community composition of each soil is likely to depend on initial soil conditions, sampling season, and climatic conditions (i.e. temperature and moisture etc) of the sampling site (Wang et al., 2013). The use of molecular biomarker techniques such as PLFA (Fontaine et al., 2011;Shahzad et al., 2012) and pyrosequencing of microbial DNA [START_REF] Wallenstein | Emerging tools for measuring and modelling the in situ activity of soil extracellular enzymes[END_REF]Pascault et al., 2013) have made easy to identify the microbial groups involved in SOM and FOM decomposition respectively. Therefore the study of activation of different microbial groups (such as fungi and bacteria) by the fresh C addition could be a major factor controlling the intensity of PE. It would also be interesting to investigate the interactive effect of soil properties and microbial community composition on PE.

Chapter 5 : General Discussion and Perspectives

Key Results of the Thesis

The main objectives of this thesis were to 1) integrate the biomass, activity and diversity of soil microorganisms in models of ecosystem C and nitrogen (N) dynamics in order to simulate the PE, and 2) determine the consequence of this integration for ecosystem functioning and response to global change. These objective was achieved thanks to the combination of diverse approaches such as modeling, experimentation and statistical. Collectively, our work show that priming effect is: 1) a common phenomenon that occurs in all soil types and terrestrial ecosystems (Chapter 4), 2) can be modeled with the Michaelis-Menten equation (Chapter 2), 3) may be incorporated in ecosystem models with a few additional parameters improving the accuracy of their predictions on ecosystem functioning and response to global change (Chapter 2 & 3). Our results also show that interactions between two functional groups of soil microorganisms (SOM-decomposers and SOM-builders) control key ecosystem properties such as plant persistence and soil C storage.

General Discussion

This research work was started by determining the co-limitation of soil organic carbon (SOC) decompositionby microbial biomass (MB) and SOC content (Chapter 2). Results

show that the observed co-limitation of SOC decomposition was accurately modeled with the Michaelis-Menten equation where the rate of SOC decomposition increased 1) linearly with cellulose level and MB, and 2) with a saturating effect with SOC content (Chapter 2, Fig6, 7 & 8). The linear response of SOC decomposition to MB is explained by the very limited colonization of soil pores and SOC reserves by MB. Indeed, only 2-3 % of soil pores and thereby SOM reserves are occupied by soil microorganisms [START_REF] Jenkinson | The effect of biocidal treatments on metabolism in soils-III. The relationship between soil biovolumemeasured by optical microscopy and theflush of decomposition caused by fumigation[END_REF]Paul and Clark, 1989). The positive but saturating effect of SOC content suggests that the local availability of SOC may be limiting for microbial mineralization of SOM (Schimel et al., 2011;Dungait et al., 2012). Although the reserves of SOM are globally very large the low mobility of soil microorganisms and diffusion of extracellular enzymes and catabolites limit the local availability of SOC reserve for soil microorganisms (Dungait et al., 2012). The incorporation of this equation in a model of SOC dynamics shows that soils can have finite and infinite capacity to accumulate SOC depending on microbial parameters A and s controlling SOC mineralization and formation. The continuous accumulation of C s in some undisturbed soils (Schlesinger 1990;Reichstein et al., 2009;[START_REF] Lal | Carbon Sequestration in Forest Ecosystems[END_REF] can be explained by our model by assuming s > A. In contrast, the loss of C s induced by the conversion of undisturbed to cultivated soils can also be explained by our model, by assuming a change in microbial functioning (s < A). In this case, the model predicts that C s stock will decrease until reaching a steady state where the C s content limits decomposition flux. These model predictions can be tested by measuring parameters A and s in a large range of undisturbed and cultivated soils.

The linear relationship between microbial biomass and the rate of SOC decomposition observed in chapter 2 (priming effect) was integrated in the two plant-soil models (Chapter 3). Results show that plant persistence, soil organic matter (SOM) accumulation and low nutrient leaching in undisturbed ecosystems relies on a fine adjustment of microbial nutrient mineralization to plant nutrient uptake the so-called "bank mechanism".

This "bank mechanism" was modeled in SYMPHONY by considering the destruction of SOM through priming effect (PE) and the interactions between two key microbial functional groups: SOM-decomposers and SOM-builders. This "bank mechanism" can be described as follow: when plant nutrient uptake is high (i.e. in summer season due to high light intensity for plant photosynthesis and frequent harvesting), the resulting lower availability of mineral nutrient in soil leads to an increase in ratio of SOMdecomposers/SOM-builders. This shift in microbial community accelerates the SOM mineralization liberating the mineral nutrients for plant uptake. On the other hand, when plant nutrient uptake is low (i.e. in winter season due to low light intensity for plant photosynthesis and infrequent harvesting), the ratio of SOM-decomposers/SOM-builders is low favoring a sequestration of mineral nutrients in SOM The key role of this bank mechanism in the closure of ecosystem nutrient cycle is supported by some lab experiments (Fontaine et al., 2011;Tanvir etal,, 2012), but deserves to be directly tested in an original experiment using plant-soil systems, labeling of C and nutrients and molecular investigation of soil microbial communities.

SYMPHONY is the first parameterized model embedding the PE and microbial diversity and providing realistic predictions on primary production, soil C storage and nutrient leaching of ecosystems. Moreover, consistent with recent observations (Finzi et al., 2006;Carney et al., 2007;Blagodatskaya et al., 2010), SYMPHONY predict a CO 2induced modification of soil microbial communities leading to an intensification of SOM mineralization (Körner & Arnone, 1992;Finzi et al., 2006;Carney et al., 2007) and a depletion in soil C stock (Carney et al., 2007) and an increase in N leaching (Liu et al., 2008). SYMPHONY also predicts the positive effect of N inputs (i.e. fertilization, biological N fixation and atmospheric depositions) on SOM accumulation and ecosystem C storage.

This positive effect is explained in SYMPHONY by a change in the ratio of SOMdecomposers/SOM-builders preserving the old soil C and triggering the formation of new soil C. These predictions are supported by several recent experiments conducted in laboratory and manipulated ecosystems (Hagedorn et al., 2003;[START_REF] Bowden | Chronic nitrogen additions reduce total soil respiration and microbial respiration in temperate forest soils at the Harvard forest[END_REF]) (Fontaine et al., 2004b;Allison et al., 2008;Ramirez et al., 2012).

Finally, the results of last experiment of this thesis (Chapter 4), indubitably show that priming effect (PE) is a common phenomenon which occurs virtually in all soil types and land uses (grasslands, forests, croplands, savannahs and orchard) but with variable intensity (Chapter 4, Fig. 14). The absence of significant effect of land use on PE is explained by the fact that soil type, sampling seasons (our study included soils from northern and southern hemisphere) and climatic conditions were different from soil to soil.

Moreover, each group of land use was not homogenous: the rate of fertilization, tillage and cutting practices were different from site to site. The PE intensity was significantly correlated to the pools of silt C and clay C (Ohm et al., 2007), which contain the major part of soil organic matter reserves This result suggest that, after activation by fresh C, soil microorganisms are able to mine nutrients in SOM reserves by breaking the chemical bonds (sorption and surface interaction etc) between SOM and soil minerals. Soil microorganisms use this N to satisfy their increasing N demand for growth and enzyme synthesis for further decomposition. However, like any correlative approach, we cannot be certain of the causality of the relationship between the PE intensity and the amount of silt and clay C suggesting the need of further experiments to verify this important result.

Conclusion

Collectively, the results of this thesis work suggest that priming effect is a common phenomenon that occurs virtually in all soils. Moreover, priming effect and functional role of microbial diversity may be incorporated in ecosystem models with a few additional parameters, improving the accuracy of their predictions.

Perspectives

A number of perspectives emerge from this study. Two examples are developed here:

Despite the fact that I have integrated the microbial diversity and their functional significance in models of ecosystem C and N dynamics (Chapter 2 & Chapter 3), I was not able to precisely estimate the microbial parameters related to the turnover of their own biomass and of SOC mineralization and formation (m, A and s respectively, Chapter 2). To date no method exists to specifically measure the biomass of SOC-decomposers. Thus, we have used the labeled microbial biomass (MB) as a proxy of SOC-decomposers biomass in order to constrain the model. However, cellulose has likely stimulated many different types of microbial populations including populations that do not degrade SOC (Fontaine et al., 2003). This means that my study overestimates the biomass of SOC-decomposers and underestimates values of microbial parameters. Therefore, I encourage the future studies to identify SOM decomposers and SOM builders.

The design of such molecular markers requires a better understanding of extracellular enzymes and processes involved in the breakdown of recalcitrant SOM. It has been suggested that certain phenol oxidase (PO) and peroxidases (PER) are involved in the decomposition of recalcitrant compounds due to their ability to break the O-alkyl functional groups (Sinsabaugh, 2010). Therefore, further experiments should test whether the PE can be correlated to the activity of some specific enzymes like PO and PER. The microbial populations producing these specific enzymes after the supply of fresh C can be identified by targeting the DNA and/or RNA coding for these enzymes. For the moment, the major microbial groups possibly involved in the PE are mainly investigated by correlating the PE intensity with the soil microbial groups stimulated by the fresh C. The soil microbial groups such as gram postivie or negative bacteria, saprophytic fungi and myccorhizae can be quantified by the analysis of PLFA or DNA. This correlative approach has allowed suggesting the implication of saprophytic fungi in the PE (Fontaine et al., 2011) and (Nottingham et al., 2009). More recently, the combination of molecular biology and isotopic sciences has led to the development of the stable isotope probing (SIP)

technique. This technique allows identifying the microbial populations which have degraded a particular substrate labeled with a stable isotope (i.e. 13 C) by isolating through centrifugation and pyrosequencing the heavy labeled DNA. The SIP technique has already been used by Radajewski et al. (2000), [START_REF] Chen | When metagenomics meets stable isotope probing: progress and perspectives[END_REF] and Pascault et al. (2013) for tracking bacterial populations involved in the decomposition of labeled crop straws.

However, the limit here is that fresh C-substrate is not only consumed by FOM-feeding but also by SOM-feeding microorganisms (Fontaine et al., 2003). Therefore, in order to separate these two functional groups, we propose that further experiments using the SIP technic should set up two sets of incubations: one with the incubation of labeled fresh C in a soil containing unlabeled recalcitrant SOM allowing to identify all the soil microbial populations stimulated by the fresh C (SOM-decomposers and SOM-builders), another one with the incubation of unlabeled fresh C in a soil containing labeled recalcitrant SOM allowing to identify the SOM-decomposers only. The insights gathered from all the above approaches will not only give a more precise estimation of microbial parameters but could also improve the ecosystem models of C and N fluxes that want explicitly include enzymes, microbial species and their functional role.

SYMPHONY indicates that plant persistence, SOM accumulation and low nutrient leaching or denitrification in undisturbed ecosystems relies on the fine adjustment of microbial N mineralization to plant N uptake, so-called "bank mechanism". The existence of such a "bank mechanism"in ecosystems has already been suggested by other studies (Fontaine et al. 2011, Shahzad et al. 2012), but never demonstrated experimentally.

Therefore, I encourage further research studying the "bank mechanism" in soil-plant experiments (micro or macrocosm) where the plant uptake of nutrients can be manipulated by varying the concentration of CO 2 and/or light intensity. If the bank mechanism operates in the plant-soil system, then the microbial mineralization will adapt and release more or less nutrients depending on treatments. To observe these changes, the microbial mineralization of SOM should be clearly separated from the plant respiration and microbial mineralization of plant materials (rhizodepositions and litters) thanks to a continuous labeling of plants (Dijkstra & Cheng, 2007;Shahzad et al., 2012).

Given that the "bank mechanism" allows the closure of nutrient cycles, triggers SOM accumulation and optimize plant production, it opens interesting perspectives in agro-ecology: an agriculture where the biological processes are used to reduce the use of fertilizers and reinforce the eco-systemic services such as the C storage. Further research must identify the plant species that reinforce the soil bank functioning. I postulate that these key species can be identified by measuring their rhizosphere priming effect (RPE)

since the PE is one the two processes involved in the bank mechanism. Plant species differ in terms of total labile C inputs through rhizodeposition into the soil, thereby likely differ in term of induced RPE (Cheng et al. 2003;Dijkstra et al. 2006, Shahzad et al., 2012).

Moreover, a specific plant species can shape a specific structure of microbial community [START_REF] Broeckling | Root exudates regulate soil fungal community composition and diversity[END_REF][START_REF] Berg | Plant species and soil type cooperatively shape the structure and function of microbial communities in the rhizosphere[END_REF] by controlling the quality and quantity of rhizodeposition, mainly through root exudates (Shahzad et al., 2012) 42, 391-404. reserve in the stability of ecosystems in an environment where N inputs and N outputs are highly variable and can sometimes lead to a negative balance [START_REF] Vitousek | Nitrogen Limitation on Land and in the Sea -How Can It Occur[END_REF][START_REF] Rasmussen | Agroecosystem-Long-term agroecosystem experiments: Assessing agricultural sustainability and global change[END_REF]. 
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In a similar way, we describe the flux vector F with the help of two matrices D 1 and D 2 and two vectors K 1 and K 2 , as a minimum (component by component) of two expressions:

( ) (E.2)
where
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There are two ways of realizing the minimum in each of the six rows of F, leading to a priori 2 6 =64 possible combinations (or scenarios) for writing the vector F as:

(E.3)
where for each i=1..6, one has
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Formally, equation (E.2) can be rewritten as follows

([ ] [ ] )
The number of independent conditions is then given by the rank of the matrix

[ ] [ ( ) ( ) ]
that is here equal to 3. Consequently, among the 64 possible combinations, there are only 2 3 =8 independent scenarios. For each of these 8 scenarios, we consider the vector

( ) ( )
that corresponds to the steady state of dynamics (E.1) that is = 0 when F is given the expression (E.3). is well defined when the following condition C.1 the matrix is non-singular is fulfilled. Then is an equilibrium of (E.1) at the condition that (E. 

Summary 1.

It is important to study how evolution impacts on plant functional traits and to determine how this subsequently determines ecosystem functioning. We tackle this general issue by studying the evolution of plant strategies that affect mineralization through the chemical quality of their own litter and their position on the leaf economic spectrum. This spectrum allows us to classify all plants on a single axis ranging from resource-acquisitive to resource-conservative strategies.

2.

We build a spatially explicit and individual-based simulation model: individual plants grow in the cells of a lattice and the limiting nutrient is recycled locally in these cells.

Individual plants may die and produce seeds that are dispersed. Mutants with different mineralization strategies appear stochastically. A trade-off is implemented between the rate of nutrient loss from plants and litter mineralization.

3.

In the spatial-explicit model, plant capacity to increase mineralization evolves and reaches an evolutionary equilibrium in most cases. The evolved mineralization decreases with plant longevity, seed dispersal efficiency, spatial homogenization of mineral nutrient availability, and inputs of mineral nutrient to the ecosystem.

4.

The evolved mineralization strategies neither maximize plant biomass, nor minimize the availability of mineral nutrient or the stock of dead organic matter. The evolutionary and ecological impacts of nutrient enrichment on the stock of organic matter are different.

5.Synthesis.

Our results suggest that plant mineralization strategy may evolve provided that the mineral resource is not fully shared by all individuals. Such an evolution modifies soil capacity to store organic carbon thereby being relevant in the context of the current climate change and global nutrient enrichment. Indeed, our model shows that evolutionary feedbacks of plants to nutrient enrichment are likely to differ from purely ecological feedbacks.

Key-words: adaptive dynamics, evolution of altruism, leaf economic spectrum, leaf traits, litter quality, nutrient cycling, plant-soil (below-ground) interactions, response and effect traits, spatial individual-based model

Introduction

It has been recognized for a long time that plants may partially control mineralization through the quality of their litter. Litters that have a high content in mineral nutrients tend to decompose faster [START_REF] Melillo | Nitrogen and lignin control of hardwood leaf litter decomposition dynamics[END_REF][START_REF] Aerts | Nitrogen partitioning between resorption and decomposition pathways: a trade-off between nitrogen use efficiency and litter decomposibility[END_REF]) and some plants accumulate metabolites such as tannins that slow down litter decomposition [START_REF] Grime | Evidence of a causal connection between anti-herbivore defence and the decomposition rate of leaves[END_REF][START_REF] Schimel | The role of balsam poplar secondary chemicals in controlling soil nutrient dynamics through succession in the Alaskan taiga[END_REF]. It has already been suggested that plant litter decomposability influences plant fitness [START_REF] Wedin | Species effects on nitrogen cycling: a test with perennial grasses[END_REF][START_REF] Berendse | Litter decomposability -a neglected component of plant fitness[END_REF]) and models have shown that this decomposability may determine the outcome of competition between plant strategies [START_REF] Miki | Feedbacks between nutrient cycling and vegetation predict plant species coexistence and invasion[END_REF][START_REF] Clark | The effect of recycling on plant competitive hierarchies[END_REF]. Data is now gathering to show that leaf traits linked to litter decomposition are submitted to evolutionary pressures [START_REF] Donovan | The evolution of the worldwide leaf economics spectrum[END_REF]. However, functional ecology and soil ecology are less theory-oriented than other fields of ecology [START_REF] Barot | A tale of four stories: soil ecology, theory, evolution and the publication system[END_REF]) and, as far as we know, no model has been built to predict the evolution of plant mineralization strategies and factors influencing this evolution.

The general idea that emerges from the literature is that higher mineralization rate increases primary production [START_REF] Vitousek | Nutrient cycling and nutrient use efficiency[END_REF]. Accelerating nutrient recycling releases mineral nutrients that can be again taken up by plants. However, three arguments suggest that plant species should not evolve the maximum possible mineralization. ( 1) As all traits allowing organisms to modify their abiotic environment, a higher mineralization rate may benefit all neighbouring plants because released mineral nutrients are available to them all.

If all individuals share the same mineral resource (as might be the case in aquatic systems) mutants increasing mineralization might not be favoured as there might not be any selection pressure on the mineralization strategy. In contrast, if the mineral resource is not fully shared among all primary producers (as for terrestrial plants), mutants increasing mineralization might benefit from the local increase in mineral nutrient availability and could be selected. ( 2) Successful plants in nutrient competition are supposed to be the ones that reduce the availability of mineral nutrient to lower levels than their competitors [START_REF] Tilman | Plant strategies and the dynamics and structure of plant communities[END_REF]) while mineralization increases nutrient availability. ( 3) Controlling mineralization has also disadvantages and impacts other plant traits. Increasing litter mineralization through high nitrogen content, low nutrient resorption, reduction in defensive traits (e.g. low content in lignin or tannins) should lead to higher losses of mineral nutrients from plants (higher rates of herbivory, lower leaf life-span) [START_REF] Vitousek | Nutrient cycling and nutrient use efficiency[END_REF][START_REF] Grime | Evidence of a causal connection between anti-herbivore defence and the decomposition rate of leaves[END_REF][START_REF] Aerts | Nitrogen partitioning between resorption and decomposition pathways: a trade-off between nitrogen use efficiency and litter decomposibility[END_REF][START_REF] Cornelissen | Leaf structure and defence control litter decomposition rate across species and life forms in regional floras on two continents[END_REF][START_REF] Cornwell | Plant species traits are the predominant control on litter decomposition rates within biomes worldwide[END_REF][START_REF] Endara | The resource availability hypothesis revisited: a metaanalysis[END_REF]. Conversely, plants that reduce their nutrient losses are likely to support lower rates of nutrient return due to the lower mineralization of their litter. Evolution is likely to have selected diverse strategies leading to wide-ranging mineralization strategies and corresponding to different positions on the leaf economic spectrum. This spectrum allows classifying all plants according to their leaf traits along a single axis of variation ranging from resource-acquisitive to resource-conservative strategies [START_REF] Wright | The worldwide leaf economics spectrum[END_REF].

Inputs of mineral nutrient to ecosystems influence their fertility and should impact the evolved mineralization strategy. Studying this impact is relevant for two main reasons.

First, plants from fertile and unfertile habitats have contrasting growth strategies. Plants from nutrient-poor habitats tend to have litters that decompose slowly due to high concentrations in secondary compounds (e.g. tannins) and low concentrations in mineral nutrients. The reverse should hold for plants of nutrient-rich habitats. While data give some support to these views [START_REF] Grime | Evidence for the existence of three primary strategies in plants and its relevance to ecological and evolutionary theory[END_REF][START_REF] Pastor | Aboveground production and N and P cycling along a nitrogen mineralization gradient on blackhawk island[END_REF][START_REF] Aerts | The mineral nutrition of wild plants revisited: A reevaluation of processes and patterns[END_REF] the ultimate causes of this pattern are not clear but can be investigated with an evolutionary model. Second, global changes and increased human pressures on the functioning of the biosphere (Vitousek et al. 1997b) have increased mineral nutrient availability in many ecosystems, for example through the use of mineral fertilizers and fossil fuel combustion. This nutrient enrichment has many known consequences for ecosystem functioning (Vitousek et al. 1997a). It should also impact the evolution of plant strategies, e.g. their mineralization strategy. While evolutionary impacts of global changes have already been studied [START_REF] Jump | Running to stand still: adaptation and the response of plants to rapid climate change[END_REF][START_REF] Bradshaw | Evolutionary response to rapid climate change[END_REF], evolutionary responses of functional traits have been studied infrequently. Such evolutionary responses could be critical as they likely feedback on global change. For example, if the global nutriment enrichment drives plant evolution towards lower mineralization this could allow ecosystems to store more dead organic matter and could partly compensate the climatic effect of the current increase in CO 2 atmospheric concentration.

Our objectives are to: [START_REF] Bahn | Does photosynthesis affect grassland soil-respired CO 2 and its carbon isotope composition on a diurnal timescale?[END_REF] show that plant mineralization strategies may evolve, only if the mineral nutrient resource is not shared among all individuals, (2) determine how the evolved plant mineralization strategies change along a fertility gradient, (3) analyse the impacts of evolved mineralization strategy on ecosystem properties and on their capacity to stock dead organic matter. To reach these goals, we build two evolutionary models considering a trade-off between plant capacity to influence the mineralization of its litter and plant nutrient turnover. First, we use an analytical mean-field model of nutrient cycling [START_REF] Boudsocq | Evolution of nutrient acquisition: when adaptation fills the gap between contrasting ecological theories[END_REF]. Using adaptive dynamics [START_REF] Dieckmann | The dynamical theory of coevolution: a derivation from stochastic ecological processes[END_REF][START_REF] Geritz | Evolutionarily singular strategies and the adaptive growth and branching of the evolutionary tree[END_REF] we show that this model does not allow for the evolution of higher mineralization rates. Second, based on this first model we built a spatially-explicit individual-based model that simulates the recycling of a limiting nutrient in the cells of a lattice and competition between individuals that may have different mineralization strategies. Using this model, we compare non-spatial simulations (only one large cell) to spatial simulations (20X20 smaller cells) test whether only spatial simulations allow for a realistic evolution of litter mineralization.

Note that objective [START_REF] Barnola | Vostok ice core provides 160,000-year record of atmospheric CO 2[END_REF] emphasizes that plant traits determining litter quality and subsequently its mineralization are response traits (i.e. traits that affect plant fitness), while objective (3) emphasizes that the same traits modify ecosystem functioning, i.e. they are also effect traits [START_REF] Lavorel | Predicting changes in community composition and ecosystem functioning from plant traits: revisiting the Holy Grail[END_REF]. We thus model here a case where effect and response traits are correlated. We do not tackle the evolution of effect traits influencing mineralization together with response traits, e.g. seed size, that are not directly linked to these effect traits.

Materials and methodsThe analytical mean-field model

Our analytical model is derived from a simple non-spatial model of the recycling of a limiting nutrient between three compartments: plants (P), dead organic matter (D) and mineral nutrient (N) [START_REF] Boudsocq | Evolution of nutrient acquisition: when adaptation fills the gap between contrasting ecological theories[END_REF]. This model is based on the stocks of mineral nutrient that are expressed as a quantity of mineral nutrient by surface unit (decigram m -2 , hereafter dg m -2 ). The nutrient is recycled via internal recycling rates: the rate of nutrient loss of plants (d P ), the mineralization rate of dead organic matter (m D ) and the uptake of the mineral nutrient by P (u N ). All corresponding fluxes are considered to be donor-controlled (e.g. the flux of mineralized nutriment is D mD ) except for nutrient uptake that is proportional to the product of plant and mineral nutrient compartments. The ecosystem is considered open. Nutrient inputs are fixed and independent of the size of the nutrient pools of the ecosystem: inputs of nutrient in its organic (R D ) and mineral (R N ) forms are considered. Nutrients diffuse out of the ecosystem through fixed rates, respectively l P , l D , and l N for the P, D and N compartments respectively. l P denotes losses of nutrients through fires in terrestrial ecosystems. Dead organic matter is lost through erosion and leaching (dissolved organic matter) (l D ). Mineral nutrients are lost through leaching and denitrification (l N ). This leads to the following system of equations:

  N P P dP u NP d l P dt    eqn 1   P D D D dD d P m l D R dt     eqn 2 D N N N dN m D l N u NP R dt     eqn 3
This non-spatial model was first used to study the evolution of the mineralization strategy using the analytical adaptive dynamics framework [START_REF] Dieckmann | The dynamical theory of coevolution: a derivation from stochastic ecological processes[END_REF][START_REF] Geritz | Evolutionarily singular strategies and the adaptive growth and branching of the evolutionary tree[END_REF] as achieved before for the evolution of primary producer capacity to take up mineral nutrients [START_REF] Boudsocq | Evolution of nutrient acquisition: when adaptation fills the gap between contrasting ecological theories[END_REF]. We consider that a trait s m (the mineralization strategy) evolves and is linked to mineralization and the rate of nutrient loss from plants:  ( b c  ), the trade-off function is convex (concave); if b=c the trade-off is linear. These two parameters describe quantitatively the trade-off introduced in the introduction between litter mineralization and nutrient losses from the plants due to litter production. They take into account two types of mechanism [START_REF] Vitousek | Nutrient cycling and nutrient use efficiency[END_REF][START_REF] Grime | Evidence of a causal connection between anti-herbivore defence and the decomposition rate of leaves[END_REF][START_REF] Aerts | Nitrogen partitioning between resorption and decomposition pathways: a trade-off between nitrogen use efficiency and litter decomposibility[END_REF][START_REF] Cornelissen | Leaf structure and defence control litter decomposition rate across species and life forms in regional floras on two continents[END_REF][START_REF] Cornwell | Plant species traits are the predominant control on litter decomposition rates within biomes worldwide[END_REF][START_REF] Endara | The resource availability hypothesis revisited: a metaanalysis[END_REF]: [START_REF] Bahn | Does photosynthesis affect grassland soil-respired CO 2 and its carbon isotope composition on a diurnal timescale?[END_REF] Poorly defended leaves tend to decompose faster but are shorter-lived, which leads to high nutrient losses. ( 2) Plants with leaves and roots with high nutrient contents and that are not efficient in nutrient resorption support high rates of nutrient losses.

The spatially-explicit simulation model

The spatially-explicit and individual-based model describes the coupling between competition for a limiting mineral nutrient and the demography of a plant population (see parameters Table 1). It is derived from the mean-field analytical model with two The limiting nutrient is recycled on a lattice of cells: in each cell (subscript j) nutrient cycling is simulated using a modified version of the original non-spatial equations. To simulate the evolution (see below) of plant mineralization strategy, the model incorporates competition among individuals (index i) growing in the same cell. These individuals potentially impose different mineralization rates (m Dj,i ) to the dead organic matter they have produced (D j,i ) through the quality of their litter (content in mineral nutrients, phenols, lignin, etc.). Mineralization is linked to nutrient losses from plants via the tradeoff implemented in the non-spatial model (equations 10 and 11), so that different individuals may have different nutrient turnover rates (d Pj,i, allother parameters remaining equal between all individuals). For each cell j of the lattice the equations thus become: ,
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(for each pool i of dead organic matter of cell j) , where int denotes the largest previous integer. Seed dispersal is modelled as follows: [START_REF] Bahn | Does photosynthesis affect grassland soil-respired CO 2 and its carbon isotope composition on a diurnal timescale?[END_REF] We choose a random angle (between 0 and 360°) to determine the direction of dispersal. ( 2) Dispersal distance follows a centred normal distribution (mean=0) with standard deviation  (if the distance is negative 180° is added to the original angle). ( 3) Depending on the angle and the distance of dispersion the seed stays in the cell of the parent plant or is moved to another cell. Individuals falling under a threshold stock of mineral nutrient (i.e. the stock of mineral nutrient of a seed, ) because they have many competitors and do not have a suitable nutrient strategy also die. When a new seed is dispersed or when an individual dies, the corresponding P j,i (eq. 6) differential equation is created or supressed in the relevant cell.
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Since the model cannot be analysed analytically, we rely on numerical simulations. Each seed had a probability of mutation p m and the size of the mutation was drawn randomly using a centred normal distribution with a standard deviation m. Mutants that have a favourable mineralization strategy (i.e. that allow them to grow through the uptake of mineral nutrient, survive and produce more or higher quality seeds) are able to invade the resident population. Note that the term "mutants" can here be understood literally to refer to individuals of the modelled species that have a genotype and thus a mineralization strategy slightly different from the resident strategy. The term can also refer to seeds of other species that have been dispersed to the modelled plot and that differ from the resident species by their mineralization strategies. Our model thus predicts changes in the mineralization strategy that arise either through in situ evolutionary processes or through replacement by species representing different evolutionary lineages.

Implementation

A simulation platform, Evolutionary Nutrient Cycling Simulator, has been implemented in Java programming language. The resolution of the differential equations is based on the classical fourth-order Runge-Kutta method with an integration step of 0.1 t  

. Homogenizing fluxes of mineral nutrient are described by the parameter H that varies between 0 and  . In our simulations, H ranged between 0 and 10 because preliminary simulations showed that H=10 leads to a homogeneous mineral nutrient availability. The grid size was always composed of 20 X 20 one square meter wide cells except on one occasion (here after one cell model) where only one cell was modelled but by increasing input of mineral nutrients and organic matter accordingly (X400) to support the same total biomass as in the 20X20 cells model. This corresponds to a shift from 400 one square meter cells to a single 400 m 2 cell. The boundaries of the lattice were wrappedaround as a torus.

Parameters chosen for nutrient cycling were inspired from a temperate grassland [START_REF] Woodmansee | Grassland nitrogen. Terrestrial nitrogen cycles[END_REF] considering one square meter wide cells and unless stated: d P0, , 0.275 yr -1 ; m D0 , 0.0766 yr -1 ; u N , 1.43 dg -1 m 2 yr -1 ; R D , 2 dg m -2 yr -1 ; R N , 1.8 dg m -2 yr -1 ; l P , 0 yr -1 ; l D , 0.038 yr -1 ;l N , 0.05 yr -1 ; b, 1; c, 0.25. Unless stated, we consider a short-lived plant with the following demographic parameters: , 0.5; , 0.1; , 0.3 g; , 1 m. One was always chosen as a starting value for s m in evolutionary simulations that lead to Figures 2 and3. For mutations we always used p m = 10 -4 and m= 0.05. All simulations were run for 400000 time steps.

Due to the time duration of simulations, only one replicate simulation was run for each parameter combination. Results (Fig. 2 and Fig. 3) are smoothed using locally-weighted polynomial regressions to better visualize trends.

Results

Evolution of mineralization strategy in the analytical MEAN-FIELD model

During evolution, the fitness of a mutant ( ' P W ) with a mineralization strategy ' m s within a resident population with a mineralization strategy m s is defined by the per capita growth rate of its biomass ( ' P ) in the resident population at equilibrium [START_REF] Metz | How should we define 'fitness' for general ecological scenarios[END_REF][START_REF] Dieckmann | The dynamical theory of coevolution: a derivation from stochastic ecological processes[END_REF]:
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where * N is the mineral nutrient compartment at its ecological equilibrium imposed by the resident strategy (this assumes a separation between ecological and evolutionary time scales). Using equation 1-3 to derive the equilibrium formula (see also [START_REF] Boudsocq | Evolution of nutrient acquisition: when adaptation fills the gap between contrasting ecological theories[END_REF], eq. 2.

2) this leads to: When a single large cell was modelled we never found any directional evolution (Fig. 1 B).

    '' ' ' 0 
The PIP (Fig. 1 A) shows that there were very few cases of invasion of the resident population (only a few black dots instead of a black area) and invasion was not more likely when the mutant had a higher or lower s m value than the resident population (blacks dots are evenly distributed above and below the first diagonal).

With a lattice of 20 X 20 cells 2 types of evolutionary dynamics were possible: evolution towards a Continuously Stable Strategy (see below) or runaway evolution. In most cases, simulations led to an evolutionary equilibrium, s m *. The invasion of resident strategies below s m * is only possible for mutants with higher s m values than the resident strategy (black area above the diagonal), while the reverse was true for resident strategies above s m * (Fig. 1 C). Evolution through successive replacement by new mutants drove the mineralization strategy towards s m * (Fig. 1 D). Since, no strategy could invade a resident strategy at s m * (white areas above and below the diagonal at s m *) evolution stopped at s m *.

This strategy is named Continuously Stable Strategy (CSS, [START_REF] Geritz | Evolutionarily singular strategies and the adaptive growth and branching of the evolutionary tree[END_REF], because it can be reached through natural selection and cannot be invaded by any other strategy.

When there was no cost to an increased mineralization (c=0), invasion by mutants was mostly possible when they had a higher s m value than the resident population (black dots above the first diagonal, Fig. 1 E). This led to a runaway evolution towards higher s m , i.e.

plants kept evolving higher mineralization. However, the rate of evolution decreased for high s m values (Fig. 1 F). Relative fitness advantages became progressively smaller when s m increased. As the fitness landscape flattens, variations in trait became slow and s m reached a pseudo equilibrium.

When mortality was low (=0.1) runaway evolution led to ever decreasing s m values (Fig. 1 G-H). In the PIP this is shown by the black dots under the first diagonal. This type of evolutionary dynamics was also found (see Fig. 2) for =0.01 and for high dispersal capacities (=5). In these cases, s m did not reach an equilibrium but had lower values than the equilibrium values reached for higher mortality and lower dispersal.

Impact of nutrient enrichment on the evolved mineralization strategy

In most cases, regardless of the trade-off, mortality, homogenizing fluxes of nutrient and dispersal, the evolved s m value decreased with nutrient inputs to the ecosystem, R n (Fig. 2).

The only exception was for the non-spatial, i.e. only one cell, simulation model (Fig. 2 C) that did not lead to any directional evolution (see above and Fig. 1). Thus, in this case, the evolved s m values did not change with nutrient inputs and only depended on the initial values chosen for s m . In all cases leading to a CSS, s m * decreased with R n . Even in cases of runaway evolution towards lower values (low mortality=0.01 or =0.1; high dispersal, =5), s m values found at the end of the simulations followed the same rule.

As expected, the higher the cost of increasing mineralization (c), the lower the evolved mineralization (the lower s m *, Fig. 2 A). The evolved mineralization increased with individual mortality (i.e. decreases with plant longevity, Fig. 2 B). The evolved mineralization decreased with the intensity of lateral fluxes of nutrients (H, Fig. 2 C) and with fluxes of seeds (dispersal, ).

Impact of the evolution of the mineralization strategy on ecosystem properties

Fig. 3 A-B shows (in the case of a 20X20 lattice of cells) how evolution of the mineralization strategy impacted upon abiotic properties of the ecosystem such as the mean N and D stocks, once the mineralization strategy had reached its evolutionary equilibrium (s m *). These ecological properties at the evolutionary equilibrium are noted N* and D*.

Values are displayed as a function of nutrient inputs and the trade-off shape (parameter c).

Counter-intuitively, when nutrient inputs increased, N* decreased or increased depending on the trade-off (Fig. 3 A). Stocks of dead organic matter at the evolutionary equilibrium increased with nutrient inputs (Fig. 3 B). This is due to the fact that increasing inputs of nutrient decreased mineralization at the evolutionary scale (Fig. 2). The evolutionary and ecological impacts of nutrient enrichment differed (Fig. 3 C-D). Evolution decreased the response of the mineral nutrient pool (N*) to nutrient enrichment (Fig. 3 C). When s m was fixed to its evolutionary equilibrium for low nutrient inputs, D* increased with nutrient enrichment (Fig. 3 D). When s m was allowed to evolve, D* increased in a much steeper way. When s m was fixed to its evolutionary equilibrium for high nutrient inputs, D* increased with nutrient enrichment slightly quicker than when s m was allowed to evolve.

Fig. 4 displays (in the case of a 20X20 lattice of cells) contour plots for N, P and D at their ecological equilibrium as a function of the mineralization strategy and nutrient inputs. To these contour plots, for each value of nutrient inputs, the evolved s m * equilibrium value is superposed as well as the s m value that minimized N (Fig. 4 A) and the value that maximized P (Fig. 4 B). This shows that the evolved mineralization strategy neither minimized N nor maximized P. Similarly, the evolved mineralization strategy led to intermediate D values: lower/higher D values could be reached with higher/lower s m values.

Discussion

Evolution of the mineralization strategy requires a spatially structured resource

Our shared by all individuals regardless of their traits. Consider two scenarios, (1) when cells are small (one square-meter), there is a low number of individuals (fewer than 50)

competing for the local nutrient resource, (2) when there is only one large cell (400 m 2 ) this cell contains a large number of individuals (several thousands). In the latter case, mutants triggering a higher mineralization rate have no chance to impact significantly the availability of mineral nutrients and cannot be favoured by evolution. On the contrary, in the former case, when only a few individuals compete for the local mineral resource, mutants with a higher mineralization rate have a chance to grow and reproduce in the local cell because they have a chance to increase significantly the availability of mineral resource and to benefit from this increase. Importantly, while the quantitative results we obtained with the mean-field analytical model and the spatial simulation model depend on the equations chosen for nutrient fluxes (e.g. nutrient uptake is proportional to the product of plant and mineral nutrient compartments), the rationale we develop here to explain why a spatial model is required to model the evolution of the mineralization strategy is general and does not depend on the precise formalism we have used.

We ran complementary simulations showing that evolution is possible as soon as the single 400 m 2 cell is replaced by 4 100 m 2 cells (decreasing the input of mineral nutrients to each cell accordingly), but in this case there is runaway evolution towards ever decreasing mineralization. This result is consistent with our hypothesis that competition between many individuals for the same pool of mineral resource pushes towards the evolution of low mineralization. Indeed, 100 m 2 cells host about 100 times more individuals as 1 m 2 cells.

Increasing mineralization as an altruistic trait

Large effects of lateral fluxes of mineral nutrients clearly hint at how important these spatial aspects are for the system's ecological and evolutionary dynamics. Lion & van Baalen 2008), we suggest that evolution of altruistic traits may emerge from spatial heterogeneity and limited dispersal and that the evolution of such traits may be a determinant for many ecosystem properties.

Effect of plant life-history

We suggest that long-lived plants should evolve much lower mineralization than shortlived plants. The interpretation would be that short-lived plants strongly depend on the immediate availability of mineral resource to growth and reproduce so that mining the local nutrient resource through mineralization would be very beneficial. On the contrary, long-lived plants may evolve lower mineralization, which leads to larger local stocks of dead organic matter, they can benefit from in the long-term. This result is consistent with theories viewing short /long-lived plants respectively as r vs. K selected organisms or ''Competitors'' vs. ''Stress tolerators'' that have respectively evolved strategies emphasizing the acquisition or the conservation of resources [START_REF] Grime | Plant strategies, vegetation processes, and ecosystem properties[END_REF]. Indeed litter decomposition significantly differs between plant functional types, and long-lived, often ligneous, species tend to produce more recalcitrant litters that decompose slower [START_REF] Cornelissen | Leaf structure and defence control litter decomposition rate across species and life forms in regional floras on two continents[END_REF][START_REF] Cornwell | Plant species traits are the predominant control on litter decomposition rates within biomes worldwide[END_REF]. However, the impact of longevity per se has not been tested. Surprisingly, litter of graminoids tends to decompose, on average, as slowly as the litter of woody species [START_REF] Cornwell | Plant species traits are the predominant control on litter decomposition rates within biomes worldwide[END_REF]. According to our predictions, this may be due to the fact that many graminoids are long-lived.

Taken together, our results suggest that the evolution of the mineralization strategy likely depends on life-history traits (longevity and seed dispersal). Data confirm that leaf traits and demographic traits such as seed size are correlated [START_REF] Cornelissen | A triangular relationship between leaf size and seed size among woody species: allometry, ontogeny, ecology and taxonomy[END_REF][START_REF] Westoby | The leaf size-twig size spectrum and its relationship to other important spectra of variation among species[END_REF]Wright et al. 2010). This means that whilst here we have modelled the joint evolution of effect and response traits that are tightly linked because they depend on leaf traits, future work should model the joint evolution of the mineralization strategy and independent response traits such as seed size, or seed dispersal [START_REF] Diaz | Functional traits, the phylogeny of function, and ecosystem service vulnerability[END_REF].

Theoretical results already point to the importance of such joint evolutionary dynamics [START_REF] Ravigne | Live where you thrive: joint evolution of habitat choice and local adaptation facilitates specialization and promotes diversity[END_REF][START_REF] Suzuki | Oscillatory dynamics in the coevolution of cooperation and mobility[END_REF]) that must likely be taken into account to fully understand the evolution of plant strategies [START_REF] Grime | Plant strategies, vegetation processes, and ecosystem properties[END_REF][START_REF] Craine | Resource strategies of wild plants[END_REF].

Evolutionary Impact of nutrient enrichment

In nutrient poor ecosystems plant litter tends to decompose slowly because of its low nutrient content and defensive characteristics (high contents in lignin, tannins, low specific leaf area). This could increase nutrient limitation [START_REF] Vitousek | Nutrient cycling and nutrient use efficiency[END_REF] through a positive feedback. The likely evolutionary mechanism causing this feedback is that plants in nutrient poor environments should conserve mineral nutrient as much as possible. They should thus have long-lived highly-defended nitrogen-poor leaves that decompose slowly.

On the contrary, plants in nutrient rich environments could afford leaves with opposite

We suggest that ecosystem responses to nutrient enrichment depend on plant evolution.

This adds to ecological mechanisms through which nutrient enrichment enhances nutrient stocks. All else being equal and assuming a constant carbon to mineral nutrient ratio, we suggest that evolution could lead to a twofold increase in the stock of soil carbon. Hence, global nutrient enrichment of terrestrial ecosystems (Vitousek et al. 1997b;[START_REF] Galloway | Reactive nitrogen and the world: 200 years of change[END_REF] could mitigate via the evolution of plant strategy the current elevation in atmospheric CO 2 and the subsequent global warming.

Conclusion

Beyond their functional and ecosystem significance, we confirm that traits determining plant position on the leaf economic spectrum and subsequently controlling litter mineralization may play an important role in plant demography and competition [START_REF] Berendse | Litter decomposability -a neglected component of plant fitness[END_REF][START_REF] Clark | The effect of recycling on plant competitive hierarchies[END_REF]. In a world under global changes that exert strong selective pressures on ecosystems, understanding the coupling between evolutionary, demographic and functional aspects could be critical [START_REF] Fussmann | Eco-evolutionary dynamics of communities and ecosystems[END_REF][START_REF] Matthews | Toward an integration of evolutionary biology and ecosystem science[END_REF]). Because our model applies virtually to any terrestrial ecosystem testing our predictions with empirical data could be critical. The model applies both to true evolutionary dynamics and to changes in the mineralization strategy arising from the dynamics of species replacement. Such dynamics, in response to warming, have already been shown to decrease litter mineralization [START_REF] Cornelissen | Global negative vegetation feedback to climate warming responses of leaf litter decomposition rates in cold biomes[END_REF]. Species replacement likely leads to quicker changes in ecosystem functioning than evolution. However, worldwide nutrient enrichment is a long term phenomenon and evolutionary processes are faster than originally assessed [START_REF] Hairston | Rapid evolution and the convergence of ecological and evolutionary time[END_REF] and may lead to significant evolution over a few generations. More data should be gathered to assess the relative impact of nutrient enrichment on (1) the effect trait composition of plant communities and

(2) the evolution of traits influencing mineralization. Furthermore, our model could be modified to predict the impact of the increase in atmospheric CO 2 and global warming on mineralization strategies and nutrient cycling rates. mineralization and the absence of a cost to increase mineralization (c=0) leads to runaway evolution towards higher mineralization (see Fig. 1). In these cases, s m values displayed are values obtained at the end of simulations and depend on initial s m values. See Table 1 for parameter values. (ecol R N =10). See Table 1 for parameter values. See Table 1 for parameter values. concentration. Specific mineralization rates were 44.8 and 68.8 g kg -1 SOC in the 0-5 cm layer for the FIT and NT treatments, respectively and were strongly linked with the particulate organic matter content (r = 0.99***). These results suggest that SOC was more active in the upper layer of the NT treatment due to the high concentration of readilydecomposable, particulate organic matter. The cellulose was entirely metabolized after 60 days and its kinetics of mineralization was affected neither by tillage, depth nor nutrients.

The percentage of cellulose C released as CO 2 represented 55-61% of the added cellulose-C at day 262. A positive PE was found in all treatments and its kinetics was parallel to that of cellulose mineralization. The cumulative PE significantly varied with nutrients level but not tillage, ranging from 73 to 78 mg kg -1 under high nutrients level and from 116 to 136 mg kg -1 in low nutrients level. No significant differences were found in unlabelled microbial biomass C between control and amended soil, suggesting no apparent priming effect. We conclude that priming was mainly controlled by nutrient availability but not tillage, in spite of strong tillage-induced changes in SOC concentration and microbial biomass. Since PE is known to depend on C addition rate, tillage is expected to affect in situ PE through variations in the ratio of fresh carbon to nutrient concentration along the soil profile.

Keywords: Soil organic carbon mineralization, Nutrient mining, Priming Effect, Microbial biomass, No till, Full inversion tillage.

Introduction

Arable soils and their CO 2 emissions through SOM mineralization constitute a major source of uncertainties in predicting changes in atmospheric CO 2 concentration (Le [START_REF] Quéré | Trends in the sources and sinks of carbon dioxide[END_REF][START_REF] Eglin | Historical and future perspectives of global soil carbon response to climate and land-use changes[END_REF]. Reducing this large uncertainty requires a better understanding and quantifying of biogeochemical process that control soil organic matter (SOM) turnover [START_REF] Houghton | Revised estimates of the annual net flux of carbon to the atmosphere from changes in land use and land management 1850-2000[END_REF]. Among the important process that influence SOM turnover the so-called priming effect (PE) which received a renewed interest (Kuzyakov et al., 2000;Zhang et al., 2013) and has been proven to affect considerably the ecosystem C fluxes (Heimann and Reichstein, 2008). The PE was defined as "an extra decomposition of organic C after addition of easily-decomposable organic substances to the soil" (Dalenberg and Jager, 1989). In their meta-analysis, Zhang et al. (2013) showed that PE is more often positive than negative, indicating a stimulation of native C mineralization. Blagodatskaya and Kuzyakov (2008) distinguished between apparent priming where changes in microbial biomass turnover induce an extra release of CO 2 without effect on SOM decomposition and real priming when an additional mineralization of non-living SOM occurs. [START_REF] Sayer | Soil carbon release enhanced by increased tropical forest litterfall[END_REF] showed that increasing litterfall in a lowland tropical forest enhanced carbon release from the soil. These findings were attributed to microbial PE which could be sustained over several years.

PE has been shown to depend on the nature of added substrate, the C addition rate, the mineral nutrient availability in soil and the characteristics of microbial community [START_REF] Koranda | Seasonal variation in functional properties of microbial communities in beech forest soil[END_REF][START_REF] Thiessen | Both priming and temperature sensitivity of soil organic matter decomposition depend on microbial biomass -An incubation study[END_REF]. Various substrates have been evaluated: fructose, alanine, oxalic acid, catechol (Hamer and Marschner, 2005), wheat straw (Guenet et al., 2010) or cellulose (Fontaine et al., 2007(Fontaine et al., , 2011) ) with variable PE responses: positive or negative reflecting interaction with other factors. The amount of added substrate effect on PE was examined in some studies. Guenet et al. (2010) tested the response of PE after addition of different amounts of wheat straw to soil and found that PE increased asymptotically with the C addition rate. [START_REF] Paterson | Soil-specific response functions of organic matter mineralization to the availability of labile carbon[END_REF] confirmed this tendency for glucose. The effect of nutrient concentration has been studied by Fontaine and Barot (2005) who proposed the concept of a "nutrient bank" mechanism that would regulate SOM mineralization and nutrients release through "microbial nitrogen mining". The microbial size and diversity may also influence PE. Bell et al. (2003) showed that PE is correlated to the size of the biomass and its composition, particularly the fungal: bacterial biomass ratio. Blagodatskaya and Kuzyakov (2008) found that PE is dependent on the ratio of added substrate to microbial biomass.

Soil tillage is a management practice which modifies most of these factors and is therefore susceptible to change PE intensity. We hypothesize that differential PE intensities might occur between soil layers and tillage treatments, and might help to explain the variations in SOM accumulation observed between different tillage systems [START_REF] Dimassi | Long-term effect of contrasted tillage and crop management on soil carbon dynamics during 41 years[END_REF]. Very few studies have investigated the long-term effect of no-till (NT) versus full inversion tillage (FIT) systems on PE. Long-term NT leads to a marked stratification of organic carbon and probably nutrients such as mineral N and phosphorus [START_REF] Thomas | No-till effects on organic matter, pH, cation exchange capacity and nutrient distribution in a Luvisol in the semi-arid subtropics[END_REF] compared to FIT which results in a much more uniform distribution within the soil profile. Changing tillage management can deeply modify chemical and microbiological properties able to generate variable PE intensity within the soil profile, particularly on the long-term.

The objective of this study is to determine tillage and nutrients availability impacts on PE intensity.We test the hypothesis that differences in SOC concentration, microbial biomass and nutrients availability induced by long-term contrasted tillage treatments may change PE intensity. We carried out a long incubation study (262 days) of soils sampled in a long-term experiment (40 years) comparing very contrasted tillage systems, in order to characterize SOC mineralization and PE intensity as affected by tillage management, soil depth and nutrients availability. In addition, we tried to extrapolate laboratory results to the field.

Materials and methods

Study site and soil sampling

The long-term experiment, established in 1970 and referred to as Experiment A1, is located at Boigneville in Northern France (48°19 '38"N, 2°22'53"E) and set up at the experimental station of Arvalis-Institut du Végétal. The site has an average annual temperature and precipitation of 10.8°C and 650 mm, respectively [START_REF] Dimassi | Changes in soil carbon and nitrogen following tillage conversion in a long-term experiment in Northern France[END_REF].

The soil is classified as HaplicLuvisol, and its physical and chemical soil characteristics are shown in Table 1. Before the beginning of the experiment, the field was managed under annual crops with full inversion tillage to about 28 cm depth for many years. Since 1970, the field had been under two contrasting tillage treatments for more than 40 years: continuous NT without soil disturbance except for sowing and continuous FIT where soil is mouldboard ploughed every year down to about 25 cm depth and undergoes other tillage operations: disk ploughing after harvest at two dates and seedbed preparation at sowing. A two year rotation of maize/winter wheat was implemented in all plots. In the studied plots, crop residues were always returned either mixed with soil by tillage in FIT or left at soil surface in the NT treatment. On June 14, 2010, we collected two sets of soil cores on each side of the rectangular plot and in each of the two blocks, which provided four true replicates. Samples were in the maize inter-row with a cylindrical auger of 6 cm diameter.

Two soil layers (0-5 and 15-20 cm) were isolated from soil cores. Residues present at soil surface were removed before sampling and soil samples were stored at 4°C before subsequent analyses and incubation.

Incubation experiment

Fresh soil samples were first sieved at 2 mm and visible residues remaining were removed by hand picking. The soil was then centrifuged at 3500 rpm to obtain a water potential of about -100kPa and pre-incubated for two weeks at 20°C. The experimental design included 48 samples divided into 12 treatments with 4 true replicates (Table 2).

Half of the soil samples were amended with cellulose at a rate of 882 mg C kg -1 dry soil (S1-S6) and the other half consisted in control samples (C1-C6). The six treatments included two soil layers (0-5 cm and 15-20 cm) combined with two nutrient levels in the upper soil layer (low level without addition and high level with addition of a nutrient solution). The nutrient solution containing NH 4 NO 3 , KH 2 PO 4 , and MgSO 4 was added to samples to avoid limitation of cellulolytic micro-organisms by nutrients [START_REF] Hodge | Are microorganisms more effective than plants at competing for nitrogen?[END_REF], adding 59 mg N kg -1 soil and 11 mg P kg -1 soil. The cellulose was extracted from wheat straw uniformly labeled (INRA Laon, France) in powder form according to Wise (1944). It was isotopically labeled, enriched in 13 C: its 13 C isotopic composition was δ 13 C = 1860‰ (atom% excess = 1.983). Cellulose was mixed to the soil before incubation; control samples were mixed similarly to apply the same physical disturbance. The incubation units consisted in 15 g soil (oven-dried basis) placed in 500 ml flasks incubated in the dark at 20°C. Measurements of the CO 2 -C released were performed on days 20, 60, 160, 195 and 262 by chemical trapping in vials containing 13 ml 1M NaOH. After each sampling, the flasks were flushed with reconstituted humid and carbon free air.

Analyses

After each sampling, an aliquot of 2 ml was subsampled to analyze the C concentration with a total inorganic-C analyser. The remaining solution was used to analyze the isotopic composition of the trapped CO 2 , by precipitating the carbonates with an excess of BaCl 2 and filtrating. The BaCO 3 precipitate was analyzed for C and 13 C by ANCA-IRMS (elemental analyser coupled to a mass spectrometer), after adding PbO 2 to facilitate the carbonate dissociation. The analysis of soil organic carbon and 13 C abundance was also performed with the ANCA-IRMS technique (Carlo Erba NA 1500 and Delta Plus Advantage, Finnigan). To separate real and apparent PE that may occur, we conducted complementary analysis on soil samples at the end of incubation. This separation was done by determining the unlabeled C derived from microbial biomass in control and cellulose added samples. An apparent PE occurs if the unlabeled microbial biomass C is greater in cellulose added samples than in the control soil. Biomass was determined by chloroform fumigation-extraction (Vance et al., 1987). The K 2 SO 4 extracts were lyophilized until analysis with the ANCA-IRMS method. Microbial biomass was calculated as B = k.EC, where EC is the difference in soluble organic C between fumigated and non-fumigated soil. The corrective factor k was taken equal to 3.03, as recommended by [START_REF] Dictor | Reassessment of the K EC coefficient of the fumigation-extraction method in a soil profile[END_REF]. Mineral N was extracted from the soil by adding 2 M KCl solution (soil: solution = 1:5). Nitrate and ammonium concentrations were measured with a continuous-flow nitrogen analyser (Skalar, San Plus System, Breda, the Netherlands).

Calculations

In the following equations, we use the symbols proposed by Fontaine et al. (2011).

The amount of C mineralized derived from cellulose (R C ) in the amended soil is:

T C R R   (1)
whereR T is the total amount of C mineralized (mg C kg -1 soil) in the cellulose amended soil, and α is the proportion of C derived from cellulose, calculated as: 13 13 13 13

S C S T A

A A A     (2)
where 13 T A is the 13 C abundance of the total C mineralized in the cellulose amended soil, 13 S A is the natural 13 C abundance of the soil and 13 C A is the 13 C abundance of the added cellulose.

The priming effect (PE, mg C kg -1 soil) is the difference between the soil respiration in the amended and control soils:

  S C T R R R PE    (3)
where R S is the basal soil respiration, i.e. the C mineralized in the control soil (mg C kg -1 soil).

Statistical analysis

All statistical analyses were performed with R version 2.14. We conducted a twoway ANOVA at each date to test the tillage and the depth impact on the cumulative and specific basal respiration. Another two-way ANOVA was performed to investigate the tillage and nutrients impact on the cumulative PE. Student's t-tests were performed to compare the mean values between tillage depth and nutrients treatments. A linear-plateau model (Eq.4) was used to describe PE kinetics over time for all added substrates treatments (S1-S6). 4) wherePE(t) = the cumulative primed carbon at time t (days); PE max = maximal primed carbon, t p = time at which the priming reaches its maximum. Eq. [START_REF] Bengtson | Evidence of a strong coupling between root exudation, C and N availability, and stimulated SOM decomposition caused by rhizosphere priming effects[END_REF] was fitted against observed data with the nonlinear least-square function nls of the R statistical package [START_REF] Bates | Priming effect and C storage in semi-arid no-till spring crop rotations[END_REF].
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Results

C and N concentrations after 40 years of tillage differentiation

At the beginning of the experiment, in 1970, results showed similar soil C and N concentrations between the two tillage treatments over the soil profile. In 2010, after 40 years of tillage differentiation,we observed that in the upper soil layer 0-5 cm C and N concentrations were significantly (p<0.001) higher in NT than in FIT by 64% and 73% respectively (Table 1). In the deeper layer 15-20 cm, soil C and N concentrations were similar in NT and FIT treatments but were lower than in the surface layer. Similar trend was observed for particulate organic matter (POM) in the layer 0-5 cm where POM-C and POM-N were significantly higher in NT than FIT by 22.5% and 23.1%, respectively. However, in the layer 15-20 cm, POM-C and POM-N were significantly higher in FIT compared to NT.

Basal respiration

The absolute cumulative C mineralization rates in all tillage treatments and layers were significantly correlated to total SOC concentration (r = 0.984*) and POM-C(r = 0.997**) (results not shown here). In the surface soil layer 0-5 cm with high level of nutrients treatments (C1 and C2, Table 2), the absolute C mineralized was greater in NT (996 mg C kg -1 ) than in FIT (534 mg C kg -1 ) at the end of incubation (Table 3). Statistical analysis showed that this difference was significant at level p <0.10 (Table 4). In the surfacelayer with low nutrients level (C3 and C4), cumulative basal respiration reached 1490 mg C kg -1 in the NT treatment and was approximately three times greater than in FIT treatment (p<0.05). The cumulative C mineralized in the layer 15-20 cm (C5 and C6) was smaller than in the upper layer and reached 380 and 363 mg C kg -1 soil for FIT and NT, respectively;no significant differences were observed between tillage treatments.

The specific mineralizationexpressed in g C kg -1 SOCfollowed the same trendthan absolute mineralization but the difference between treatments was less pronounced.In the upper layer 0-5 cm, values ranged from 44.4 to 77.7 g kg -1 SOC with significant higher values recorded in NT treatment (Table 4).A strongpositive correlation was observed between specific mineralization and POM-C (Fig. 1). The higher specific mineralization rate measured in NT treatment indicates that C mineralization was more active per unit of SOC in NT than in FIT treatment. The two way ANOVA performed to assess the effects of tillage and nutrients (Table 4) reveals that tillage affected significantly (p<0.01) absolute and specific mineralization in the upper layer 0-5 cm, whereas nutrients level did not. In the low nutrients treatments, tillage and depth had a significant effect on basal mineralization whereas specific mineralization was only sensitive to depth.

The temporal evolution of C respiration in control treatments is illustrated in Figure 2. The kinetics followed a usual linear-exponential pattern with large differences between treatments. Two groups were distinguished: i) a high mineralization rate in the 0-5 cm soil layer of the NT treatment with high and low nutrient concentration and ii) a moderate mineralization rate in the four other treatments, with non-significant differences (p<0.05) between the 4 treatments.

Cellulose mineralization

The kinetics of C mineralized derived from cellulose is presented in Figure 3. All treatments (S1-S6) showed a similar mineralization pattern. Cellulose mineralization started soon after its addition; it showed an exponential phase during the first 60 days followed by a slowdown phase with an asymptotic decrease in mineralization rates. The fast decrease in the C mineralization rate after day 60 suggests that the cellulose was exhausted at this date, as shown by Fontaine et al. (2004). At the end of the experiment, the proportion of the added cellulose mineralized ranged from 55% to 61%. Statistical analysis (not shown here) indicated no-significant differences between tillage treatments.

Microbial biomass

Microbial biomass C was determined at the end of the incubation (Table 5). In the cellulose amended soil, labeled biomass C ranged from 46 to 96 mg C kg -1 corresponding to 5-11% of the added cellulose. The statistical analysis showed that the labeled biomass C was significantly smaller in NT than in FIT in the 0-5 cm layer and there was no effect of nutrients level. The biomass of the upper layer of the control soil (unlabeled) was about two times greater in the NT than in FIT treatment, but was similar in the lower layer (15-20 cm), following the SOC concentration. Statistical analysis showed no significant differences of unlabeled biomass between control and cellulose amended soil in all treatments except in the upper layer of FIT with high nutrient. This result suggests that there was no apparent priming effect.

Priming Effect

The temporal evolution of the cumulative priming is illustrated in Figure 4. In all treatments, the PE kinetics could be approximated by a linear-plateau model (Eq. 4), with an initial ascending linear phase until time Tp, followed by a maximum value (PEmax). PE started soon after cellulose addition and increased during about 60 days. Model parameters (Tp and PEmax) calculated for each treatment are given in Table 6. The time required to reach the plateau did not vary significantly between treatments, with a mean value of 63 days: this value corresponds to the time when cellulose mineralization rate became very low. It suggests that the priming effect reached a maximum approximately at the same time of cellulose exhaustion. Neither tillage treatment nor depth affected the maximum value of the priming expressed either in absolute (mg C kg -1 soil) or specific values (mg C g -1 SOC), suggesting that PE was not sensitive to the SOC concentration that strongly varied between soil layers and tillage treatments. On the contrary, nutrient level significantly affected the PEmax: the greater priming was recorded in low nutrients treatments. In the 0-5 cm layer, the mean PE was 75 and 131 mg C kg -1 soil in the high and low nutrient levels, respectively.

Discussion

Basal mineralization

In our incubation, we chose to keep field replicate separated for better field representativeness. As a consequence, we observed a large SOC concentration variability with a coefficient of variation ranging from 12% to 35% between soil replicates. This fluctuation, due to the field spatial variability, is greater than that reported in laboratory studies which often incubate pseudo-replicates made of mixed soil samples. Despite this variability, the amounts of SOC and their distribution in the two layers is consistent with our previous study which took all spatial variability into account [START_REF] Dimassi | Long-term effect of contrasted tillage and crop management on soil carbon dynamics during 41 years[END_REF].

The variations in SOC concentrations and microbial biomass between tillage and layers are partially responsible for the significant differences in cumulative basal respiration observed between tillage treatments in the layer 0-5 cm and between the two layers. Studies dealing with the effect of tillage on SOC mineralization reported similar results with greater mineralization under NT compared to FIT in the top soil and almost equal values in deeper layers. [START_REF] Alvarez | Soil organic carbon,microbial biomass and CO 2 -C production from three tillage systems[END_REF] conducted a 160 days incubation after 12 years of tillage differentiation in Argentinean Rolling Pampa. They found about three times more C mineralized in NT compared to FIT in the 0-5 cm layer but no difference in the deeper layer (15-20 cm). Very similar results were obtained by [START_REF] Oorts | C and N mineralization of undisrupted and disrupted soil from different structural zones of conventional tillage and no-tillage systems in northern France[END_REF] on soils coming from the same site than ours which were incubated during 168 days. In both studies, the specific mineralization was also significantly affected by tillage, indicating that the variation in SOC concentration could not explain all the differences in C mineralization and specific mineralization ranked as follows: NT 0-5 cm > FIT 0-20 cm > NT 15-20 cm, in full agreement with our results (Table 3).

The lower specific mineralization in the FIT treatment and above all in the deeper layer of the NT treatment may indicate that SOC in this layer is more recalcitrant to microbial decomposition than in top soil. These results can be partly attributed to the contribution of particulate organic matter to the overall CO 2 production, since POM is known to be a rapidly decomposable pool: indeed we found a highly significant correlation between specific mineralization and C-POM (p<0.001) (Fig. 1).

Apparent vs. real priming effect

On the basis of measurements of unlabeled biomass in the control and cellulose amended soils, there was no evidence of apparent priming effect.These results are consistent with the long-term persistence of the real PE that lasted at least more than one month (Table 3). Blagodatskaya and Kuzyakov(2008), in their review, confirmed these findings and indicated that apparent PE is mainly a short-term effect.In our incubation, the choice of cellulose use (instead of soluble or easily degradable compounds, i.e. glucose) which does not stimulate as much native microbial turnover (Wu et al., 1993) or does not activate dormant microbes by switching spores or resting cells to an active state ('trigger molecules' hypothesis; De Nobili et al., 2001) explain the absence of apparent PE. This complements the hypothesis proposed by Fontaine et al. (2003) suggesting that easily degradable compounds boosts fast growing r-strategist microbes unable to decompose polymerized substrates such as cellulose and simultaneously inhibit slow-growing Kstrategist microbes that can decompose both fresh and recalcitrant SOM.

Experimental factors affecting priming

At the end of incubation, we found that PE did not differ significantly between tillage treatments whatever the soil layer. The absence of difference is surprising after 40 years of contrasted tillage practices which resulted in large differences in SOC concentration and distribution over the soil profile. These results are contradictory to our hypothesis suggesting that PE intensity could vary due to difference in SOC concentration.

Our results might seem in discordance with a meta-analysis conducted by Zhang et al. (2013). These authors examined 22 studies assessing the impact of external C addition on PE intensity. They found that the average stimulation of native SOC mineralization represented 29% and 43% in soils where SOC content was lower or greater than 20 g kg -1 , respectively. However, the SOC concentration effect (partition in two groups) was not statistically significant. The recent study conducted by [START_REF] Paterson | Soil-specific response functions of organic matter mineralization to the availability of labile carbon[END_REF], examining the PE response to glucose addition at a rate similar to ours (1000 mg C kg -1 ) in four contrasted soils with SOC ranging from 2.3 to 40.1 g kg -1 , supports our findings. The highest PE intensitieswere found in the soils with the lower SOC concentrations. Our study indicates that PE intensity did not depend on SOC concentration and thus microbial biomass, at least for the cellulose addition rate of 882 mg C kg -1 .

Low nutrients level treatment induced significantly higher PE than the high level for the two tillage treatments. Low nutrients rate addition stimulated the PE by 63% and 86% in FIT and NT treatments (0-5 cm depth), respectively. These results support our hypothesis concerning nutrients effect. They are in line with Fontaine et al. (2011) who found that low nutrient availability increased PE by 103% (p<0.001) compared to high nutrient availability. Two hypotheses may explain these results. The first hypothesis suggests that low N availability stimulates the soil microbes to mine SOM in search of nutrients for their growth. [START_REF] Treseder | Nitrogen additions and microbial biomass: a meta-analysis of ecosystem studies[END_REF], in her review of different ecosystems, suggested that mineral N enrichment induced a microbial biomass decrease by 15%. This decrease may be explained by toxic osmotic potentials in soil solution due to the N addition or the decline in soil pH inducing magnesium and calcium leaching. The second hypothesis, which is more likely, is the nutrient bank mechanism proposed by Fontaine et al. (2004Fontaine et al. ( , 2005)). This hypothesis stipulates that when N availability is limited microbial mining is stimulated inducing soil nutrients release. On the contrary, when nutrients are available in sufficient quantities microbial mining is inhibited.

In situ priming affected by tillage

Our study indicated that the major factor controlling PE intensity at the given cellulose rate (882 mg C kg -1 soil) is the nutrient availability but not tillage management through changes in SOC concentration with soil profile (Table 4). However, in our incubation, we only tested one addition rate. Many studies clearly indicated that PE increases with the C addition rate until a saturation level (e.g. Guenet et al., 2010, Paterson and[START_REF] Paterson | Soil-specific response functions of organic matter mineralization to the availability of labile carbon[END_REF], although the saturation level was not obtained in studies made with cellulose or wheat straw added at a rate of 2700-3200 mg C kg -1 (Guenet et al., 2010;Mary et al, Perveen et al., unpublished data).

In our long-term experiment, similar crop yields were observed in FIT and NT treatments, suggesting similar C inputs which were estimated at 2.70 t C ha -1 yr -1 [START_REF] Dimassi | Long-term effect of contrasted tillage and crop management on soil carbon dynamics during 41 years[END_REF]. Assuming that these residues are mixed in the ploughed layer of the FIT treatment and remain in the upper layer (0-5 cm) of the NT treatment, the mean concentration of added residues would be 665 and 3865 mg C kg -1 soil respectively. Within this concentration range, the PE intensity is expected to be almost proportional to the C rate. The other factor susceptible to modify the priming is the nutrient availability, particularly mineral N concentration. This variable was monitored in the long-term experiment during two years of the wheat/maize rotation. We found that there was almost no significant difference in mineral N concentrations between FIT and NT treatments in both layers at all measurement dates (unpublished data). We conclude that PE can be affected by mineral N availability throughout time but similarly in the two tillage treatments.

Our incubation results indicated that PE released about 14% and 8% of the quantity of cellulose-C added in low and high nutrients levels, respectively. Assuming that this proportion may apply to the whole crop residues, the in situ priming could reach 0.42 to 0.24 t C ha -1 yr -1 depending on mineral N availability. It would be similar in the two tillage treatments since C addition rates are similar. Based on these two factors,we can predict that PE intensity should vary within the soil profile with a maximum in the upper soil layer of NT treatment and a minimum in the lower layer of the same treatment. The mean residence time of SOM should vary similarly, suggesting that SOM could reach steady state in upper layer of NT more rapidly than in FIT and even more than in the no-tilled layers. This prediction has to be compared to direct estimates of C mineralization rates measured in situ. More research is required to characterize and simulate the effect of various factors acting on priming in situ. 

Root exudation is the most efficient way by a plant to accelerate soil organic carbon mineralization
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Introduction

The rhizosphere processes contribute almost half of the total CO 2 emissions from the terrestrial ecosystems at global level [START_REF] Schimel | Terrestrial ecosystems and the carbon cycle[END_REF]. They are also suggested to play a significant role in mediating ecosystem feedbacks to climate change through their effects on net primary productivity, organic matter decomposition, nutrient cycling and carbon (C) storage [START_REF] Grayston | Rhizosphere carbon flow in trees, in comparison with annual plants: the importance of root exudation and its impact on microbial activity and nutrient availability[END_REF]Dijkstra & Cheng 2007;[START_REF] Phillips | Enhanced root exudation induces microbial feedbacks to N cycling in a pine forest under long-term CO 2 fumigation[END_REF]). This has led to studies to better understand the magnitude, controls and direction of rhizosphere processes regarding soil organic carbon (SOC) dynamics (Cheng et al. 2003;Fontaine et al. 2004a;Drake et al. 2011). Despite this increased interest, there are still many uncertainties regarding to which processes strongly accelerate SOC turnover in rhizosphere thereby making the predictions of climate feedbacks fuzzy (Shahzad et al. 2012).

The rhizodeposition, i.e. the release of root exudates, mucilage and sloughed-off root border cells, constitute significant inputs of labile carbon into the soil [START_REF] Paterson | Importance of rhizodeposition in the coupling of plant and microbial productivity[END_REF][START_REF] Nguyen | Rhizodeposition of organic C by plant: mechanisms and controls[END_REF]. Overall, up to 20% of the net C fixed by plants is released into the soil in the form of rhizodeposition during vegetative period [START_REF] Hütsch | Plant rhizodepositionan important source for carbon turnover in soils[END_REF]. The main component of rhizodeposition is the root exudates (REs) through which 10-100 times more carbon is released than mucilage and sloughed-off border cells [START_REF] Nguyen | Rhizodeposition of organic C by plant: mechanisms and controls[END_REF]. The REs has been found to play important role in soil ecology and plant nutrition. For example, they have been found to enhance mycorrhizal fungal growth [START_REF] Elias | Hyphal elongation of Glomus fasciculatus in response to root exudates[END_REF][START_REF] Tawaraya | Effect of onion (Allium cepa) root exudates on the hyphal growth of Gigaspora margarita[END_REF] thereby helping the plant to explore larger volumes of soil in search of nutrients.

Moreover, the organic acids present in REs, help solubilize the insoluble phosphorus (P) in rhizosphere [START_REF] Moghimi | Release of phosphate from calcium phosphates by rhizosphere products[END_REF][START_REF] Lipton | Citrate, malate, and succinate concentration in exudates from P-sufficient and P-stressed Medicago sativa L. seedlings[END_REF][START_REF] Otani | Phosphorus (P) Uptake mechanisms of crops grown in soils with low P status[END_REF][START_REF] Hinsinger | Bioavailability of soil inorganic P in the rhizosphere as affected by root-induced chemical changes: a review[END_REF].

This knowledge has even led to the development of novel plant varieties more efficient in using soil P through genetically-engineered enhanced release of organic acids by roots [START_REF] López-Bucio | Enhanced phosphorus uptake in transgenic tobacco plants that overproduce citrate[END_REF]. Finally, the REs have also been suggested to increase the SOC turnover by promoting the microbial activity in the rhizosphere [START_REF] Hamilton | Can plants stimulate soil microbes and their own nutrient supply? Evidence from a grazing tolerant grass[END_REF][START_REF] Phillips | Enhanced root exudation induces microbial feedbacks to N cycling in a pine forest under long-term CO 2 fumigation[END_REF][START_REF] Bengtson | Evidence of a strong coupling between root exudation, C and N availability, and stimulated SOM decomposition caused by rhizosphere priming effects[END_REF] but the direct evidence is still lacking.

The mineralization of SOC is accelerated under living plants when compared to unplanted controls due to stimulation of soil microbes [START_REF] Helal | Influence of plant roots on C and P metabolism in soil[END_REF][START_REF] Liljeroth | Carbon translocation to the rhizosphere of maize and wheat and influence on the turnover of native soil organic matter at different soil nitrogen levels[END_REF][START_REF] Kuzyakov | Photosynthesis controls of rhizosphere respiration and organic matter decomposition[END_REF]) -a phenomenon known as rhizosphere priming effect (RPE). It has been suggested that REs from roots and root-associated mycorrhizae provide energy-rich substrates to rhizosphere microbes thereby enabling them to secrete extracellular enzymes responsible for the accelerated SOC decomposition [START_REF] Clarholm | Interactions of bacteria, protozoa and plants leading to mineralization of soil nitrogen[END_REF][START_REF] Hamilton | Can plants stimulate soil microbes and their own nutrient supply? Evidence from a grazing tolerant grass[END_REF]. However, the lab incubations testing the effect of various components of REs on SOC mineralization have reported contradictory results. Briefly, the additions of isotopically labeled sugars, amino acids and organic acids induced positive or negative priming effects (Hamer & Marschner 2005a, 2005b;Blagodatskaya et al. 2007;Ohm et al. 2007) or did not have any effect even if the microbial activity was stimulated (De Nobili et al. 2001;[START_REF] Salomé | Carbon dynamics in topsoil and in subsoil may be controlled by different regulatory mechanisms[END_REF]. This lack of effect is explained by the fast growth of r-strategist microorganisms that only use these easily degradable substrates (Fontaine et al. 2003;Blagodatskaya et al. 2007;Ohm et al. 2007). The role of rootassociated endo-and ectomycorrhizae on the RPE is unknown. The catabolic capabilities of root-associated mycorrhizae are generally considered low compared to those of soil decomposers [START_REF] Read | Mycorrhizas and nutrient cycling in ecosystems -a journey towards relevance?[END_REF][START_REF] Talbot | Decomposers in disguise : mycorrhizal fungi as regulators of soil C dynamics in ecosystems under global change[END_REF][START_REF] Cheng | Arbuscular mycorrhizal fungi increase organic carbon decomposition under elevated CO 2[END_REF], suggesting they probably play a minor role in RPE. However, they have been found to participate in the degradation of plant litter [START_REF] Hodge | An arbuscular mycorrhizal fungus accelerates decomposition and acquires nitrogen directly from organic material[END_REF][START_REF] Tu | Mycorrhizal mediation of plant N acquisition and residue decomposition: Impact of mineral N inputs[END_REF][START_REF] Cheng | Arbuscular mycorrhizal fungi increase organic carbon decomposition under elevated CO 2[END_REF], suggesting that their catabolic capability has been underestimated. Finally, the RPE induced by the plants may arise from the supply of litter to soil decomposers since this type of organic matter systematically induces a priming effect in incubation studies (Nottingham et al. 2009;Pascault et al. 2013). Knowledge of the contribution of REs, mycorrhizae and root litter depositions to RPE is fundamental to predicting plant effects on soil C cycling under changing climates.

Plant species differ in terms of total labile C inputs through rhizodeposition into the soil thereby inducing varying stimulation of soil microorganisms and RPE (Cheng et al. 2003;Dijkstra et al. 2006aDijkstra et al. , 2006b)). Moreover, a specific plant species can shape a specific structure of microbial community [START_REF] Grayston | Rhizosphere carbon flow in trees, in comparison with annual plants: the importance of root exudation and its impact on microbial activity and nutrient availability[END_REF][START_REF] Germida | Diversity of rootassociated bacteria associated with field-grown canola (Brassica napus L.) and wheat (Triticumaestivum L.)[END_REF][START_REF] Broeckling | Root exudates regulate soil fungal community composition and diversity[END_REF][START_REF] Berg | Plant species and soil type cooperatively shape the structure and function of microbial communities in the rhizosphere[END_REF] by controlling the quality and quantity of rhizodeposition, mainly REs, into the rhizosphere [START_REF] Grayston | Rhizosphere carbon flow in trees, in comparison with annual plants: the importance of root exudation and its impact on microbial activity and nutrient availability[END_REF][START_REF] Broeckling | Root exudates regulate soil fungal community composition and diversity[END_REF]. Therefore it is important to study the mechanisms of RPE under different species and linking the variation in RPE with the microbial community structure under various species.

Here we present a study where the effect of REs on SOC dynamics was disentangled from that of mycorrhizae and root-litter deposition. Three grassland species i.e. Lolium perenne (Lp), Poa trivialis (Pt) and Trifolium repens (Tr), were gown for 51 days on inert sand in PVC tubes. These PVC tubes also contained small PVC cylinders filled with soil and sealed on both sides with mesh of different pore sizes (Fig. 1). Different pore sizes of mesh were either permeable to root exudates only, root exudates and rootassociated mycorrhizae or root exudates root-associated mycorrhizae and roots.

Continuous 13 C labeling of plants was used to distinguish soil-derived (Rs) and plantderived respiration (Rp). The rhizosphere priming effect was calculated as the difference between Rs from planted soils and from control bare soil. As the separation of soil and plant compartments is not possible for perennial herbaceous plants, gas measurements were made after plants were placed in the dark to stop photosynthesis and avoid any plant uptake of soil-originated CO 2 .We show that root exudates induced strong priming effects under all the species without increasing soil microbial biomass.

Materials and Methods

Soil sampling and conditioning

The soil was sampled from upland grassland located in the environmental research Upper 10 cm that is rich in fresh C was removed given that respiration of this pre-existing unlabeled fresh C cannot be separated from that of recalcitrant SOC. Moreover the presence of plants can modify the decomposition of fresh C [START_REF] Personeni | How does the nature of living and dead roots affect the residence time of carbon in the root litter continuum[END_REF] thus it is advisable to use a soil with lower proportion of fresh C in order to determine the effects of plants on recalcitrant SOC. The soil properties were: pH 6.3 ± 0.23, clay (%) 21 ± 2.1, soil organic carbon (SOC) (g kg -1 soil) 17 ± 0.28 and SOC δ 13 C (‰) -26.4 ± 0.02. This soil was enclosed in small PVC cylinders (height 1.5mm, diameter 2.5cm) whose sides were sealed by the mesh of three different pore sizes. The pore size 0.45 µm was meant to only allow the entry of REs excluding the mycorrhizae and roots in a living rhizosphere (REs treatment). Whereas, the pore sizes 30 and 1000 µm would also permit the entry of mycorrhizae and roots (mycorrhizae & roots) respectively. From now on, these soil-containing cylinders will be called soil compartments.

Establishment of monocultures

Three grassland species i.e. Lolium perenne (Lp), Poa trivialis (Pt) and Trifolium repens (Tr), that were previously found to induce variable priming effects (Shahzad et al. 2012), were selected for this experiment. PVC pots (20 cm high, 7.8 cm internal diameter) were filled with inert sand (pH 7) whereas four soil compartments each containing about 15g of equivalent dry soil were placed laterally in each pot (Fig. 1). In August 2010, twelve pots were sown by each of the three species representing four replicates for each pore size of mesh (0.45, 30, 1000 µm). Four pots containing soil compartments (1000 µ mesh) were kept bare as control soil. Automated drip irrigation method was used for water supply and all pots were water-saturated whenever the soil moisture decreased to 75 ± 5 of the soil field capacity.

Labeling system & mesocosm

The detailed description of the labeling system has previously been given in Shahzad et al. 2012 (Materials & Methods and Supplementary material). Briefly, a compressor injected ambient air into a molecular sieve to remove CO 2 , H 2 O and all particles. The decarbonized air was then mixed with 13 C-depleted CO 2 of fossil fuel origin (δ 13C: -38.55 ± 0.07 ‰) and passed through a humidifier. The water flow in humidifier was regulated such that the relative humidity of the labeled air reaching the mesocosm was around 50-60%. The air injected in the mesocosm had a CO 2 concentration of 400 ± 20 ppm

The mesocosm consisted of an iron box with a plexiglass screen mounted on it (mesocosm dimensions: 350 × 140 × 140 cm). The advantage of using the plexiglass was that it doesn't change the wavelength of the sunlight passing through it. All planted and bare pots were placed in the mesocosm and continuously ventilated with air produced by labeling system. The volume of the air in the mesocosm was renewed twice a minute. This quick renewal of the air was used to maintain constant concentration (400 ppm) and isotopic composition (-38.55 ‰) of CO 2 in the mesocosm. The ventilation of air did also not let the temperature difference exceed beyond 2 ºC between inside and outside of mesocosm. All the planted and bare pots were placed in a continuous 13 C-CO 2 labeling system throughout the experiment.

Mycorrhizal colonization

Since the plants were grown in sand which is an unfavorable medium for the spontaneous development of mycorrhizal colonization of roots, an inoculum of endomycorrhizae was applied to plant pots. Viable fungal spores were extracted in 1%

CaCl 2 on a filter paper using fifty grams of fresh soil, taken from the same field from where experimental soil was taken. The number of viable fungal spores was found sufficient during trials of extractions i.e. at least 200 per filter paper. The filters containing spores were gently washed with distilled water at the base of the one week-old plants. [START_REF] Murashige | A revised medium for rapid growth and bio-assays with tobacco tissue cultures[END_REF] nutritive solution was applied thrice during the experiment:

first application was sans nitrogen salts done one day after inoculation. The following applications included the nitrogen contents as given in the said nutritive solution.

The mycorrhizal colonization was measured using the method of McGonigle et al. (1990). Briefly, roots of 5 selected plants at the end of experiment were cut into smaller pieces of about 1 cm each, cleared in 10% KOH during 24 h, rinsed with distilled water, acidified with 1% HCl during 15 minutes, stained overnight with 0.1% Trypan blue at ambient temperature, rinsed with distilled water and destained in 50% glycerol. About 200 fragments of one sample were mounted on microscopic slides and examined with intersection method at × 200 magnification. The parameters measured were arbuscular colonization, vesicular colonization, hyphal colonization and the root fragments noncolonized by mycorrhizae.

Respiration measurements

For respiration measures, pots were taken out of the mesocosm and sealed in airtight PVC chambers (height 100 cm, diameter 15 cm) for 24 h. Absence of light stopped photosynthesis consequently stopping the plant absorption of soil-respired CO 2 . The CO 2 released by soil plant system was trapped in soda lime trap of 100 ml of 1M NaOH that was placed in the respiration chambers. By conducting additional measurements in the respiration chambers using chromatography, we found that the soda lime trap fixed more than 99% of the CO 2 released over 24 hours by soil-plant system. Total C trapped in NaOH was measured using total inorganic C analyzer. After analysis, carbonates in NaOH were precipitated using an excess BaCl 2 and filtered. The 13 C abundance of carbonates (trapped CO 2 ) was measured with an elemental analyzer coupled to an Isotope-ratio mass spectrometer (IRMS). The soil-derived CO 2 (Rs, mg C-CO 2 kg-1 dry soil day-1) was separated from plant-derived CO 2 (Rs, mg C-CO 2 kg -1 dry soil day -1 ) using mass balance equations:

Rs + Rp = Rt Rs × A s + Rp × A p = Rt × A t
Where Rt is the total CO 2 emitted by the plan-soil system, Rs is soil-derived CO 2 released as result of microbial mineralization of SOC, Rp is the CO 2 coming from plant, mycorrhizae and microbial respiration of rhizodeposits and plant litter. As is the 13 C abundance (% atom) of soil carbon, Ap is the 13 C abundance of plant C and At is the 13 C abundance of total CO 2 emitted from the plant-soil system.

The rhizosphere priming effect (RPE, mg CO 2 -C kg -1 dry soil day -1 ) induced by the plants was calculated as:

RPE = Rs ˗ R control
Where R control (mg C-CO 2 kg -1 dry soil day -1 ) is CO 2 emitted by bare control soil.

Plant & soil analyses

Fifty one days after sowing, pots were destructively sampled for plant and soil analysis.

Soil from the four compartments of each pot was taken out and mixed homogenously.

Plant roots were washed to remove the sand and the soil (for >1000 µm mesh) attached to them. Roots and shoots were then oven dried for 48 h at 60ºC and finely ground. The dried plant material was analyzed on an elemental analyzer coupled to an IRMS for total C and N content and 13 C abundance. Microbial biomass was measured using a modified version (Fontaine et al. 2011) of the fumigation-extraction method proposed by Vance et al. (1987).

PLFA measurements

A soil sample of 2 g was freeze-dried and ground for each replicate after remaining plant materials were picked out. Phospholipids fatty acids (PLFA) were extracted using a modified method of [START_REF] Bligh | A rapid method of lipid extraction and purification[END_REF] [START_REF] Frostegård | Microbial biomass measured as total lipid phosphate in soils of different organic content[END_REF]. Briefly, PLFA were extracted in a single-phase mixture of chloroform methanol: citrate buffer (1:2:0.8, v:v:v:, 500mg, volume 3mL from Supelco). Neutral lipids, glycolipids and PLFA were eluted by chloroform, acetone and methanol respectively. Methyl nonadecanoate (fatty acid methyl ester 19:0) was added as an internal standard and PLFA were trans-methylated under mild alkaline conditions to yield fatty acid mythyl easters (FAMEs), [START_REF] Dowling | Phospholipid ester-linked fatty acid biomarkers of acetate-oxidizing sulphate-reducers and other sulphide-forming bacteria[END_REF]. Matreva). The PLFAs i15:0, a15:0, i16:0, and i17:0 were designated as gram positive bacterial while 17:0cy, 19:0cy & 16:1ɷ9c were designated as gram negative bacterial [START_REF] Frostegård | The use of phospholipid fatty acid analysis to estimate bacterial and fungal biomass in soil[END_REF][START_REF] Zelles | Phospholipid fatty acid profiles in selected members of soil microbial communities[END_REF]. The PLFAs 18:1ɷ9c, 18:2ɷ9t and 18:2ɷ6c were designated as representatives of saprophytic fungi [START_REF] Frostegård | The use of phospholipid fatty acid analysis to estimate bacterial and fungal biomass in soil[END_REF][START_REF] Zelles | Phospholipid fatty acid profiles in selected members of soil microbial communities[END_REF]).

The PLFA 16:1ɷ5c are often considered to represent the arbuscular mycorrhizal fungi [START_REF] Olsson | The use of phospholipid and neutral lipid fatty acids to estimate biomass of arbuscular mycorrhizal fungi in soil[END_REF] although they can also be found in bacteria (Nichols et al. 1986). For this study this biomarker is being considered a representative of arbuscular mycorrhizal fungi (AMF) albeit with caution as suggested recently by [START_REF] Frostegård | Use and misuse of PLFA measurements in soils[END_REF]. The PLFAs 14:0, 15:0, 16:0, 17:0, 18:0 and 20:00 were considered as universal PLFAs since they may be derived either from fungi or bacteria or both [START_REF] Frostegård | The use of phospholipid fatty acid analysis to estimate bacterial and fungal biomass in soil[END_REF].

Statistical analyses

A two way analysis of variance (ANOVA) (95% CI) was used to determine the significant effect of planting and mesh treatment on soil organic matter mineralization i.e. soil-derived CO 2 -C and rhizosphere priming effect. The relationship between plant-derived CO 2 -C or plant biomass and the rhizosphere priming effect across the plant species and mesh treatments was assessed by simple regression analysis. The effect of mesh treatment on total soil microbial biomass, soil-derived microbial biomass, plant-derived microbial biomass and different microbial groups was determined using one-way ANOVA. One-way Total microbial biomass (MB tot ) remained unchanged under 0.45 µm and 30 µm mesh treatments under all species (P> 0.05) except Pt where MB tot increased by 27.9 (± 24.5) % in the presence of REs i.e. 0.45 µm mesh (P< 0.05, Fig. 4). In contrast, the presence of roots in soil compartments (1000 µm mesh) significantly increased the MB tot under all species (P< 0. was significant in all mesh treatments under all species (P< 0.05, Fig. 4). Similar amounts of plant-derived C were assimilated in microbial biomass under 0.45 µm and 30 µm mesh treatments. However the presence of roots (1000 µm mesh) increased MB plant by 2 (Pt) to 9 times (Tr) when compared to 0.45 µm and 30 µm mesh treatments(P< 0.05).

The plant C derived microbial biomass (MB plant ) was used to determine RPE efficiency i.e. the amount of RPE induced per unit of plant-derived C assimilated into microbial biomass. The RPE efficiency was highest in the presence of REs or rootassociated AMF while it was lowest in the presence of roots for all the species (Fig. 5). For example, root exudates were 3 (Pt), 6 (Lp) or 7 (Tr) times more efficient than the roots in inducing RPE. Under Lp, the presence of root-associated AMF resulted in significantly lower RPE efficiency than that in the presence of REs but it was still higher than that in the presence of roots.

The AMF biomarker (PLFA 16:1ɷ5c) in the soils showed no change under 0.45 µm (REs) and 30 µm (permeable to root colonizing mycorrhizae) mesh treatments under all species (P> 0.05). The presence of roots (1000 µm mesh) significantly increased the concentration of AMF in soil but only under Tr (Fig. 6). The concentrations of all saprophytic microbial groups remained unchanged under 0.45 µm and 30 µm mesh treatments in all species (P> 0.05). However, the presence of roots increased their concentrations by large amounts across all the species P< 0.05). The response of Gram negative bacteria to various types of plant C deposition was inconsistent for the three species (Fig. 6). The concentrations of Gram negative bacteria, when compared to that in control soils, were significantly increased in the presence of REs under Lp and Tr but it remained unchanged under Pt. However, their concentrations remained unchanged for 30 µm mesh. Moreover, the presence of roots stimulated concentrations of Gram positive bacteria only under Pt and Tr but not Lp.

Discussion

The three perennial plant species induced an important over-production of unlabeled CO 2 .

This RPE can have two origins: i/ an increase in SOC mineralization and ii/ an acceleration of microbialturnover (Bingeman et al. 1953;[START_REF] Dalenberg | Priming effect of small glucose additions to 14Clabelled soil[END_REF], 1989). Indeed, the supply of labeled C may activate dormant microbes which renew their metabolites and release unlabeled microbial C as CO 2 . The over-production of unlabeled CO 2 in this case is often called false RPE because it comes from an acceleration of microbial turnover and not from mineralization of SOC (Bingeman et al. 1953;[START_REF] Dalenberg | Priming effect of small glucose additions to 14Clabelled soil[END_REF], 1989). The occurrence of false RPE can be detected by measuring the amount of unlabeled C in microbial biomass of control and C-amended soil; the false PE decreases the unlabeled microbial C in the C-amended soil (Wu et al. 1993;Fontaine et al. 2004b). Our results

show that the presence of plants had no effect or increased the unlabeled microbial C (Fig [START_REF] Bengtson | Evidence of a strong coupling between root exudation, C and N availability, and stimulated SOM decomposition caused by rhizosphere priming effects[END_REF], indicating that the observed RPE was mostly the result of an increase in SOC mineralization i.e. the false RPE is negligible compared to the true RPE.

Our findings show that root exudates are as the most important mean for a plant to induce an acceleration in SOC mineralization i.e. rhizosphere priming effect (Fig. 2). The result was common for one leguminous and two grasses with different growth strategies [START_REF] Maire | Trade-off between root nitrogen acquisition and shoot nitrogen utilization across 13 cooccurring pasture grass species[END_REF]. The role of REs in the stimulation of microbial enzyme activities and SOC mineralization has long been suspected [START_REF] Dormaar | Effect of active roots on the decomposition of soil organic materials[END_REF][START_REF] Liljeroth | Carbon translocation to the rhizosphere of maize and wheat and influence on the turnover of native soil organic matter at different soil nitrogen levels[END_REF][START_REF] Hamilton | Can plants stimulate soil microbes and their own nutrient supply? Evidence from a grazing tolerant grass[END_REF]Fontaine et al. 2003;Phillips et al. 2012). However, by disentangling the effect of exudates from other root-induced processes, our study presents for the first time the key role of REs on SOC mineralization. The fact that the SOC mineralization is mainly driven by REs has important consequences for our understanding of plant-soil interactions. The deposition of REs is finely connected to the plant photosynthetic activity, with a transfer of photosynthates to rhizosphere microorganisms occurring in less than 24 hours [START_REF] Johnson | In situ 13 CO 2 pulselabelling of upland grassland demonstrates a rapid pathway of carbon flux from arbuscular mycorrhizal mycelia to the soil[END_REF][START_REF] Denef | Microbial community composition and rhizodeposit-carbon assimilation in differently managed temperate grassland soils[END_REF][START_REF] De Deyn | Rapid transfer of photosynthetic carbon through the plant-soil system in differently managed species-rich grasslands[END_REF]. Given that these REs drive the SOC mineralization and thereby the release of mineral N [START_REF] Phillips | Enhanced root exudation induces microbial feedbacks to N cycling in a pine forest under long-term CO 2 fumigation[END_REF][START_REF] Dijkstra | Rhizosphere priming: a nutrient perspective[END_REF], the plant might finely adjust its own N supply to the potential growth offered by its environment (i.e. light, CO 2 ). The fine control of SOC mineralization by plants is supported by a recent study (Shahzad et al. 2012) showing that the decrease in plant photosynthesis induced by clipping resulted in a 20-56% decrease in RPE within 24 hours.

enough for only stimulating the k-strategist microbes (Fontaine et al., 2003) to produce and release extracellular enzymes decomposing SOC. Moreover, the growth of r-strategist microorganisms (Fontaine et al., 2003), which do not decompose SOC but can grow rapidly on substrates similar to exudates, is blocked by a factor that could not be identified in this study. In contrast, root litters raised saprophytic fungi, and specifically the biomarker 18:2w6c, across all plants. These saprophytic fungi have been shown to be the actors of the PE induced by plant litters (Fontaine et al. 2011;Shahzad et al. 2012).

In conclusion, our findings show that the plant strongly modulates SOC mineralization (rhizosphere priming effect) through their exudates. This modulation is likely the result of thousands of years of plant-microbe co-evolution which has been realized in an atmosphere where CO 2 concentration mostly fluctuated between 200 and 280 ppm [START_REF] Barnola | Vostok ice core provides 160,000-year record of atmospheric CO 2[END_REF]. However, the human activities have led to a rapid increase in atmospheric CO 2 concentration currently reaching 400 ppm (Mauna Loa Observatory 2014), with the possibility of disturbing the exudation rate of plants [START_REF] Phillips | Enhanced root exudation induces microbial feedbacks to N cycling in a pine forest under long-term CO 2 fumigation[END_REF].

The mineralization of SOC in ecosystems exposed to elevated CO 2 is intensified [START_REF] Langley | Priming depletes soil carbon and releases nitrogen in a scrub-oak ecosystem exposed to elevated CO 2[END_REF]Phillips et al. 2012) leading, in several cases, to net decrease in SOC stock (Carney et al. 2007;[START_REF] Langley | Priming depletes soil carbon and releases nitrogen in a scrub-oak ecosystem exposed to elevated CO 2[END_REF]) and an increase in N leaching ( (Liu et al. 2008;[START_REF] Hungate | Nitrogen inputs and losses in response to chronic CO 2 exposure in a sub-tropical oak woodland[END_REF]. These findings suggest that an increase in CO 2 concentration, by increasing the exudation rate of plants and thereby the RPE leads to a rupture of the synchronization (Perveen et al. 2014) between microbial mineralization of SOC and plant uptake of nutrients. Further experiments are necessary to precise the role of exudates in the plant-microbe synchronization in a changing environment. 

ABSTRACT

Integration of the priming effect * (PE) in ecosystem models is crucial to better predict the consequences of global change on ecosystem carbon (C) dynamics and its feedbacks on climate. Over the last decade, many attempts have been made to model PE in soil. However, some basic knowledge to model the PE is lacking such as the relationship between decomposition rate of soil organic matter (SOM) and microbial biomass (MB). Moreover, the PE has never been inserted in a plant-soil model to analyze its role on plantsoil interactions. The main objectives of this thesis were to 1) integrate the activity, biomass and diversity of soil microorganisms in models of ecosystem C and nitrogen (N) dynamics in order to simulate the PE, and 2) determine the consequence of this integration for ecosystem functioning and response to global change. These objectives were achieved thanks to the combination of diverse approaches such as modeling, experimentation and statistical.

In a lab experiment, I show that the rate of SOM decomposition increases 1) linearly with MB, and 2) with a saturating effect with SOM content. The linear response of SOM decomposition to MB is explained by the very limited microbial colonization of SOM reserves. However, the positive effect of SOM content on decomposition rate indicates that the local availability of SOM may be limiting for microbial mineralization. The observed co-limitation of SOMdecomposition was accurately modeled with the Michaelis-Menten equation. Finally, incorporating this equation in a simple model of soil Cdynamics explained how carbon often continuously accumulates in undisturbed soils whereas it reaches steady state in cultivated soils. Moreover, I present the first parameterized PE embedding plant-soil model (SYMPHONY) which provides realistic predictions on forage production, soil C storage and N leaching for a permanent grassland. SYMPHONY also shows that plant persistence depends on a fine adjustment of microbial mineralization of SOM to plant nutrient uptake. This fine adjustment was modeled by considering the destruction of SOM through PE and the interactions between two microbial functional groups: SOM-decomposers and SOMbuilders. Moreover, consistent with recent observations, SYMPHONY explains how elevated CO 2 induce modification of soil microbial communities leading to an intensification of SOM mineralization and a decrease in the soil C stock.

By incubating a large range of soils sampled at global scale, I show that PE is a common phenomenon which occurs virtually in all soil types and ecosystems (grasslands, croplands, forests, savannahs and orchard) justifying current efforts to incorporate it in ecosystem models. The intensity of PE in soils was significantly correlated to silt and clay SOM pools which contain the major part of SOM reserve. Nevertheless, most of the PE variability (79%) is not explained by soil properties and SOM pools. This result suggests that the main source of PE variability is the microbial component of soils, which should be characterized in further studies. In conclusion, PE is a common phenomenon that may be incorporated in ecosystem models with a few additional parameters, improving the accuracy of their predictions on ecosystem functioning and response to global change.
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Figure 1 :

 1 Figure 1: Carbon balance within the soil is controlled by carbon inputs from photosynthesis and carbon losses by respiration (Ontl and Schulte, 2012).

Figure 2 :

 2 Figure 2: Schematic diagram of priming effect

Chapter 4 (

 4 modelof PE, I want to test can this model explain the apparent contradictory results between current model predictions and empirical observations? Page 86-103): In this chapter, I have studied the worldwide response of PE to land use (grasslands, croplands, forests, savannah and orchard), soil properties and SOM pools.

Chapter 5 (

 5 Page 104-109): This chapter describes the key results, overall discussion, conclusion and perspectives of this thesis work for future research.

  decomposition and dynamics in order to test our incubation results with the different proposed equations (obtained from literature) of the co-limitation of SOM decomposition by MB and soil C content (Chapter 2).

Figure 4 :

 4 Figure 4: Incubation of soil in flasks to follow the C mineralization during decomposition (a), dilutions of soil C contents obtained by adding the different proportions of sand to soil (b),

Figure 5 :

 5 Figure 5: Model of soil organic carbon (C s ) decomposition (a), and C s dynamic (b). C s

Figure 6 :

 6 Figure 6: Effect of cellulose addition on the cumulative priming effect (PE) (a), labelled (c), and unlabelled microbial C (d). Relationship between the cumulative PE and cellulose levels at the end of incubation (b). All values are given as mean±s.e. (n=3).

  to day 20 was incorporated in Eq. 17 to obtain:

Figure 7 :

 7 Figure 7: Relationship between labelled microbial C and instantaneous PE after 20 (a), 40 (b) and 80 (c) days of incubation. All values are given as mean±s.e. (n=3).

Figure 8 :

 8 Figure 8: Effect of soil carbon content (C s ) content on dynamics of cumulative priming effect (PE) (a) (all values are given as mean±s.e, n=3) and the relationship between cumulative PE and C s content at the end of incubation (b).

Figure 9 :

 9 Figure 9 : Model predictions for the soil organic carbon (C s ) dynamics after establishment of an ecosystem (a) and its conversion to cultivated soil after 10,000 years of ecosystem establishment (b).

  Change Biology".AbstractIntegration of the priming effect (PE) in ecosystem models is crucial to better predict the consequences of global change on ecosystem carbon (C) dynamics and its feedbacks on climate. Over the last decade, many attempts have been made to model PE in soil.However, PE has not yet been incorporated into any ecosystem models. Here we build plant-soil models to explore how PE and microbial diversity influence soil-plant interactions and ecosystem C and nitrogen (N) dynamics in response to global change (elevated CO 2 and atmospheric N depositions). Our results show that plant persistence, soil organic matter (SOM) accumulation and low N leaching in undisturbed ecosystems relies on a fine adjustment of microbial N mineralization to plant N uptake. This adjustment can be modeled in the SYMPHONY model by considering the destruction of SOM through PE and the interactions between two microbial functional groups: SOM-decomposers and SOM-builders. After estimation of parameters, SYMPHONY provided realistic predictions on forage production, soil C storage and N leaching fora permanent grassland. Consistent with recent observations, SYMPHONY predicted a CO 2 -induced modification of soil microbial communities leading to an intensification of SOM mineralization and a decrease in the soil C stock. SYMPHONY also indicated that atmospheric N deposition may promote SOM accumulation via changes in the structure and metabolic activities of microbial communities. Collectively, these results suggest that the PE and functional role of microbial diversity may be incorporated in ecosystem models with a few additional parameters, improving accuracy of predictions.Keywords: C sequestration, nutrient mining, nutrient cycling, bank functioning, C/N coupling, plant-soil interactions.

Figure 10 :

 10 Figure 10 : Flow diagrams of the two study ecosystem models. Model 1 considers a single microbial type (a) whereas model 2 (SYMPHONY) considers two distinct microbial functional types (b). Solid arrows represent flows of C and dashed arrows represent flows of N between different compartments.

Scenarios 1 and 2 :

 2 The two decomposers are N-limited and plantsare C or N limited Although the two decomposer types are taken into account, results are qualitatively similar to those of the model with one decomposer type limited by N (plant limited by C or N, scenarios 1 & 2): the two decomposers immobilize N implying that whole plant N uptake (φ up in eqs N * , Table

Scenarios 3 and 4 :

 4 The two decomposers are C-limited and plantsare C or N limited Results are qualitatively similar to those of the model with one decomposer type limited by C (plants limited by C or N, scenarios 3 & 4): the SOM pool continuously increases or decreases depending only on microbial parameters s and A (Eqs (dCs/dt)

Scenarios 7 and 8 :

 8 SOM-decomposers are C-limited, SOM-builders are N-limited and plantsare C or N limited All compartments have finite steady states except the SOM pool that can reach infinity or steady state (Table

  11&12, model compartments do not vary with time). The matrix analysis of parameterized SYMPHONY (Appendix S3) indicated that the model had only one stable steady statecorresponding to scenario 7 meaning that plant is limited by C, SOM builders limited by N and SOM decomposers limited by C. The C limitation of plants is explained by the relative high N input to this intensive fertilized pasture (0.063 g N m -2 day -1 or 230 kg N ha -1 yr -1 ).

Figure 11 :

 11 Figure 11 : Effects of CO 2 on plant biomass (a), fresh organic C (b), SOM-builders/SOMdecomposers ratio (C df /C ds ) (c), mineral N (d), N leaching (e) and soil C storage (f). Solid black lines represent data from the study intensive pasture at ambient CO 2 (400 ppm) while dashed red lines represent model simulations at elevated CO 2 (560 ppm).

Figure 12 :

 12 Figure 12 : Effects of N inputs on ecosystem N balance (a), mineral N (b), SOMbuilders/SOM-decomposers ratio (C df /C ds ) (c), and soil C storage (d). Solid black lines represent data from the study intensive pasture where N inputs to the ecosystem are 0.06 g N m -2 day -1 . Dashed red lines represent the model simulations when N input to ecosystem is reduced to 0.01 g N m -2 day -1 . These two contrasted N treatments were used to analyze the mechanistic basis of bank functioning of soil. Blue dash-dot-dot lines represent the model simulations when N input to ecosystem is increased from 0.06 to 0.07 g N m -2 day -1 to simulate enhanced atmospheric N depositions.

Figure 13 :

 13 Figure 13 : Dynamics of cellulose respiration in (a) grasslands (n=12), (b) croplands (n=11), (c) forests n=8), (d) savannahs (n=3) and (e) orchard (n=1). The values are given as mean ± standard error.

Figure 14 :

 14 Figure 14: Dynamics of priming effect in (a) grasslands (n=12), (b) croplands (n=11), (c) forests n=8), (d) savannahs (n=3) and (e) orchard (n=1). The values are given as mean ± standarderror

Figure 15 :

 15 Figure 15 : Model representing the independent effect of each variable used for hierarchical partioning for all studied soils (n = 35). Light and dark (blue, red, green and purple) columns indicate respectively the percent independent effect of C and C/N of Free light fraction (LF), particulate organic matter (POM), silt fraction and clay fraction.

Note:

  This article has been published in "Journal of Ecology" in special feature "The Tree of life in Ecosystems". NP has participated in the discussion and revision of this article.

b

  and c are real-valued coefficients defining the trade-off between mineralization and nutrient losses from plants (see justification for this trade-off in introduction). The relation between b and c determines the shape of the trade-off: if b c

differences: ( 1 )

 1 The environment is composed of a lattice of cells. Each cell hosts a local nutrient cycling.[START_REF] Barnola | Vostok ice core provides 160,000-year record of atmospheric CO 2[END_REF] In each cell, there is one nutrient compartment for dead organic matter, a compartment for the mineral nutrient under its mineral form (expressed in dg of mineral nutrient m -2 ) and one nutrient compartment for each plant individual growing in this cell (expressed in dg of mineral nutrient by individual). Competition for mineral nutrients is local between individuals growing in the same cell, but there is also competition at the plot scale through seed dispersal. At the end of each time step (i.e. at the end of a vegetation cycle) some individual plants stochastically die and some individuals reproduce (if they are large enough) and their seeds are dispersed. During each time step, growth of individuals occurs in interaction with nutrient cycling, following equations 6-11 below. Beyond the initial heterogeneity in nutrient availability (availability of mineral nutrient is randomized at the start of each simulation), heterogeneity emerges from local nutrient cycling, plant demography and the underlying stochasticity. Taken together, the model both accounts for stocks and fluxes of the limiting nutrient and for densities and fluxes of individual plants (i.e. death and seed production). The detailed description of the model is given below.

11 D 0

 110 individual i of cell j) eqn is the pool of organic matter resulting from inputs of organic matter entering into the ecosystem (wet and dry deposits). It has its own mineralization rate (m D0 ).We consider the possibility of a homogenization of mineral nutrient availability between cells by adding the quantity each cell. H varies between 0 and  and N is the mean nutrient availability calculated over all cells of the lattice. This simulates the result of lateral fluxes of mineral nutrient: for H=0 there are no lateral fluxes of mineral nutrient (all local values are kept unchanged). When H increases, lateral fluxes of nutrient increase and nutrient availability tends to homogenize at the plot scale (all local j N values are equal to N ). When H increases, mineral nutrients produced locally by local plants are more and more shared by all plants of the population. Studying the impact of H constitutes a theoretical experiment to determine the influence of the way the mineral resource is shared at the population scale.One time step corresponds to a vegetation cycle so that demography is modelled on a perseason basis. In addition to the continuous dynamics described so far, discrete demographic events, i.e. mortality and reproduction, occur every time step. While d Pj,i denotes nutrient losses from individual plants due to the death of parts of plants (roots, leaves),  denotes individual mortality. The modelled ecosystem thus hosts a unique plant species that can be either be long-lived (high ) or short lived (low ). The amount of nutrient contained in dead individuals is transferred to the corresponding dead organic matter compartment (D j,i ). The parameter  defines the proportion of each plant nutrient that is allocated to seed production per season. denotes the quantity of nutrients in a seed. The number of produced seeds for individual i is thus ,

Figure 1

 1 Figure 1 displays the evolutionary dynamics we encountered with the simulation spatial model. Panels A, C, E, G display for four contrasted cases Pairwise Invasibility Plots (PIP, Geritz et al. 1998) that describe the result of an invasion of a resident strategy ( 1 m s ) by a

  model suggests that spatial structuring in which local partitioning of nutrient pools exists allows the evolution of stronger controls of mineralization by plants. Modelling the evolution of the mineralization strategy requires a spatially explicit model. The mean-field analytical approximation only leads to runaway evolution towards ever lower mineralization, because, within the adaptive dynamics framework (Metz, Nisbet & Geritz 1992), mutants start with a low biomass and cannot impact on their environment significantly. The one-cell version of the individual-based model does not allow for any directional evolution towards intermediate mineralization strategies. In such well-mixed conditions the fitness of mutants only depends on the cost they pay for their mineralization strategy. Benefits in terms of mineral nutrient availability disappear as they are equally

  Lateral fluxes of nutrient somehow force individuals from different local cells to share their mineral resource. It increases the size of the local competitive neighbourhood. In the same way, if seed dispersal is efficient, mutants with different mineralization strategies are more likely to share their local mineral resource with individuals of the resident strategy. These mutants hardly modify the local availability in mineral nutrient and hardly benefit from such changes. Hence, both dispersal and homogenizing fluxes of nutrient mitigate the impact of spatialization. These processes lead to the evolution of lower mineralization.Based on these resource sharing arguments, increasing mineralization can be viewed as an altruistic trait. Increasing mineralization increases nutrient availability for all individuals sharing the local neighbourhood, even if these individuals do not share the same mineralization strategy and do not bear the cost of this strategy. Congruent with other studies[START_REF] Pfeiffer | Cooperation and competition in the evolution of ATP-producing pathways[END_REF][START_REF] Gaillard | The adaptative dynamics of altruism in spatially heterogeneous populations[END_REF] 

Fig 1 :

 1 Fig 1: Pairwise-invasibility plots (PIP, A, C, E, G) together with examples of corresponding evolutionary dynamics (B, D, F, H) of the mineralization strategy (s m ). These results were obtained with the simulation spatially-explicit model. A, B, non-spatial model (only one cell); C, D, spatial model (20X20 cells); E, F, spatial model (20X20 cells)with no cost of the control of litter quality (c=0); G, H, spatial model with lower mortality, µ = 0.1. For PIPs, each black dot corresponds to a simulation that leads to the successful invasion of a resident population at its ecological equilibrium (value on the x axis) by a mutant (value on the y axis) starting at a very low density. In these simulations, s m values are not allowed to evolve. s m values for the resident populations and mutants were explored systematically with a step of 0.025 so that each PIP is based on 161X161 invasion simulations. Examples of evolutionary dynamics starting from different mineralization strategies are displayed in each case. A-B corresponds to an evolutionary drift (no directional selection), C-D to a CSS, E-F to a runaway evolution towards higher mineralization, G-H to a runaway evolution towards lower mineralization.

Fig 2 :

 2 Fig 2: Effect of inputs of mineral nutrients to the ecosystem (R n ) on the mineralization strategy (s m *) that evolves in the simulation spatially-explicit model. The impact of different cofactors is also displayed: (A) the trade-off parameter c. (B) individual mortality µ, (C) the intensity of homogenization H (in this case "1 cell" denotes non-spatial simulations with only one cell), (D) the efficiency of dispersal . Nearly all points correspond to evolutionary equilibriums (CSS, see text for details), but long-lived plants (µ = 0.01 or µ = 0.1) or efficient dispersal (= 5) lead to run away evolution towards lower

Fig 3 :

 3 Fig 3: Effect of inputs of mineral nutrients to the ecosystem (R n ) on the ecosystem characteristics (N*, panels A, C; D*, panels B, D) resulting from the evolution of the mineralization strategy (s m ). These results were obtained with the simulation spatiallyexplicit model (20X20 cells) and as a function of the trade-off parameter c. Panels C and D compare the evolutionary effect of nutrient inputs with their ecological effects: the dashed lines are produced without allowing s m to evolve either using for this trait the evolutionary equilibrium value obtained with low nutrient inputs (ecol R N =0) or high nutrient inputs

Fig 4 :

 4 Fig 4: Simulation spatially-explicit model. Contour plot of the effect of the mineralization strategy (s m ) (20X20 cells) and the inputs of mineral nutrients into the ecosystem (R N ) on(i) the mean stock of mineral nutrient (N), (ii) the mean stock of mineral nutrient contained in the plant compartment, summing up the nutrient content of all individuals in each cell (P) and (iii) the mean stock of mineral nutrient contained in dead organic matter (D). For each R N value the thick solid lines denote the position of (A) the minimum N value, (B) the maximum P value. For each R N value the dots and the dashed lines denote the evolved capacity for nutrient acquisition (s m *). See Table1for parameter values.
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 1123 Fig. 1.Correlation between the specific carbon mineralized (g C kg -1 SOC) and POM-C (g C kg -1 soil) for the low nutrients soil samples (C3, C4, C5 and C6) at the end of incubation.

Fig. 4 .

 4 Fig. 4.Priming effect evolution over time, data (symbols) fitted to a linear-plateau model.

  observatory (ORE) established by French National Institute for Agricultural Research (INRA) in central France in 2003 (Theix, 45º 43´N, 03º01´E). The soil is a drained Cambisol developed from a granitic rock. The soil was taken from 10-40 cm soil profile.

pH 4 .

 4 0) shaken at 400rpm for 1h. Phase splitting was done by adding equal volume of chloroform and citrate buffer. The organic phase was then submitted to a solid phase extraction on silica gel extraction cartridges (Discovery® DSC-Si SPE Tube bed wt.

FAMEs

  were then analyzed by GC/MS (4000 GC/MS, Varian) in split-less mode (1 mL, injector temperature: 250 C) equipped with a BPX70 column (60m, 0.25 mm i.d., 0.25 mm df., SGE), and helium as a carrier gas. The temperature program was 50 ºC for 5 min, raised to 165 ºC at 15 C/min, followed by increases of 2 C/min up to 225 ºC. This temperature was held for 15 min. To identify the FAMEs, the retention times and mass spectra were compared with those obtained from standards (Bacterial Acid Methyl Ester (BAME) Mix from Supelco and 11 Hexadecenoic acid (92 % cis. 8% trans) from

  05). The MB tot was almost doubled in the presence of roots of Lp and Tr. The soil C-derived microbial biomass (MB soc ), remained unchanged under 0.45 µm and 30 µm mesh treatmentsunder all species when compared to control soils (P> 0.05) except Pt where it significantly increased in the presence of REs (P< 0.05). However, the presence of roots in soil compartments significantly increased MB soc in comparison to control soils in all species (P< 0.05) except Pt where it remained unchanged (P> 0.05). The assimilation of plant carbon ( 13 C labeled C) i.e. plant-derived microbial biomass (MB plant )

Figure 1

 1 Figure 1:

  Figure 4.

Figure 1 .

 1 Figure 1. Top: The schematic diagram of sand filled pot that was used to grow plants on, containing soil-filled small PVC boxes. Below: The destructive sampling of plant roots and soil from real pot.

Figure 2 .

 2 Figure 2.Rs i.e. soil-derived CO 2 -C (mg C kg -1 soil day -1 ) from planted and bare soils under three grassland species. Error bars represent standard error of means.

Figure 3 .

 3 Figure 3. Relationship between rhizosphere priming effect (RPE) and (a) plant derived C (mg CO 2 -C kg -1 soil day -1 ) (b) total biomass produced by the plants across all species during final measurement of soil CO 2 efflux.

Figure 4 .

 4 Figure 4.Microbial biomass (MB) in control and planted treatments with three meshes. Blank bar represents total MB in control soils where MBtot shows total biomass, MBsoc soil-derived microbial biomass and MBplant plant-derived microbial biomass in planted treatments.

Figure 5 .

 5 Figure 5. Rhizosphere priming effect efficiency i.e. rhizosphere priming effect induced per unit of plant derived carbon assimilated in microbial biomass, in different mesh treatments under three grassland species.

Figure 6 .

 6 Figure 6.Concentrations of phospholipids fatty acids of AMF, saprophytic fungi, Gram negative and Gram positive bacteria in planted and control soils as affected by C deposition through root exudates only (0.45µ mesh), root exudates and root-associated mycorrhizae (30µ mesh) and root exudates plus root-associated mycorrhizae and roots (1000µ mesh).

  

Table 1 :

 1 Experimental treatments for the two sets of soil incubation. In order to manipulate soil organic carbon contents, soil was mixed with sand (without carbon).

	.

Cellulose added (g C kg -1 soil) SOC content (g C kg -1 soil) Incubation set 1

  

	D 0 C 0	100	0	0	24.0
	D 0 C 1	100	0	1	24.0
	D 0 C 2	100	0	3	24.0
	D 0 C 3	100	0	6	24.0
	Incubation set 2			
	D 0 C 0	100	0	0	24.0
	D 1 C 1	92.5	7.5	1	22.2
	D 2 C 1	79	21	1	18.9
	D 3 C 1	65	35	1	15.6
	D 4 C 1	50	50	1	12.0
	D 5 C 1	46.5	53.5	1	11.2
	D 6 C 1	25	75	1	6.0
	D 7 C 1	14	86	1	3.4
	D 8 C 1	9.5	90.5	1	2.3
	D 9 C 1	4.5	95.5	1	1.1

2.2. Materials and Methods 2.2.1. Site description and soil characteristics

  

	Soil was sampled from the ResearchObservatory on grasslands (ORE) established by
	the National Institute for Agricultural Research (INRA) in 2003 (Massif Central, France).

Table 2 :

 2 Models compartments, fluxes and parameters. Parameter values and their coefficient of variation were estimated by fitting the model of soil organic carbon (C s ) decomposition against incubation results.

	Symbol	Definition	Dimension	Value	Coefficient of
					variation (%)

  1, 3 , Katja Klumpp 1 , Raphael Martin 1 , Alain Rapaport 4 , Damien Herfurth 1,3 , Frédérique Louault 1 and Sébastien Fontaine1

*

Institute or laboratory of origin:

1 

INRA, UR874 (Unité Recherche d'Ecosystème prairial), 5 Chemin de Beaulieu, 63039 Clermont-Ferrand, France 2 IRD, UMR (7618) BIOEMCO (Biogéochimie et Ecologie des Milieux Continentaux) Ecole Normale Supérieure 46 rue d'Ulm, 75230 Paris, France. 3 Clermont Université, VetAgro Sup, BP 10448, F-63000, Clermont-Ferrand, France 4 UMR INRA/SupAgro 'MISTEA' and EPI INRA/INRIA 'MODEMIC', 2, pl. Viala 34060 Montpellier, France Corresponding author * : Sébastien FONTAINE Email: sebastien.fontaine@clermont.inra.fr Telephone: +33 473 62 48 72 Fax: +33 473 62 44 57 Keywords: C sequestration, nutrient mining, nutrient cycling, bank functioning, C/N coupling, plant-soil interactions.

Table 3 :

 3 Model compartments, fluxes and parameters. Parameter values were estimated both from published studies and specific measurements on the two study permanent pastures located in France (Altitude 1040 m, Mean annual temperature 7°C, Mean annual precipitation 1,200 mm). See section "Materials and methods" for details of estimations. The management parameters ( and ) have been determined for the intensive pasture.

	Symbol	Definition

  . The rate of plant C deposition m p was estimated fromPicon-Cochard et al., 2012.Leaching rate l was estimated from Simon et al., 1996. CO 2 concentration C a was initially fixed to ambient level (400ppm). A matrix analysis of parameterized model was made in order to check its feasibility and stability (Appendix

Table 4 :

 4 Steady states for model 1. Plants and decomposers can be limited by C or N leading to four possible scenarios.

	When

* , Table

5

). * , Eqs N * , Table

5

), which is not realistic.

Table 6 :

 6 Observed and predicted values of plant C (C p ), fresh organic C (C f ), mineral N (N), plant harvest (e p C p ), N leaching (lN) and net soil C storage (dC s /dt). Percentage deviation for each variable was calculated as (modeled-observed)/observed. Observed variables are mean values obtained in the study intensive pasture located in France (altitude 1040 m, mean annual temperature 7°C, mean annual precipitation 1,200 mm) over the period 2003-2008. The standard deviation (SD) represents the inter-annual variability.

Table 7 :

 7 The number, sampling country, depth and land use of the soils used in the incubation experiment.

			Soil depth			Soil depth
	Soil N° Country	(cm)	Soil N° Country	(cm)
	(a) Grasslands				
	1	Austria	0-20	20	France Boigneville 15-20
	2	Brazil	0-20	21	France Boigneville 0-5
	3	France Laqueuille	0-20	22	France Boigneville 15-20
	4	France Laqueuille	40-60	23	France Limagne	0-15
	5	Hungary	0-20	(c) Forests	
	6	New Zealand	0-20	24	Danemark	0-20
	7	UK	0-20	25	Danemark	40-60
	8	USA	0-20	26	Finland	0-20
	9	France Theix ORE 0-20	27	Germany	0-20
	10	France Limagne	0-15	28	Holland	0-20
	11	Russia	0-10	29	Italy	0-20
	12	UK	0-20	30	Quebec	0-20
	(b) Croplands		31	Russia	0-20
	13	France Grignon	0-20	(d) Savannahs	
	14	France Grignon	40-60	32	South Africa	10-40
	15	Fance Guadeloupe 0-20	33	Senegal	0-20
	16	Niger	0-20	34	Senegal	40-60
	17	Pakistan	0-20	(e) Orchard	
	18	USA	0-20	35	Vietnam	0-20
	19	France Boigneville 0-5			

Table 8 :

 8 Total soil C, and C contribution (in percent) of each fraction to the total soil C stock. Abbreviations are as following: LF = Light fraction, POM = Particulate Organic matter. The values are given as mean ± standard error for each group. NA indicates values not determined. * Only one soil.

	Group Land use	Total C (g kg -1 soil)	Total (C/N)	Free LF C (%)	Free LF (C/N)	POM C (%)	POM (C/ N)	Silt C (%)	Silt (C/N)	Clay C (%)	Clay (C/N)
	a	Grasslands 55.3 ± 17.1 8.32 ± 0.76 16 ± 0.06	14.92 ± 1.84	20 ± 0.04 10.28 ± 1.07 53 ± 0.06	9.92 ± 1.06	11 ± 0.02	6.83 ± 1.22
	b	Croplands	12.2 ± 1.7	7.02 ± 0.97	12 ± 0.02	11.46 ± 2.25	13 ± 0.03 11.40 ± 0.88 46 ± 0.03	8.16 ± 0.85	29 ± 0.04	6.56 ± 0.36
	c	Forests	38.6 ± 7.4	9.65 ± 1.40	33 ± 0.07	24.30 ± 2.67	22 ± 0.10 14.15 ± 1.44 37 ± 0.07 13.01 ± 2.50	8 ± 0.02	10.88 ± 2.08
	d	Savannahs	8.1 ± 3.2	7.72 ± 0.39 16 ± 0.05	11.60 ± 2.40	5 ± 0.01	11.74 ± 2.86 31 ± 0.06 10.52 ± 0.42	50 ± 0.12	8.90 ± 0.96
	e	Orchard*	23.4 ± NA 8.55 ± NA	12 ± NA	18.97 ± NA	40 ± NA	12.18 ± NA	32 ± NA	8.96 ± NA	17 ± NA	9.05 ± NA
		All soils	32.9 ± 6.8		18 ± 0.03	15.81 ± 1.39	18 ± 0.03 11.70 ± 0.63 45 ± 0.03 10.10 ± 0.77	20 ± 0.03	7.91 ± 0.69
				8.17 ± 0.52							

Table 9 :

 9 Perason Correlation coefficients of priming effect (PE) and soil characteristics. The abbreviation are as following: PE=Priming effect, TC=Total soil C, TN= Total soil N, C/N = Soil C/N ratio, LF C= Light fraction C, LF N= Light fraction N, POM C= Particulate organic matter C, POM N= Particulate organic matter N, CEC= Cation Exchange capacity.

	The numbers in bold

  , no negative PE was observed in any soil type and land use.

	Thus, our results do not support the preferential substrate utilization (PSU) hypothesis that
	is, when easily degradable FOM and relatively recalcitrant SOM are present in soil, and
	soil microorganisms may prefer to use FOM, resulting in a decrease in SOM
	decomposition. The negative PE observed in few experiments can be explained either by
	methodological problems (i.e. low or non-homogeneous labelling of carbon

Table 10 :

 10 Summary of Multiple Regression for Soil C fractions

		40			
	(%)				
	effect	30			
	Independent	10 20			
		0			
	Coefficients :		
			Estimates	Std.Error	t value	Pr(>|t|)
	(Intercept)	97.008	52.742	1.839	0.0765
	POM C		1.588	2.476	0.642	0.5264
	POM (C/N) -2.752	3.577	-0.769	0.4481
	Silt C		2.312	1.413	1.635	0.04279 *
	Clay C		12.098	5.837	2.073	0.04753 *
	Signif. codes: 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1
	Residual standard error: 72.06 on 28 degrees of freedom
	Multiple R-squared: 0.3114, Adjusted R-squared: 0.2131
	F-statistic: 3.166 on 4 and 28 DF, p-value: 0.02887

  . Recently,Shahzad et al. (2012) have identified a legume species "Trifolium repens" which triggers a RPE twice as high as generally observed for other herbaceous plants. This legume species may be cultivated in association with annual crops, where they can benefit from the fixation of N 2 and the bank mechanism. This simple example shows that the plant diversity offers opportunities to reinforce the microbial regulation of carbon and nutrient cycles (bank mechanism) in cultivated soils.
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Table 1 :

 1 Steady states for model 1. Plants and decomposers can be limited by C or N leading to four possible scenarios.

	Decomposers Limitation	
	N	C
	Scenario 1	Scenario 3
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				2) is verified, which
	requires to check the condition
	C.2	(		)
	Based on parameters given in Table 1, we have numerically tested the conditions C.1 and
	C.2 for the 8 independent scenarios of the pair (	) . Results indicated that the
	parameterized model admitted only one steady state corresponding to Scenario 7 (Plant
	limited by C, SOM builders limited by N and SOM decomposers limited by C).
	Furthermore, the corresponding	is positive and the matrix	is Hurwitz, which
	ensures the stability of the equilibrium:
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Table 1 :

 1 Hubbell, S.P., Marks, C.O., Ruiz-Jaen, M.C., Salvador, C.M. & Zanne, A.E. (2010) Functional traits and the growth-mortality trade-off in tropical trees. Ecology,91, List of parameters describing the different nutrient fluxes and the demography of the plants.Default values for the parameters are given

	3664-3674.			
	Parameter type	Symbol Values	Definition
	Nutrient recycling	d P0	0.275 yr -1	Initial rate of nutrient loss through the death
	within a local cell			of parts of plants (roots, leaves…)
		m D	0.0766 yr -1	Mineralization of dead organic mater
		u N0	1.43 dg -1 m 2	Initial uptake of mineral nutrient
			yr -1	
	Inputs of nutrient R D	2 dg m -2 yr -1 Mineral atmospheric deposition
		R N	1.8 dg m -2 yr -1 Organic atmospheric deposition
	Losses of nutrient		l P , 0 yr -1	Loss of nutrient due to fires, herbivores or
				human exportations (forestry, agriculture)
			0.038 yr -1	Loss of dissolved organic matter from soils
				or water bodies
			0.05 yr -1	Nutrient leaching from soils, denitrification,
				fluxes of water out
	Nutrient fluxes	H	0	Effect of lateral fluxes of nutrient on the
	between cells			heterogeneity in nutrient availability

Table 1 . Physical and chemical soils properties (measured in June 2010)

 1 

	FIT = Full inversion tillage, NT = No-Till				
					FIT		NT
			0-5 cm	15-20 cm	0-5 cm	15-20 cm
	Whole soil						
	Clay	< 2 µm	g/kg	235	233	241	262
	Fine silt	2-20 µm	g/kg	301	302	313	300
	Coarse loam	20-50 µm	g/kg	365	372	364	352
	Fine sand	50-200 µm	g/kg	77	72	64	67
	Coarse sand	200-2000 µm	g/kg	22	21	18	19
	CEC a		cmol/kg	12.1	11.7	12.7	12.7
	pH			6.5	6.6	5.3	7.0
	SOC		g/kg	11.8	9.7	18.4	9.8
	SN		g/kg	1.43	1.18	1.94	1.18
	Particulate organic matter b					
	POM-C		mg/kg	475	220	2114	71
	POM-N		mg/kg	24.3	12.1	105.2	3.7

a:

cation-exchange capacity (Metson method) b: Free POM (>200µm) SOC: Soil organic matter SN: Soil nitrogen POM: particulate organic matter

  

Table 3 .

 3 Absolute and specific basal cumulative C mineralization after 262 days of incubation incontrol soils Means of four true replicates; values in brackets are the confidence intervals.

	FIT	NT

Table 5 .

 5 Labeled and unlabeled microbial biomass (mg C kg -1 soil) at the end of the incubation.Values in brackets are the confidence intervals (n=4)Lower case letters indicate significant differences between tillage treatments for a given nutrient rate and depth Upper case letters indicate significant differences between unlabeled biomass in control soil and soil with cellulose for a given tillage, nutrient rate and depth.

	high N	low N

Table 6 .

 6 Parametersof the priming effect model for each treatment: Tp = time required to reach the plateau; PEmax = maximum priming effect.

	Values in brackets are the confidence intervals.
	high N

Note: This article is under revision in "Soil Biology & Biochemistry" and NP has contributed substantially to the revisions.
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Scenario 2 Scenario 4 Scenario 6 Scenario 8 

Introduction

The objective of these supplementary mathematical analyses is to test the behavior of the models for the organic-poor soils where the amount of C s may limit the SOM decomposition. In this case, C s decomposition is modeled by the classical equation dC s /dt=-qC s where q is the decay rate of C s when substrate C s is limiting. Apart this decomposition equation, model structure and equations are identical. Our analytical approach is the same as for the models where SOM limitation is limited by decomposers.

Mathematical analysis of each scenarios was made, firstly for the plant-soil model with a single microbial type (Model 1) and secondly for the plant-soil model with two microbial functional types (Model 2). By definition, these models cannot simulate the PE since decay rate of C s is not controlled by the activity and biomass of decomposers.

Results

The analysis of models led to scenarios which have no biological meaning since they yield negative value for some model compartments. These scenarios are in grey in The objective of this supplementary analysis is to determine the conditions under which plant switches from C to N limitation and vice versa. The minimum function of plant photosynthesis (φ ph inEq. 5 in main text of manuscript) determines the relative availabilities of C (CO 2 +light) and N (mineral N) and thereby the switch between the two limitations. This minimum function must be rewritten for each scenario by replacing variables by their mathematical expressions at steady state. For scenario 7, the following equation determines whether the system remains in scenario 7 or switches to scenario 8:

For scenario 8, the following equation determines whether the system remains in scenario 8 or switches to scenario 7:

with

For a given CO 2 concentration (C a ), the switch between the two scenarios depends on the size of mineral N pool (N * ) and thereby on parameters controlling ecosystem N balance (N input, plant N exports and N leaching) (Table 3 in The objective of this supplementary mathematical analysis is to determine feasibility and stability of all possible steady states of model parameterized with the study grasslands. The management parameters were taken from the intensive pasture. For the convenience of mathematical analysis, we adopt a representation with vectors and matrices. The idea is to study all possible trajectories permitted by the model and its parameters. For this purpose, we first consider a vector X of the five state variables that represent the essential compartments of the system:

We gather into a single vector F the six fluxes that directly impact the dynamics, and that depend on the variables of the vector X:

We shall also consider an input vector that represents the exogenous (constant) input of the system:

[ ] The dynamics of the vector X can then be written in the following way = MX+BF+I (E.1)

where M and B are constant matrices defined as follows:

characteristics [START_REF] Hobbie | Effects of plant species on nutrient cycling[END_REF][START_REF] Cornelissen | Leaf structure and defence control litter decomposition rate across species and life forms in regional floras on two continents[END_REF][START_REF] Grime | Plant strategies, vegetation processes, and ecosystem properties[END_REF]. This has been verified in a global meta-analysis [START_REF] Ordoñez | A global study of relationships between leaf traits, climate and soil measures of nutrient fertility[END_REF].

The general understanding presented in the previous paragraph contradicts the results of our model that suggests that the evolved mineralization decreases with nutrient inputs.

These results can be interpreted in two complementary ways. First, when more mineral nutrient is provided, plants depend less on mineral nutrients stored in dead organic matter.

Hence, the cost of a higher mineralization likely outweighs potential benefits. Second, when nutrient inputs increase more individuals are allowed to survive locally (see Appendix S1) and share the local resource. This should lead to the evolution of lower mineralization (see the first two sections of the Discussion). It is difficult at this time to solve this contradiction but note that: [START_REF] Bahn | Does photosynthesis affect grassland soil-respired CO 2 and its carbon isotope composition on a diurnal timescale?[END_REF] In this understanding the direction of causality is not clear: Is the evolution of plants leading to low nutrient availability or the reverse? ( 2)

Our model predicts that increasing nutrient inputs may either decrease or increase nutrient availability depending on the cost paid for mineralization. Hence, the link between overall fertility and nutrient availability is not straightforward.

(3) Our model makes the first general predictions on the evolution of plant mineralization strategy. It can thus be viewed as a null model to further disentangle the complex eco-evolutionary dynamics between ecosystem properties and traits that control nutrient cycling.

The evolution of the mineralization strategy impacts ecosystem properties

That evolution does not maximize plant biomass, contrary to earlier theories [START_REF] Odum | The strategy of ecosystem development[END_REF], is due to the fact that evolutionary dynamics is based on the individual fitness of mutants and not on any collective properties at the ecological equilibrium (e.g. total biomass or primary production). That evolution does not minimize the availability of mineral nutrient contradicts models predicting the exclusion of all species but the one that is able to minimize mineral nutrient availability [START_REF] Tilman | Resource competition and community structure[END_REF]). An evolutionary model also predicted the same pattern [START_REF] Boudsocq | Evolution of nutrient acquisition: when adaptation fills the gap between contrasting ecological theories[END_REF]. In our spatial model, the optimization of the exploitation of the local resource is not the only evolutionary strength.

Selected strategies must also disperse enough seeds to be competitive at the plot scale. This combination of local and regional competition leads to contradictory evolutionary forces and impedes the minimization of mineral nutrient availability [START_REF] Loreau | Ecosystem development explained by competition within and between material cycles[END_REF]. Keywords: Priming effect, root exudates, soil organic matter, mycorrhizal fungi, 13 C labeling, aboveground-belowground interactions ANOVA was also used to determine the significant effect of mesh treatment on RPE efficiency i.e. RPE induced per unit of plant-derived C assimilated in microbial biomass.

All statistical analyses were performed with Statgraphics Plus (Manugistics, USA).

Results

All the three grassland species induced strong rhizosphere priming effects across all the mesh treatments (P< 0.05, Fig. 2). The SOC mineralization (Rs) in planted soils remained consistently higher throughout the incubation, representing between 118 % and 640 % of respiration observed in bare soil. The RPE varied significantly between plant species (P< 0.05, Fig. 2), with the highest RPE induced by Trifolium repens (Tr), followed by Lolium perenne (Lp) and Poa trivialis (Pt) respectively.A strong correlation was found between RPE and plant-derived CO 2 -C (Rp, r 2 = 0.79) or total plant biomass across all the species (r 2 = 0.59, Fig. 3).

Initially the mesh pore size (0.45, 30 or 1000 µm) had no effect on RPE (Fig. 2)

indicating that all the RPE across the three species was induced by the root exudates.

However during later stages of the experiment, the presence of roots (1000 µm mesh) in soil compartments significantly increased the total RPE when compared to that due to REs alone (0.45 µm mesh) (P< 0.05, Fig. 2). The additional RPE induced by roots ranged between 20 % and 42 % of the total RPE depending on the date of measurement and plant species. The contribution of roots in induced RPE (% of the total) was [START_REF] Germida | Diversity of rootassociated bacteria associated with field-grown canola (Brassica napus L.) and wheat (Triticumaestivum L.)[END_REF][START_REF] Grayston | Rhizosphere carbon flow in trees, in comparison with annual plants: the importance of root exudation and its impact on microbial activity and nutrient availability[END_REF][START_REF] Hamer | Priming effects in different soil types induced by fructose, alanine, oxalic acid and catechol additions[END_REF][START_REF] Hamer | Priming effects in soils after combined and repeated substrate additions[END_REF][START_REF] Hamilton | Can plants stimulate soil microbes and their own nutrient supply? Evidence from a grazing tolerant grass[END_REF][START_REF] Helal | Influence of plant roots on C and P metabolism in soil[END_REF][START_REF] Hinsinger | Bioavailability of soil inorganic P in the rhizosphere as affected by root-induced chemical changes: a review[END_REF][START_REF] Hodge | An arbuscular mycorrhizal fungus accelerates decomposition and acquires nitrogen directly from organic material[END_REF][START_REF] Dijkstra | Rhizosphere priming: a nutrient perspective[END_REF] to 28 % for Pt and 26% for Tr. The 30 µm mesh treatment, in which AMF could pass through linking roots and soil compartments, showed no effect on SOC mineralization in addition to that by REs under all the species throughout the experiment (P> 0.05 Fig. 2).

The three plant species showed varying degree of arbuscular mycorrhizal root colonization (%) which also varied with mesh pore size (Table 1, Supplementary Material).

No colonization was found for Lp for all mesh pore sizes and Pt for 0.45 µm mesh. The Pt showed a root colonization of 4.56 % (Coefficient of variance V = 0.32 %) and 6.68 % (V = 0.46 %) for 30 µm and 1000 µm mesh pore size respectively. The overall mycorrhizal root colonization was higher in Tr than the other species with percentage colonization of 8.55 % (V = 0.85 %), 16.98 % (V = 0.46 %) and 17.54 % (V = 0.67) for 0.45 µm, 30 µm and 1000 µm mesh pore sizes respectively.

The plant biomass and plant-derived C respiration, two proxies of plant photosynthesis and exudation [START_REF] Bahn | Does photosynthesis affect grassland soil-respired CO 2 and its carbon isotope composition on a diurnal timescale?[END_REF], were positively linked with RPE across plant species (Fig. 2). Therefore, the interspecific differences in RPEs can be explained by the difference of photosynthetic activity and exudation between species. The more a genotype is adapted to the environmental conditions, the more photosynthesis it carries out resulting into more C being exuded from roots thereby inducing higher RPE. These results

suggest that the fertility of soils (defined here as SOC mineralization) not only depends on inherent properties of soils (i.e. SOC content) but also on plant-soil interactions allowing a fine tuning of SOC mineralization to plant demand which can vary with plant species.

Only Tr among the three species showed mycorrhizal root-colonization (9-18%, Table 1, Supplementary Material) comparable to previously reported value for this species (20 %, Medina et al. 2010). Weak mycorrhizal root colonization developed in Pt whereas it was altogether absent in Lp. The better mycorrhizal root colonization of Tr can be explained by the fact that legumes are generally better colonized by mycorrhizal fungi than grasses due to their higher dependence on AMF for P acquisition [START_REF] Chen | Arbuscular mycorrhizae enhance metal lead uptake and growth of host plants under a sand culture experiment[END_REF][START_REF] Eschen | Plant interspecific differences in arbuscular mycorrhizal colonization as a result of soil carbon addition[END_REF]. Under Tr where root colonization was quantitatively very important, root associated AMF (30 µm mesh) did not affect SOC mineralization (Fig. 2). Although this result must be verified with other plants it supports the idea that AMF have no role in the RPE.

Root exudates and root litter strongly differ with respect to their effect on SOC mineralization and microbial biomass (Figs. 2 & 4). The amount of RPE induced per unit of plant-derived C assimilated into microbial biomass is 3 to 7 times higher for REs than for root litter (Fig. 5). This result indicates that the exuded C is used by microbes mostly to synthesize and release extra-cellular enzymes mineralizing SOC instead of promoting microbial growth (Fig 2 ) and N immobilization (Fig. 1, Supplementary material). Thus, the plants through their REs not only provide energy to soil microorganisms but also control the way of energy is used in order to maximize SOC mineralization and their return on investment (greater nutrient availability).

The absence of substantial shift in microbial community structure in the presence of REs and the significant increase in saprophytic fungi in the presence of root litters (Fig