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Advancing the mechanistic understanding of the priming

INTRODUCTION

Soils host one of the main carbon (C) stores of our planet, around three times more than the atmosphere does (2,400 vs. 800 GtC) [START_REF] Friedlingstein | Global Carbon Budget[END_REF]. Most of this C is stored in organic matter whose turnover controls soil fertility through the release of nutrients for plants. Soil Organic Matter (SOM) also releases huge amounts of CO2 into the atmosphere, 7-fold more than anthropogenic emissions [START_REF] Schlesinger | Soil respiration and the global carbon cycle[END_REF]. Given the huge size of the soil organic C pool, any change in the soil C content and its dynamics at a global scale -even if tiny -is associated to great impacts in terms of food security and climate change [START_REF] Dignac | Increasing soil carbon storage: mechanisms, effects of agricultural practices and proxies. A review[END_REF][START_REF] Minasny | Soil carbon 4 per mille[END_REF].

Consequently, preserving and even increasing organic carbon in soils is of prime importance to meet the food security challenge and mitigate greenhouse gas emissions [START_REF] Minasny | Soil carbon 4 per mille[END_REF]. This requires getting insights into the determining mechanisms of the soil carbon balance -i.e. mineralisation vs.

sequestration.

The priming effect (PE) is a key mechanism contributing to the ecosystem carbon balance [START_REF] Fontaine | Stability of organic carbon in deep soil layers controlled by fresh carbon supply[END_REF][START_REF] Guenet | Impact of priming on global soil carbon stocks[END_REF]. It corresponds to a change in the rate of SOM-C mineralisation by soil microorganisms resulting from the input of fresh organic matter (FOM) [START_REF] Bingeman | The effect of the addition of organic materials on the decomposition of an organic soil[END_REF]. The definition was later extended to almost any variation of microbial activities after an addition of molecule (e.g., toxic compounds; [START_REF] Kuzyakov | Review of mechanisms and quantification of priming effects[END_REF], but the present review will focus on C-related PE as previously defined, and more precisely on the plant induced priming effect (PIPE) which includes the rhizosphere priming effect (RPE) but also more generally all priming induced by plant originated carbon inputs (Box 1). The PE occurs everywhere, but it has mainly been studied in soils [START_REF] Bengtsson | Interactive effects on organic matter processing from soils to the ocean: are priming effects relevant in aquatic ecosystems?[END_REF]; see supporting information). It has long been viewed as a net soil C loss since the most frequent effect reported in the literature is a stimulation of native SOM mineralisation, up to 400 % according to the type of environment and/or soil conditions (Guttière et al., 2021;[START_REF] Chen | Regulation of priming effect by soil organic matter stability over a broad geographic scale[END_REF][START_REF] Perveen | Universality of priming effect: An analysis using thirty-five soils with contrasted properties sampled from five continents[END_REF][START_REF] Blagodatskaya | Mechanisms of real and apparent priming effects and their dependence on soil microbial biomass and community structure: critical review[END_REF]. However, it can also be negative, with up to 50% reductions in soil carbon emissions [START_REF] Lyu | Simulated leaf litter addition causes opposite priming effects on natural forest and plantation soils[END_REF][START_REF] Chen | Regulation of priming effect by soil organic matter stability over a broad geographic scale[END_REF]. As the PE is a complex process, its impact on global C fluxes is hard to grasp and should be considered as a whole, integrating feedbacks between the different and sometimes contrasting effects it causes: for example, the increase of SOM mineralisation has negative consequences on climate change, and the nutrients released from organic matter may be leached down the soil profile; but when the released nutrients are taken up by plants, the PE indirectly contributes to plant growth and additional C sequestration in the plant-soil system. Thus, the effect of PE variation on the net soil C balance is not trivial, particularly in the context of climate change because C inputs may globally increase through enhanced plant

Based on these studies, it is clear today that the PE involves different microbial processes sometimes driven in opposite ways by environmental parameters. Soil properties, climate, land use [START_REF] Bastida | Global ecological predictors of the soil priming effect[END_REF][START_REF] Siles | Priming effects in soils across Europe[END_REF], but also the nature of the substrates entering the soil (e.g., simple compounds, complex compounds, plant residues or living roots) and the way they are added (e.g. continuous vs.

puse) all impact the intensity of priming effect. A few reviews have been published to summarise knowledge in the field. The last major one was published in 2010 [START_REF] Kuzyakov | Priming effects: interactions between living and dead organic matter[END_REF]. However, in the last ten years, studies aimed at characterising the microbial communities involved in soil processes such as PE have benefited from considerable technical progress providing deeper insights into microbial diversity and activity [START_REF] Bouchez | Molecular microbiology methods for environmental diagnosis[END_REF]. In the same time span, the understanding of C sequestration mechanisms has undergone a paradigm change [START_REF] Lehmann | The contentious nature of soil organic matter[END_REF]. Therefore, it appeared important to update knowledge on PE mechanisms by integrating the findings of the last 10 years, which was the first objective of the present review. The second objective was to unify the different concepts and terms that emerged from the international literature on this topic. Finally, we identified and focused on specific points that need to be more deeply examined to evaluate and predict the size and the impact of the different mechanisms across space and over time.

UNIFYING THE DIFFERENT GENERATION MECHANISMS.

A large number of mechanisms have been proposed to explain PE generation (Table 1). Some of them are similar or even equivalent but have been named differently. This section (i) aims to clarify the different denominations, (ii) groups them according to their effect on C fluxes, and (iii) integrates them on a time scale. Box 1 gathers the terminology associated to the different pools of organic matter and types of PE on which we based our discussion.

2.1

Let's clarify the denomination of the different mechanisms.

The PE is usually measured as the difference between the CO2-C released from an amended soil (excluding CO2-C originating from the amendment itself) and from a non-amended control soil over a certain time period, leading to a "positive" or "negative" PE [START_REF] Kuzyakov | Review of mechanisms and quantification of priming effects[END_REF].

Negative PE have been attributed to "preferential FOM substrate utilization" by regular native SOM decomposers [START_REF] Cheng | Rhizosphere feedbacks in elevated CO2[END_REF]. SOM decomposers can also switch from SOM decomposition to the decomposition of FOM-decomposer necromass after intense predation [START_REF] Cui | Carbon and nitrogen recycling from microbial necromass to cope with C:N stoichiometric imbalance by priming[END_REF]. This process has been called "necromass recycling" and also leads to reduced SOM decomposition and mineralisation over time. Viral lysis has been suggested to generate more microbial necromass than predation by protists or nematodes [START_REF] Kuzyakov | Viruses in soil: nano-scale undead drivers of microbial life, biogeochemical turnover and ecosystem functions[END_REF], but nobody has yet published on the link between bacteriophages and PE.

Positive PE processes can be called "apparent" PE when they only result from the replacement of microbial cell C by C from the new substrate (labile fraction). Apparent PE have been described under 3 complementary processes (triggering effect, microbial activation, and pool substitution), depending on the amount of labile FOM added compared to the total microbial biomass [START_REF] Blagodatskaya | Mechanisms of real and apparent priming effects and their dependence on soil microbial biomass and community structure: critical review[END_REF] -see Table 1).

Real positive PE have been attributed to multiple processes. Those called "stoichiometric decomposition" [START_REF] Chen | Soil C and N availability determine the priming effect: Microbial N mining and stoichiometric decomposition theories[END_REF], and "mechanism 1" [START_REF] Fontaine | The priming effect of organic matter: a question of microbial competition[END_REF] refer to an acceleration of SOM decomposition generated by the increase in extracellular enzymes produced by FOM decomposers (Table 1). This implies that certain FOM and SOM compounds have chemical similarities (e.g., a plant origin). Therefore, FOM should be at least partly polymerised (such as in residues, litter or dead roots). Both processes occur when N is not limiting, but SOM catabolites benefit SOM decomposers in "Mechanism 1", and FOM decomposers in "stoichiometric decomposition". Processes called "N-mining" [START_REF] Chen | Soil C and N availability determine the priming effect: Microbial N mining and stoichiometric decomposition theories[END_REF] and "mechanism 2" [START_REF] Fontaine | The priming effect of organic matter: a question of microbial competition[END_REF] result from the energy brought by FOM catabolites, for SOM decomposers to break down biochemically recalcitrant SOM for nutrients. For both processes, the targeted SOM pool was supposed to be also of plant origin. One process has been called "co-metabolism" in different papers and corresponds to the assimilation of FOM and SOM catabolites by either FOM or SOM decomposers, without being aimed at N acquisition [START_REF] Kuzyakov | Review of mechanisms and quantification of priming effects[END_REF][START_REF] Yu | Feedstock determines biochar-induced soil priming effects by stimulating the activity of specific microorganisms[END_REF]. Therefore, in terms of carbon, this process overlaps with previouslydescribed mechanisms (either Mechanism 1 or Mechanism 2 and nutrient mining) and thus is not discriminant.

A new mechanism of positive PE has been proposed recently to explain the rhizosphere PE [START_REF] Keiluweit | Mineral protection of soil carbon counteracted by root exudates[END_REF]. Roots can exude organic acids, which cause the release of labile organic compounds from protective associations with minerals, and then these compounds can be decomposed by microbes.

As a large part of this mineral-associated organic matter (MAOM) is derived from microbial necromass -with a low C:N ratio -through the so-called "entombing effect" [START_REF] Liang | The importance of anabolism in microbial control over soil carbon storage[END_REF], many nutrients, historically considered as a relatively passive reservoir, can be remobilised by this process, that we called "Abiotically mediated PE" (see section 3).

2.2

Gathering mechanisms according to their effect on C fluxes Two important parameters have to be considered to evaluate the impact of the different PE generation mechanisms on the dynamics and the fate of primed C.

Firstly, native SOM is a mixture of different pools characterised by different turnover rates depending on their biochemical nature and their accessibility to enzymes. The organic matter that enters the soil is mainly of vegetal origin. Plant tissues are composed of molecules easily (hemicellulose, cellulose) or less easily (lignins, polyphenols, phytates) broken down by microbial extracellular enzymes, hence fast to medium-long turnover rates (a few days to a few years - [START_REF] Derrien | The turnover of carbohydrate carbon in a cultivated soil estimated by 13 C natural abundances[END_REF]. In contrast, the SOM pools showing the lowest turnover rate (centuries) are composed of compounds from both plant and microbial sources, protected from enzymes by mineral association (Lehman & Kleber, 2015). Carbon primed from a SOM pool with a fast turnover rate should impact long-term carbon sequestration less than C remobilised from a pool with a long residence time.

Secondly, PE is often evaluated based on the change in CO2 mineralisation rate, but respiration can be accompanied by incorporation of C into cell biomass (growth) (see [START_REF] Geyer | Microbial carbon use efficiency: accounting for population, community, and ecosystem-scale controls over the fate of metabolized organic matter[END_REF] for a review). The efficiency of carbon incorporation into biomass (i.e., carbon use efficiency, CUE) is calculated as the amount of microbial biomass produced per unit of resource consumed. The CUE of cells can vary between 0 (no growth but alive) to 0.85 (growth but still needing some energy for cell growth and maintenance) depending on their physiology and life strategy. The link between life strategy and CUE depends on the physiological status of microbes. R-strategists are actually less efficient than K-strategists in using their assimilated C during a resting phase, due to a costlier basal metabolism. But as these populations have higher maximal growth rates, during the growth phase when substrate is not limiting, a higher proportion of C is allocated to biomass instead of respiration. This leads to a globally higher CUE than that of K-strategists [START_REF] Geyer | Microbial carbon use efficiency: accounting for population, community, and ecosystem-scale controls over the fate of metabolized organic matter[END_REF]. As PE generation mechanisms are consequences of organic matter decomposition, they are more related to growth phases of different populations than to their resting phases. Thus we consider that during a PE event, r-strategists have high CUE while K-strategists have low CUE. Therefore, primed SOM assimilated by high-CUE populations is likely converted into microbial biomass rather than mineralised into CO2, and further stabilized via the so-called "entombing effect" (Lehman & Kleber, 2015;[START_REF] Liang | The importance of anabolism in microbial control over soil carbon storage[END_REF]. As a result, high-CUE populations increase the chance of moving C from a fast-or a medium-turnover SOM pool to a slow-turnover pool.

We classified the different processes proposed in the literature according to both previously-described parameters: the turnover rate of targeted SOM pool and the CUE of microbial populations assimilating its derived C (Table1). It is interesting to note that, to date, no study has revealed the SOM pool impacted by the negative PE.

2.3

Time scale integration of PE generation mechanisms.

When FOM enters the soil, its nitrogen content will help cells synthesize new enzymes for further FOM or SOM depolymerization. This phase of microbial turnover (apparent PE) first concerns high-CUE microbial populations and low-CUE populations depending on the size of the labile fraction of FOM (Figure 1). If the labile FOM pool exceeds the total microbial biomass and under non limiting N, SOMdecomposers will prefer the FOM substrate (negative PE) decreasing the regular SOM-C flux to the atmosphere. If the labile FOM pool is exhausted before the available N, FOM decomposer exoenzymes, liberated against the polymerized part of FOM will also attack SOM of vegetal origin. High-CUE populations will be more competitive than low-CUE populations under such conditions and will increase their biomass (stoichiometric PE). High-CUE population necromass will be rapidly recycled by low-CUE populations or stabilised by mineral association (Figure 1). When the soil or FOM-available N is exhausted, FOM catabolites will bring some energy to microbial populations able to catabolise recalcitrant SOM for N (N-mining), or to dissociate N-rich SOM from minerals, both population types having a low CUE. Nitrogen remobilised from SOM increases the soil nitrogen status and allows for a next phase driven by high-CUE populations [START_REF] Fang | Microbial mechanisms of carbon priming effects revealed during the interaction of crop residue and nutrient inputs in contrasting soils[END_REF][START_REF] Vain | The fate of primed soil carbon between biomass immobilization and respiration is controlled by nutrient availability[END_REF].

ABIOTICALLY MEDIATED PE: CONCEPTS AND MECHANISMS

3.1 Mineral-associated organic matter (MAOM)

In models of organo-mineral associations, mineral phases involved in organo-mineral associations can be classified into three main categories: well-crystallised minerals, short-range order phases, and metallic monomers. Each category is associated with a distinct conceptual model of organo-mineral association (Figure 2):

-Adsorption: organic molecules are adsorbed onto the mineral surface of well-crystallised minerals (e.g., smectite, vermiculite or goethite) [START_REF] Kleber | A conceptual model of organo-mineral interactions in soils: self-assembly of organic molecular fragments into zonal structures on mineral surfaces[END_REF].

-Coprecipitation: organic molecules are coprecipitated with short-range order phases or amorphous small polymers of Al, Fe and Si [START_REF] Basile-Doelsch | Are Interactions between Organic Compounds and Nanoscale Weathering Minerals the Key Drivers of Carbon Storage in Soils[END_REF][START_REF] Tamrat | Soil organo-mineral associations formed by co-precipitation of Fe, Si and Al in presence of organic ligands[END_REF]. Coprecipitation is thought to be the dominant model as regards the amount of stabilised C [START_REF] Rasmussen | Beyond clay: towards an improved set of variables for predicting soil organic matter content[END_REF].

-Complexation and bridging: organic molecules are bound to monomers (single ions). The main metals involved in complexation are Al and Fe in acidic soils. At higher pH, Ca dominates the organo-mineral associations by cation bridging [START_REF] Rowley | Calcium-mediated stabilisation of soil organic carbon[END_REF]. Cations surrounded by organic molecules form a tertiary structure described as "supramolecular aggregates" [START_REF] Sutton | Molecular Structure in Soil Humic Substances: The New View[END_REF].

The existence of these different types of organo-mineral models should be taken into account when studying MAOM in order to understand PE mechanisms.

In each type of organo-mineral association model described above, an additional degree of complexity comes from the binding energies. Regardless of the model, the five following types of organic-inorganic bonds can be present: covalent bonding, electrostatic cation bridges, hydrophobic interactions, Van der Waals forces, and H bonding (von [START_REF] Lutzow | Stabilization of organic matter in temperate soils: mechanisms and their relevance under different soil conditions -a review[END_REF]. The binding strength varies very strongly depending on the type of bond [START_REF] Newcomb | Developing a molecular picture of soil organic matter-mineral interactions by quantifying organo-mineral binding[END_REF]. Therefore, the energy required to break these bonds and destabilise organic molecules is also a very important parameter in the control of the MAOM PE. However, while this parameter seems thermodynamically easy to conceptualise, its consideration in PE experiments is still in its infancy [START_REF] Li | Simple Plant and Microbial Exudates Destabilize Mineral-Associated Organic Matter via Multiple Pathways[END_REF].

The mineral-associated organic matter is less accessible but not fully inaccessible. The bonds between organic molecules and inorganic phases slow down OM degradation. Incubation studies have shown that MAOM is more difficult to mineralise than free OM, whatever the model (adsorption, coprecipitation or complexation) (e.g. [START_REF] Jones | Influence of sorption on the biological utilization of two simple carbon substrates[END_REF][START_REF] Saidy | Microbial degradation of organic carbon sorbed to phyllosilicate clays with and without hydrous iron oxide coating[END_REF]. The proportion of C mineralised during MAOM incubations reached a plateau which, depending on the compounds, barely reached the same proportion as in the control where OM was not associated with mineral phases.

These experiments showed that (i) part of MAOM remained accessible to microorganisms but mineralisation was slowed down, and (ii) depending on the nature of the organic compounds and the nature of the mineral (i.e., depending on the nature of the chemical bond), part of MOAM was not mineralised by microorganisms. Thus, rather than use a binary terminology tending to say that OM is stabilised or not in organo-mineral associations, a stabilisation gradient concept should be preferred and considered as a key parameter driving the potential of abiotically mediated PE.

Priming effect of mineral-associated organic matter

The above-mentioned experiments did not take the full complexity of soil functioning into account.

When the physicochemical conditions of the soil solution are modified (changes in pH, redox conditions, ionic strength, composition), the speciation of the mineral phases and organic molecules can be modified, leading to an altered configuration of organo-mineral associations. During these changes, if OM becomes more easily accessible to microbial enzymes, accelerated decomposition (i.e., a PE) may be observed.

The biotic impact on the physico-chemical parameters of MAOM leads to a direct and indirect PE pathways. Roots and microorganisms play an essential role in controlling the physicochemical conditions of the soil solution (Figure 2). Multiple factors impact these conditions. For example, vascular plant roots, fungi and bacteria release low-molecular-weight organic acids. These are mainly carboxylic acids like formic, oxalic, and acetic acid, but also aliphatic and aromatic acids (Clarholm et al., 2015 and references therein). Microorganisms may decrease the pH locally in microsites [START_REF] Bonneville | Tree-mycorrhiza symbiosis accelerate mineral weathering: Evidences from nanometerscale elemental fluxes at the hypha-mineral interface[END_REF]. Roots also release some easily metabolisable simple sugars (e.g., glucose).

They can stimulate microbial activity and growth, which may in turn lower the pH and the redox potential [START_REF] Mabuza | Effect of added organic substrates on reduction in a soil from the Maputaland Coastal Plain[END_REF]. These various examples show that the factors driving the destabilisation of MAOM are multiple and may be dependent on each other. The factors directly controlled by plant functioning are referred to as "direct (non-microbial) pathways". Conversely, in "indirect (microbial) pathways" root exudates mobilise MAOM indirectly through a sugar-mediated pathway dependent on microbial intermediaries [START_REF] Keiluweit | Mineral protection of soil carbon counteracted by root exudates[END_REF][START_REF] Jilling | Priming mechanisms providing plants and microbes access to mineral-associated organic matter[END_REF][START_REF] Finley | Soil mineral assemblage and substrate quality effects on microbial priming[END_REF][START_REF] Li | Simple Plant and Microbial Exudates Destabilize Mineral-Associated Organic Matter via Multiple Pathways[END_REF]. Whether the pathway is direct or indirect, whether it is located in the rhizosphere or in the residuesphere, it appears that the functioning of the biotic compartment (roots, bacteria and fungi) is a source of low-molecular-mass organic acids, and pH and Eh variations, all of which are likely to modify the bonding equilibrium of the organo-mineral associations and can be accompanied by an abiotically mediated PE.

The conceptual mechanisms of abiotically mediated PE include three types of reactions releasing mineral-bound C and making the compounds accessible to the extracellular enzymes of microorganisms (Figure 2):

-Mineral dissolution can be promoted by exudates. Ligand-promoted dissolution is accelerated by strong ligands such as organic acids [START_REF] Wang | Effects of Low-Molecular-Weight Organic Acids on Soil Micropores and Implication for Organic Contaminant Availability[END_REF][START_REF] Li | Roles of different types of oxalate surface complexes in dissolution process of ferrihydrite aggregates[END_REF]. Protonation of a mineral surface can also weaken metal-oxygen bonds and dissolve minerals [START_REF] Stumm | Reactivity at the mineral-water interface: dissolution and inhibition[END_REF]. Reductive dissolution can be driven by organic reducing agents such as phenols and aromatic acids [START_REF] Vermeire | Is microbial reduction of Fe (III) in podzolic soils influencing C release?[END_REF]. However, as Al is not very sensitive to redox variation, these redox processes mainly impact Fe-bearing mineral phases.

-Replacement is promoted by strong ligands such as organic acids, which sorb onto mineral surfaces and displace or release previously sorbed organic compounds from minerals [START_REF] Li | Simple Plant and Microbial Exudates Destabilize Mineral-Associated Organic Matter via Multiple Pathways[END_REF]. Other metabolites are also implied in the release of MAOM through displacement of weakly bound compounds (Leineman et al., 2018;[START_REF] Mikutta | Microbial and abiotic controls on mineral-associated organic matter in soil profiles along an ecosystem gradient[END_REF][START_REF] Jiang | Rhizosphere priming regulates soil organic carbon and nitrogen mineralization: The significance of abiotic mechanisms[END_REF].

-Direct depolymerisation of mineral-bound organic compounds by extracellular enzymes can also occur on weakly bound OM, bypassing the desorption step [START_REF] Wang | Nitrogen acquisition from mineral-associated proteins by an ectomycorrhizal fungus[END_REF].

ROLE OF ENZYMES IN PE

Enzymes involved in priming effect mechanisms

The type of enzyme involved in PE depends on (i) the chemical composition of the added substrate, (ii) the chemical composition of the native SOM, (iii) the nutrient availability, and (iv) the functional requirements of microorganisms, which differ amongst microbial communities. When the environment is not nutrient limited, FOM input is expected to increase the activity and biomass of high-CUE microbial communities presenting a high growth yield due to an increased activity of the FOM depolymerizing enzymes [START_REF] Fanin | Litter fingerprint on microbial biomass, activity, and community structure in the underlying soil[END_REF][START_REF] Fanin | Aboveground litter quality is a better predictor than belowground microbial communities when estimating carbon mineralization along a land-use gradient[END_REF][START_REF] Malik | Soil microbial communities with greater investment in resource acquisition have lower growth yield[END_REF]. For example, additions of plant residues stimulate plant cell-wall-degrading hydrolytic enzymes, and the resulting PE is directly related to enhanced degradation of plant-derived residues of the native SOM [START_REF] Chen | Soil C and N availability determine the priming effect: Microbial N mining and stoichiometric decomposition theories[END_REF]. Increased activity of microbial communities can also enhance the degradation of native SOM as a result of co-metabolism, i.e., hydrolase activity yields enough energy and monomers to produce a panel of other enzymes degrading FOM, or/and the non-complex and accessible SOM [START_REF] Blagodatskaya | Mechanisms of real and apparent priming effects and their dependence on soil microbial biomass and community structure: critical review[END_REF][START_REF] Pascault | Stimulation of Different Functional Groups of Bacteria by Various Plant Residues as a Driver of Soil Priming Effect[END_REF].

When the environment is nutrient limited, microbial communities shift from high to low CUE, notably because nutrient limitation affects the community metabolism and reduces growth yield, while it favours investment in resource acquisition [START_REF] Malik | Defining trait-based microbial strategies with consequences for soil carbon cycling under climate change[END_REF][START_REF] Fanin | Temporal dynamics of litter quality, soil properties and microbial strategies as main drivers of the priming effect[END_REF]. In this context, another type of co-metabolism directed to N-containing SOM is induced when N is not available or becomes exhausted at the late stages of decomposition. It is characterised by a high expression level of enzymes degrading N-containing compounds [START_REF] Moorhead | A theoretical model of litter decay and microbial interaction[END_REF][START_REF] Chen | Soil C and N availability determine the priming effect: Microbial N mining and stoichiometric decomposition theories[END_REF], including hydrolytic chitinases and oxidases, which release N associated to complex aromatic compounds [START_REF] Derrien | Does the addition of labile substrate destabilise old soil organic matter[END_REF]. The resulting PE is directly related to enhanced degradation of Nrich SOM compounds that differ chemically from those of the added substrate.

Energy cost and return on investment

The activity of enzymes involved in PE implies benefits and costs. The major benefit from enzyme activity is the release of mineral nutrients and organic monomers and oligomers that can be taken up and assimilated by microbes. On the other hand, the costs of enzyme production include the C and nutrients necessary to build the backbone structure of the enzyme itself, but also the metabolic energy required for protein synthesis and enzyme excretion [START_REF] Allison | Substrate concentration constraints on microbial decomposition[END_REF]. Because extracellular enzymes have a short lifespan, a return on investment is necessary to maintain microbial growth, especially when resources are scarce in the environment. Nevertheless, the impact of the energy balance associated to enzymes involved in PE is still unknown.

A critical factor influencing the energy balance related to enzymes is the distance between the substrate and the enzyme producer. While some enzymes are directly attached to the plasma membrane of microbial cells or grouped into multi-enzyme complexes (named 'membrane enzymes' hereafter), like the cellulosomes dedicated to cellulose degradation, other enzymes are excreted far away from the cells (named 'exoenzymes' hereafter). When microbes are relatively near their substrates, the monomers produced by membrane enzymes are directly recognised by cell-wall receptors and transported into microbial cells, and this optimises resource uptake from the soil solution. The benefits of enzyme production often exceed the costs thanks to a high return on investment, and allow for microbial growth [START_REF] Schimel | The implications of exoenzyme activity on microbial carbon and nitrogen limitation in soil: a theoretical model[END_REF]. By contrast, exoenzymes are sent far away from microbial cells, up to a few mm [START_REF] Gaillard | Carbon, nitrogen and microbial gradients induced by plant residues decomposing in soil[END_REF][START_REF] Poll | Mechanisms of solute transport affect small-scale abundance and function of soil microorganisms in the detritusphere[END_REF][START_REF] Védère | Spatial and temporal evolution of detritusphere hotspots at different soil moistures[END_REF]. A significant portion of labile C released through enzymatic action may be lost to the enzyme producer (i.e., leached to deeper soil horizons, immobilised in soil aggregates and/or taken up by other microorganisms) [START_REF] Allison | Cheaters, diffusion and nutrients constrain decomposition by microbial enzymes in spatially structured environments[END_REF][START_REF] Burns | Soil enzymes in a changing environment: current knowledge and future directions[END_REF]. As a consequence, microbes may invest in chemical defenses (i.e., antibiotics) or produce more enzymes to optimize enzyme foraging [START_REF] Hiscox | Armed and dangerous-chemical warfare in wood decay communities[END_REF].

For these reasons, the degradation of substrates by membrane enzymes may potentially have a stronger positive feedback on SOM decomposition and biomass growth (and thus on PE) than exoenzymes. Therefore, we propose that the distance between microbes and their substrates as well as substrate accessibility to enzymes should be considered as primary factors driving the magnitude of PE across various soil types. This could be tested by implementing random mutagenesis, gene complementation and functional assays (as performed by [START_REF] Picard | Identification of a novel type of glucose dehydrogenase involved in the mineral weathering ability of Collimonas pratensis strain PMB3 (1)[END_REF] to identify how any mutation affecting the production of membrane-cellulosomes or exo-cellulases of a microbe community inoculated on a sterile soil impacts SOM decomposition and microbial growth after the addition of cellulose. Batch experiments with spatially localized applications of decomposers and of fresh cellulose on a sterile soil (as performed by Pinhero et al., 2015) could also allow the investigation of the effect of varying distances between substrate and decomposers on PE intensity.

PE induced by enzymes sorbed to minerals

Exoenzymes circulating in soil pores exhibit a strong affinity for mineral surfaces and can sorb onto them [START_REF] Olagoke | Control of soil extracellular enzyme activities by clay minerals-perspectives on microbial responses[END_REF][START_REF] Olagoke | Persistent Activities of Extracellular Enzymes Adsorbed to Soil Minerals[END_REF]. This mechanism protects them from degradation and accounts for their persistence in the soil. Mineral-associated exoenzymes are suspected to contribute to the depolymerisation of freshly added substrate, even if their activity is diminished due to changes in conformation after binding to mineral surfaces. They are beneficial to the cost:benefit ratio of the PE because the released monomers are cost-free for the microorganisms that assimilate them.

The monomers taken up into microbe cells are either directed towards microbial biosynthesis, or oxidised into CO2 by endoenzymes, as reported by CUE. Under aerobic conditions, the aerobic oxidation of monomers also generates energy in the form of adenosine triphosphate. Endoenzymes may be involved in a PE when they are released from dead microbial cells, attached to mineral surfaces, and maintained their activity outside the cell, with electron transfer to O2 potentially ensured by soil particles due to their electric charge [START_REF] Maire | An unknown oxidative metabolism substantially contributes to soil CO2 emissions[END_REF][START_REF] Trevors | Measurement of electron transport system (ETS) activity in soil[END_REF].

MICROBIAL ACTORS OF PE

Actors proposed in the literature

Using molecular approaches, various studies have linked certain PE generation mechanisms to specific bacterial or fungal taxonomic groups listed in Table 2.

Bacterial taxa have been much better documented than fungal ones, probably because of methodological limitations. While a hyphal section is at the microbial scale, its prospected soil volume exceeds the cubic meter. Therefore, current molecular techniques are better adapted to single cell microbial populations [START_REF] Ranjard | Sampling strategy in molecular microbial ecology: influence of soil sample size on DNA fingerprinting analysis of fungal and bacterial communities[END_REF]. Yet, saprotrophic fungi are believed to have a preponderant role in PE generation, especially in the N-mining process. Their hyphal physiognomy allows them to co-metabolise FOM and SOM very easily, and they appear to be more competitive than bacteria for cellulose decomposition and in turn use cellulose C as an energy source for N-mining. In addition, some fungi have strong enzymatic capacities to break down recalcitrant compounds and access trapped N [START_REF] Fontaine | Fungi mediate long term sequestration of carbon and nitrogen in soil through their priming effect[END_REF].

Kingdom or phylum levels do not seem appropriate to associate taxa to specific PE generation mechanisms. Bacterial and fungal taxa have been assigned to all the different PE generation mechanisms (Table 2). Bacteria are roughly considered as r-strategists and fungi as K-strategists, but the reality is more complex [START_REF] Ho | Revisiting life strategy concept in environmental microbial ecology[END_REF][START_REF] Tardy | Land use history shifts in situ fungal and bacterial successions following wheat straw input into the soil[END_REF]. The genus level shows a better correspondence except for Bacillus, which gathers both true oligotrophic (i.e., K-strategist) and copiotrophic (i.e., r-strategist) species [START_REF] Morrissey | Bacterial carbon use plasticity, phylogenetic diversity and the priming of soil organic matter[END_REF].

Some interpretations have suffered from a lack of knowledge on poorly described phyla like the Gemmatimonadetes, classified as oligotrophic by some authors [START_REF] Pascault | Stimulation of Different Functional Groups of Bacteria by Various Plant Residues as a Driver of Soil Priming Effect[END_REF] but copiotrophic by others [START_REF] Yu | Gain in carbon: Deciphering the abiotic and biotic mechanisms of biochar-induced negative priming effects in contrasting soils[END_REF]. Increasing efforts in culturomics [START_REF] Sarhana | Culturomics of the plant prokaryotic microbiome and the dawn of plantbased culture media -A review[END_REF]) and also in large-scale studies of soil microbial diversity will provide precious information to confer functional attributes to microbial taxa [START_REF] Karimi | Biogeography of soil bacteria and archaea across France[END_REF].

The r-to-K or oligotroph-to-copiotroph concepts refer to a continuum, and many central taxa can develop a certain physiological flexibility depending on (i) environmental conditions, and (ii) competition or complementarity with the other taxa present in each assemblage. These taxa can therefore participate to different PE generation mechanisms according to local conditions [START_REF] Bernard | Contamination of Soil by Copper Affects the Dynamics, Diversity, and Activity of Soil Bacterial Communities Involved in Wheat Decomposition and Carbon Storage[END_REF].

A trait-based approach

Proposing taxa associated with the different PE generation mechanisms requires to directly focus on functional traits linked to the different PE generation mechanisms described so far. Data retrieved from the application of -omics techniques to environmental samples and recent developments in culturomics have provided and will continue to provide precious information about the genes and enzymes associated with particular taxa.

Different bacterial genomic traits have been proposed to be related to maximum growth rates, and therefore to maximal CUE (linked to stoichiometric decomposition PE), like a high copy number of the ribosomal operon [START_REF] Klappenbach | rRNA operon copy number reflects ecological strategies of bacteria[END_REF], a small genome size [START_REF] Saifuddin | Microbial carbon use efficiency predicted from genome-scale metabolic models[END_REF], vicinity of the ribosomal operon and the chromosomal origin of replication (Viera-Silva & Rocha, 2010), and the translation efficiency, [START_REF] Weissman | Estimating maximal microbial growth rates from cultures, metagenomes, and single cells via codon usage patterns[END_REF]. Some genera sharing those traits are Burkholderia sp., Flavobacterium sp. and some Bacillus sp. [START_REF] Fierer | Embracing the unknown: disentangling the complexities of the soil microbiome[END_REF]. The highest maximal fungal growth rates are shared by some well-known saprotrophic fungi that solely use simple sugars and produce spores [START_REF] Ho | Revisiting life strategy concept in environmental microbial ecology[END_REF], like Acremonium, Alternaria, Aureobasidium, Cladosporium, Cephalotrichum, Mucor, Rhizopus, and Thysanophora. Decomposition of polymers like cellulose and chitin is widespread and shared by copiotrophic bacterial and fungal species. Genes associated to simple sugar metabolism and ß-glucosidase activity were recently shown to drive PE in forest soils [START_REF] Ren | Microbial traits determine soil C emission in response to fresh carbon inputs in forests across biomes[END_REF].

Obligate low-CUE bacteria should be characterised by opposite genomic traits, as adapted to oligotrophy by adopting a small size, a high adsorption capacity of substrate monomers. They should not produce depolymerising enzymes because maintaining these genes is costly [START_REF] Lynch | The bioenergetic cost of a gene[END_REF]. Therefore, key species implied in nutrient-mining PE should first share a high diversity of genes coding for acquisition systems of poorly accessible substrates. White-and brown-rot saprotrophic fungi and certain bacterial species (Nocardia sp., Streptomyces viridosporum and other sp., Amycolatopsis sp., Xanthomonas sp., Rhodococcus jostii., Novosphingobium sp. and Sphingomonas sp.) share various peroxidases and laccases [START_REF] Brown | Exploring bacterial lignin degradation[END_REF]. All these bacterial genera have between 2 and 6 copies of the ribosomal operon in their genomes (https://rrndb.umms.med.umich.edu), suggesting that they can be physiologically flexible and adapt their CUE to the quality of the substrates they are decomposing. This is also the case of bacterial and fungal species able to weather minerals by producing ligands or chelating agents and who might be good candidates for the abiotically mediated PE, like Arthrobacter, Janthinobacterium, Leifsonia, Polaromonas and Burkholderia (see [START_REF] Uroz | The Mineralosphere Concept: Mineralogical Control of the Distribution and Function of Mineral-associated Bacterial Communities[END_REF] for a review). As phosphorus and organic matter compete for sorption sites on minerals [START_REF] Spohn | Sorption and desorption of organic matter in soils as affected by phosphate[END_REF]), P-solubilising bacteria could also have an effect on SOM sorption. Bacillus subtilis can desorb P from gibbsite by mineral adhesion of the cells themselves [START_REF] Hong | Competition between bacteria and phosphate for adsorption sites on gibbsite: An in-situ ATR-FTIR spectroscopic and macroscopic study[END_REF].

HOW TO INTRODUCE PE INTO MODELS

Priming is difficult to model, like any other observed but not fully understood phenomenon. To develop a mechanistic model, equations describing the phenomenon are needed, and the very first step is obviously an in-depth understanding of observations. With priming, the situation is somehow slightly uncomfortable for modellers because the debate about the drivers of priming is still ongoing [START_REF] Chen | Soil C and N availability determine the priming effect: Microbial N mining and stoichiometric decomposition theories[END_REF]. Nevertheless, the ubiquity of priming and its potential importance in the soil C balance in a climate change context [START_REF] Terrer | A tradeoff between plant and soil carbon storage under elevated CO2[END_REF] urge modellers to include priming in their models. We can basically split the modelling objective related to priming into two categories, i.e., (i)

understanding the phenomenon, and (ii) quantifying it because observations have shown that priming plays a major role in the C balance of ecosystems. Both objectives can be considered as independent or linked depending on the authors [START_REF] Blagodatsky | Model of apparent and real priming effects: Linking microbial activity with soil organic matter decomposition[END_REF][START_REF] Guenet | Impact of priming on global soil carbon stocks[END_REF][START_REF] Neill | Soil organic matter decomposition driven by microbial growth: a simple model for a complex network of interactions[END_REF][START_REF] Perveen | Priming effect and microbial diversity in ecosystem functioning and response to global change: A modeling approach using the SYMPHONY model[END_REF]. These categories are often associated with different spatiotemporal scales (Figure 3): most of the models aim at understanding priming at small scales and over short time periods, whereas models aimed at quantifying the importance of priming on the SOM balance are developed at larger scales and over longer time periods.

Priming being defined as a change in the SOM mineralisation rate induced by FOM additions [START_REF] Kuzyakov | Review of mechanisms and quantification of priming effects[END_REF], we can consider that classic models describing SOM mineralisation using firstorder kinetics -e.g., CENTURY or RothC [START_REF] Coleman | Simulating trends in soil organic carbon in long-term experiments using RothC-26.3[END_REF][START_REF] Parton | Analysis of Factors Controlling Soil Organic-Matter Levels in Great-Plains Grasslands[END_REF] -implicitly include priming in their decomposition parameter values. Nevertheless, this is associated with implicit assumptions that the relative importance of priming is fixed in space and over time. In particular, an important implicit assumption of first-order kinetic models is that the microbial community is stable.

This hypothesis is not verified in a context of global change (climate, CO2 + land use) [START_REF] Carney | Altered soil microbial community at elevated CO2 leads to loss of soil carbon[END_REF], and priming will play a major role on future C balances [START_REF] Terrer | A tradeoff between plant and soil carbon storage under elevated CO2[END_REF]. Therefore, it is necessary to understand and quantify priming to represent it in models instead of just considering it implicitly.

To represent priming following the classic definition, the FOM and SOM compartments must interact directly or indirectly. This can be done simply by implementing SOM rate modifiers depending on FOM [START_REF] Guenet | Can we model observed soil carbon changes from a dense inventory? A case study over England and Wales using three versions of the ORCHIDEE ecosystem model (AR5, AR5-PRIM and O-CN)[END_REF] or by changing the SOM CUE according to FOM availability without modifying the decomposition rate (Zhang et al., 2018). Priming can also be represented by models that consider explicit microbial mechanisms, with the effect of FOM on SOM considered through microbial biomass [START_REF] Fontaine | Size and functional diversity of microbe populations control plant persistence and long-term soil carbon accumulation[END_REF][START_REF] Huang | ORCHIMIC ( v1 . 0 ), a microbe-driven model for soil organic matter decomposition designed for large-scale applications[END_REF][START_REF] Perveen | Priming effect and microbial diversity in ecosystem functioning and response to global change: A modeling approach using the SYMPHONY model[END_REF]Wieder et al., 2015). These different views on priming representation in models should not be seen as contradictory or opposed, but complementary. It would be unrealistic to consider that a complete representation of priming will soon be included in large-scale models (Eyring et al., 2016); simple and semi-empirical approaches are needed. However, it would also be quite unrealistic to believe that semi-empirical approaches will help to develop a deep understanding of priming. In our opinion, the main difficulty in both cases is related to the parameters used in the equation. Increasing model complexity is most often associated with an increased number of parameters and reduced linear responses of the models [START_REF] Huang | Global Simulation and Evaluation of Soil Organic Matter and Microbial Carbon and Nitrogen Stocks Using the Microbial Decomposition Model ORCHIMIC v2.0[END_REF]. Therefore, the more complex a model is, the higher the number of possible model trajectories. To avoid unrealistic model behaviors, it is of prime importance to constrain the model parameters using observations. Complex models associated with short time periods and small scales can be constrained by observations coming from incubations under controlled conditions [START_REF] Neill | Comparing two mechanistic formalisms for soil organic matter dynamics: A test with in vitro priming effect observations[END_REF]. Nevertheless, applying complex models and finding suitable parameter values for different soil types, climates, plant covers, etc. is an important challenge that requires a large dataset of incubations like those recently published by [START_REF] Bastida | Global ecological predictors of the soil priming effect[END_REF]. Even though such large datasets of incubations are now published in single studies or in metaanalyses [START_REF] Luo | A meta-analysis of the temporal dynamics of priming soil carbon decomposition by fresh carbon inputs across ecosystems[END_REF], laboratory incubations are still carried out in controlled environments, and upscaling the parameters obtained at this scale to the ecosystem or even the global level is not straightforward. At the end of the calibration process, upscaling may increase model prediction uncertainties compared to less mechanistic models because the uncertainties associated with parameter estimation and upscaling are large. Semi-empirical approaches with a limited number of parameters are an intermediate approach that make it possible to add priming explicitly and to study its effect at larger scales [START_REF] Guenet | Towards a representation of priming on soil carbon decomposition in the global land biosphere model ORCHIDEE (version 1.9.5.2)[END_REF][START_REF] Perveen | Priming effect and microbial diversity in ecosystem functioning and response to global change: A modeling approach using the SYMPHONY model[END_REF][START_REF] Sulman | Microbe-driven turnover offsets mineral-mediated storage of soil carbon under elevated CO2[END_REF]. These models do not catch the entire complexity of the priming response, but they are robust enough to estimate the importance of priming on the SOM balance at large scales.

Different models may involve different, equally accurate or equally uncertain approaches. Therefore, uncertainty remains concerning our prediction capacities. To solve this problem, a promising approach consists in working in close collaboration with experimenters to set up trials aimed at better understanding priming, developing the associated equations and estimating the parameters.

But current models can also be compared in the short term. This approach has been fruitful in many fields such as climate sciences (IPCC 2013), biogeochemistry applied to large scales [START_REF] Ito | Soil carbon sequestration simulated in CMIP6-LUMIP models: Implications for climatic mitigation[END_REF], and SOM dynamics [START_REF] Farina | Ensemble modelling, uncertainty and robust predictions of organic carbon in long-term bare-fallow soils[END_REF]. Therefore, using model intercomparison exercises is an interesting alternative to provide robust estimations. This is particularly important when such estimations are key information for stakeholders and policy makers and robust estimations by soil scientists are expected in the near future [START_REF] Shukla | Climate Change and Land: an IPCC special report on climate change, desertification, land degradation, sustainable land management, food security, and greenhouse gas fluxes in terrestrial ecosystems[END_REF].

Another difficulty in including priming into large-scale models representing plant growth and phenology, water cycles and energy fluxes [START_REF] Cramer | Global response of terrestrial ecosystem structure and function to CO 2 and climate change: results from six dynamic global vegetation models[END_REF][START_REF] Sitch | Evaluation of ecosystem dynamics, plant geography and terrestrial carbon cycling in the LPJ dynamic global vegetation model[END_REF] is related to the feedbacks between all the model [START_REF] Goll | Climate-driven changes in chemical weathering and associated phosphorus release since 1850: Implications for the land carbon balance[END_REF][START_REF] Zaehle | low-CUE and high-CUE communities is driven by plant uptake of soluble nutrients and carbon inputs (quantity & quality). The numbers indicate the chronology of events[END_REF]Zhu et al., 2019). A promising research avenue aiming to incorporate complex models with reduced feedbacks but not yet implemented in soil science to our knowledge is the use of a model emulator [START_REF] Fer | Linking big models to big data: efficient ecosystem model calibration through Bayesian model emulation[END_REF]. Such approach can help large-scale models to consider priming based on a complex mechanistic approach.

Representing priming in models is still a challenge with a large diversity of approaches that should be considered as complementary and able to tackle highly different situations, from a deep understanding of priming at small scales to the quantification of the importance of priming in the global C budget.

CONSEQUENCES OF PE ON ECOSYSTEM SERVICES UNDER GLOBAL CHANGE CONDITIONS

Due to various technical constraints related to the measurement of PE such as isotopic labelling of contributed OM, PE studies are often conducted in the laboratory in soil incubations with pure chemical compounds (e.g., glucose) making any extrapolation to the ecosystem scale very complicated. However, some studies have quantified PE and its impacts on C and N fluxes in soil-plant systems (see review of [START_REF] Cheng | Synthesis and modeling perspectives of rhizosphere priming[END_REF], often involving heavy infrastructure in order to guarantee the reliability of measurements [START_REF] Cros | A new experimental platform connecting the rhizosphere priming effect with CO 2 fluxes of plant-soil systems[END_REF]. These studies show a massive change in SOM decomposition rate in their rhizosphere induced by plants, from a 50% reduction to a 280% increase [START_REF] Cheng | Synthesis and modeling perspectives of rhizosphere priming[END_REF][START_REF] Huo | Rhizosphere priming effect: A meta-analysis[END_REF]. This plant induced priming effect (PIPE) results from the combination of several rhizosphere processes such as plant C inputs (litter rhizodepositions) as well as root uptake of nutrients and water intensifying drying-rewetting cycles and breakage of soil aggregates [START_REF] Dijkstra | Root effects on soil organic carbon: A double-edged sword[END_REF]. Most if not all ecosystem services and disservices related to SOM dynamics are impacted by the PIPE. For example, the PIPE has been suggested to increase disservices such as soil C loss [START_REF] Carney | Altered soil microbial community at elevated CO2 leads to loss of soil carbon[END_REF]Henneron et al., 2020a) and nitrate leaching [START_REF] Liu | CO2 enrichment increases nutrient leaching from model forest ecosystems in subtropical China[END_REF], as well as services such as soluble nutrient supply to plants sustaining greater plant production and CO2 fixation (Henneron et al., 2020a;2020b).

Understanding the response of the PIPE and SOM dynamics to current global environmental changes (atmospheric CO2 increase, global warming and land use changes) is crucial to predict the long-term evolution of the related (dis)services. The task appears very complex because global change can act on priming processes in multiple ways. For example, global warming can impact the intensity of PIPE through its effects on soil enzyme activity, soil microbial populations (Fanin et al. in this Special Issue) and plant communities, and in turn determine the quantity and quality of plant C inputs into soils. This complexity is increased by the fact that other processes than PIPE control SOM dynamics (e.g., SOM formation) and have their own response to global change. We suggest a framework that reduces this complexity to three scenarios describing the effect of GC on PIPE, SOM dynamics and four ecosystem (dis)services (Figure 4). This framework is based on the assumptions that (i) plants can drive SOM dynamics to meet their soluble nutrient needs, and (ii) global change can degrade this effect.

It is increasingly recognised that plants can modulate the PIPE and SOM dynamics to adjust the microbial supply of soluble nutrients to their demand. In a common garden experiment comparing 12 grassland plant species, SOM mineralisation rates have been found to be adjusted to the demand of each species (Henneron et al., 2020b). Enhanced plant photosynthesis and nutrient demand under elevated CO2 increase the PIPE, soil organic N mineralisation and plant N uptake in many different contexts [START_REF] De Graaff | Rhizodeposition-induced decomposition increases N availability to wild and cultivated wheat genotypes under elevated CO2[END_REF][START_REF] Kuzyakov | Review and synthesis of the effects of elevated atmospheric CO2 on soil processes: No changes in pools, but increased fluxes and accelerated cycles[END_REF]. In contrast, decreased plant photosynthesis (plant demand) in response to plant shading/cutting induces reduced SOM mineralisation [START_REF] Shahzad | Plant clipping decelerates the mineralization of recalcitrant soil organic matter under multiple grassland species[END_REF][START_REF] Tang | Light intensity controls rhizosphere respiration rate and rhizosphere priming effect of soybean and sunflower[END_REF]. In temperate ecosystems, the mineralisation/immobilisation ratio changes throughout the season in line with plant demands; immobilisation dominates in winter (low demand), whereas mineralisation dominates in spring (high demand) [START_REF] Bardgett | A temporal approach to linking aboveground and belowground ecology[END_REF][START_REF] Yokobe | Seasonal Effects on Microbial Community Structure and Nitrogen Dynamics in Temperate Forest Soil[END_REF].

Plants control the storage and release of C and nutrients from SOM through their C inputs and soluble nutrient uptake, and this alters the activity of high-CUE and low-CUE microbes (Figure 5). Based on this knowledge on plant control of SOM dynamics, our framework suggests three scenarios of ecosystem response to global change. These scenarios should be considered as attempts to summarise current knowledge, to make it easier to include PE in models and identify priorities for further investigations on the effects of global change on ecosystem C and nutrient cycles. and continuous grazing. Our framework suggests that the change in primary production modifies the turnover rate of SOM, not the SOM stock. The higher (or lower) plant nutrient demand is expected to increase (or decrease) PIPE and SOM mineralisation. However, an equivalent amount of organic nutrients is expected to return to the soil through litter fall and rhizodeposition if no biomass is exported; this replenishes the SOM stock during periods of low plant demand (Figure 5). In sum, the soil C and ecosystem C stocks as well as nutrient losses remain unchanged, while plant production is changed, meaning there is no feedback effect on global change. submitted to elevated CO2 or moderate warming (+ 1 or 2 °C) where primary production and tree biomass often increase [START_REF] Melillo | Soil Warming and Carbon-Cycle Feedbacks to the Climate System[END_REF][START_REF] Terrer | A tradeoff between plant and soil carbon storage under elevated CO2[END_REF]. The increase or decrease in plant biomass induces a parallel and opposite change in the SOM stock (a decrease or an increase, respectively). Given that plants drive the PIPE and SOM dynamics as a function of their nutrient demand, SOM behaves as a nutrient source or sink according to whether plant biomass accumulates or loses nutrients. This nutrient redistribution between plant biomass and SOM affects the ecosystem C stock since these two compartments have different carbon:nutrient ratios (e.g., redistribution of nutrients towards plant biomass increases ecosystem C). In sum, plant production, the soil C stock and the ecosystem are modified, while nutrient loss remains unchanged. In other words, an increase in plant biomass leads to negative feedback and therefore attenuation of climate change, whereas a decrease in plant biomass leads to a runaway positive feedback on climate change.

Scenario 3: Global change degrades plant control of SOM dynamics. This scenario considers more extreme impacts of global change on plant-soil systems leading to a partial or total degradation of the control of SOM dynamics by plants. For example, extreme climatic events such as droughts or heatwaves can block plant nutrient uptake while soil microbes continue to mineralise SOM and release soluble N that accumulates in soils [START_REF] Deng | Drought effects on soil carbon and nitrogen dynamics in global natural ecosystems[END_REF]. Degradation of plant control of the PIPE and SOM dynamics leads to periods of excess soluble nutrients on the short term; these excess nutrients increase nutrient loss and environmental pollution, and periods of nutrient deficiency limit plant production. On the long term, the increased nutrient loss contributes to progressive soil impoverishment and ecosystem decline (loss of plant biomass and production, lower ecosystem C stock). This scenario leads to a runaway positive feedback on global change (climate change and disruption of nutrient cycles)

Several experimental studies support our scenarios. The higher plant C input to soil in response to elevated CO2 intensifies PIPE and SOM turnover (Scenario 1) [START_REF] Kuzyakov | Review and synthesis of the effects of elevated atmospheric CO2 on soil processes: No changes in pools, but increased fluxes and accelerated cycles[END_REF][START_REF] Perveen | Priming effect and microbial diversity in ecosystem functioning and response to global change: A modeling approach using the SYMPHONY model[END_REF].

Moreover, a recent meta-analysis [START_REF] Terrer | A tradeoff between plant and soil carbon storage under elevated CO2[END_REF] showed that the effect of elevated CO2 on SOM stocks was best explained by a negative relationship with plant biomass (Scenario 2): when plant biomass is strongly stimulated by elevated CO2, SOM storage declines; conversely, when biomass decreases, SOM storage increases. Although plant-soil interactions play a major role in the response of the PIPE to global change, it is important to note that some factors of global change may act on the PIPE and related services independently of soil-plant interactions. For example, moderate atmospheric N depositions have been shown to decrease the microbial production of oxidative enzymes (and the intensity of PIPE leading to SOM accumulation [START_REF] Hagedorn | Increased N deposition retards mineralization of old soil organic matter[END_REF][START_REF] Ramirez | Consistent effects of nitrogen amendments on soil microbial communities and processes across biomes[END_REF][START_REF] Perveen | Priming effect and microbial diversity in ecosystem functioning and response to global change: A modeling approach using the SYMPHONY model[END_REF][START_REF] Liu | Microbial carbon use efficiency and priming effect regulate soil carbon storage under nitrogen deposition by slowing soil organic matter decomposition[END_REF].

In generally depends on the scale considered with more mechanistic models at small scales and more empirical models at large scales. The objectives also depend on the scale, models developed at small scales generally aim at understanding the priming effect whereas models developed at larger scales aim at quantifying its impacts. 

Scenario 1 :

 1 Control by plants is maintained -Global change affects plant production. The effects of GC on plant-soil systems are moderate in that plants keep their ability to adjust SOM dynamics to their nutrient needs. Therefore, the ecosystem response to global change is determined by the plant response to global change. More specifically, plant production is modified by global change, whileplant biomass remains unchanged. For example, in grasslands under elevated CO2, primary production is strongly stimulated but the amounts of C and nutrients stored in plant biomass barely change[START_REF] Terrer | A tradeoff between plant and soil carbon storage under elevated CO2[END_REF] as a consequence of the low storage capacity of herbaceous plants (compared to trees)

Scenario 2 :

 2 Control by plants is maintained -Global change affects standing biomass. The sole difference with scenario 1 is that global change also affects the standing plant biomass, as in forests

  FIGURE 1 PE-generation mechanisms occurrence according to (1) the quality of the fresh organic matter (FOM) in terms of lability vs recalcitrance (L:R) and of carbon to nitrogen ratio (C:N), and to (2) the availability of mineral nitrogen in the soil solution. Each PE process is evaluated on a C gain or loss scale depending on the CUE of its actors and the turnover rate of the targeted SOM pool. Basically, the labile fraction of FOM and available N will favor preferential substrate use (negative PE), necromass recycling, entombing effect and PE by stoichiometric decomposition (positive PE), which likely lead to a C gain and an incorporation of N into newly formed biomass. Recalcitrant compounds of FOM will favor Nutrient mining and Abiotically mediated PE specific to low-CUE populations, likely leading to a C loss from SOM and a recycling of N from a low turnover pool to a faster one (biomass and even soil solution). Abiotically mediated PE can also be generated by production of HCO3-H+ during the intense decomposition of FOM, leading to a loss of C from MAOM by microbial populations of unknown CUE.

FIGURE 2

 2 FIGURE 2MAOM and PE. Conceptual scheme of the abiotically mediated PE of mineral associated organic matter

FIGURE 4

 4 FIGURE 4Global Change effect on PIPE: The three main scenarios describing the effect of global change on the plant-induced priming effect (PIPE), soil organic matter (SOM) dynamics and four related ecosystem (dis)services (plant production, soil carbon storage, ecosystem carbon storage, nutrient leaching). N = nutrient. The two first scenarios consider that plants maintain their control on SOM dynamics and microbial supply of soluble nutrients while the last scenario considers that plant control is degraded by global change.

FIGURE 5

 5 FIGURE 5Plant control on SOM dynamics: Mechanisms by which plants can modulate soil organic matter (SOM) dynamics in order to adjust the microbial supply of soluble nutrients to plant demand. The plant nutrient demand corresponds to the amount of nutrients needed to convert the carbohydrates produced by photosynthesis into biomass. The nutrient supply corresponds to the

  

  

  

Box 1: Shared terminology FOM:

  Fresh Organic Matter relates to organic matter entering the soil and which will generate a PE on organic matter already present in soil (SOM). It can derive from plants like rhizodeposits (exudates or mucus or dead apical cells) or dead roots, leaves, crop residues or dead animals. SOM: Soil Organic Matter gathers all type of dead organic matter present in the soil before the input of new FOM, from small molecular dissolved compounds to plants residues. MAOM: Mineral Associated Organic Matter designates organic compounds associated to minerals, from small molecules to microbial or plant cell tissues. MAOM is a specific fraction of SOM. PE: In the present review, the Priming Effect is a change in the rate SOM-C mineralization induced by an input of FOM.RPE:The Rhizosphere Priming Effect is the PE generated by live roots and associated rhizosphere organisms when compared to SOM-C mineralisation from rootless soils under the same environmental conditions. PIPE: The plant Induced Priming Effect is the PE induced by whole plants on SOM-C, including RPE but also PE induced by dead roots and aerial parts of plants like litter or crop residues.
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