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Associational decomposition: After-life traits and interactions among decomposing litters control during-life aggregation of plant species

Introduction

While plant species may coexist at the population level, their individuals may still segregate, at least temporarily, and hence interact little. For instance, growth behaviour of plants can lead to drastic changes of interspecific aggregation among heterospecific individuals within a year (e.g. [START_REF] Saiz | Understanding clonal plant competition for space over time: a fine-scale spatial approach based on experimental communities[END_REF]. The mechanisms of coexistence of heterospecific populations have been extensively studied and conceptualised (e.g. [START_REF] Tilman | Resource competition and community structure[END_REF]), but aggregation mechanisms of heterospecific individuals have clearly found less attention (e.g. [START_REF] Herben | Spatial pattern formation in plant communities. Morphogenesis and Pattern Formation in Biological Systems-Experiments and Models[END_REF]Benot et al., 2013). So far, aggregation among heterospecific individuals has been related to during-life processes, notably to competition for resources and space. Two aggregated plant individuals should strongly compete with one another for a shared set of resources, which should result in the exclusion of one of both individuals, ultimately explaining competitive exclusion of species [START_REF] Gause | The struggle for existence[END_REF]. Consistently, the theory of limiting similarity states that if individuals occupy sufficiently different niches, competition should be reduced and coexistence possible [START_REF] Schwilk | Limiting similarity and functional diversity along environmental gradients: Diversity and gradients[END_REF][START_REF] Violle | Biodiversity and plant litter: experimental evidence which does not support the view that enhanced species richness improves ecosystem function[END_REF][START_REF] Wilson | Evidence for assembly rules: limiting similarity within a saltmarsh: Limiting similarity within a saltmarsh[END_REF]. The theory has recently been expanded to the way by which species occupy space rather than use resources (Benot et al., 2013[START_REF] Saiz | Understanding clonal plant competition for space over time: a fine-scale spatial approach based on experimental communities[END_REF]. However, we
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often observe high aggregation in some environments or in some clades whose species have functionally similar traits, for example in grassland environments and in the grass lineage in general [START_REF] Cahill | Does phylogenetic relatedness influence the strength of competition among vascular plants? Perspectives in Plant Ecology[END_REF][START_REF] Prinzing | High cooccurrence genera": weak but consistent relationships to global richness, niche partitioning, hybridization and decline[END_REF][START_REF] Linder | Global grass (Poaceae) success underpinned by traits facilitating colonization, persistence and habitat transformation[END_REF]. In these cases, niche or space partitioning is unlikely to explain species aggregation and alternative mechanisms have to be considered. Such alternative mechanisms promoting species aggregation may include facilitative interactions, equalizing mechanisms of competition or negative plant-soil feedbacks [START_REF] Kulmatiski | Plant-soil feedbacks: a metaanalytical review[END_REF]van der Putten et al., 2013;[START_REF] Kardol | Peeking into the black box: a trait-based approach to predicting plant-soil feedback[END_REF][START_REF] Jiang | Plant-mycorrhizal interactions mediate plant community coexistence by altering resource demand[END_REF].

Here we suggest that, in perennial plants, aggregation among heterospecific individuals might also depend on after-life recycling of resources. In perennial plants, organs die and decompose while the plant is still alive, so decomposition impacts the fitness of the plant.

Faster litter decomposition should increase soil nutrient availability [START_REF] Swift | Decomposition in terrestrial ecosystems[END_REF][START_REF] Hobbie | Effects of Plant Species on Nutrient Cycling[END_REF][START_REF] Hobbie | Plant species effects on nutrient cycling: revisiting litter feedbacks[END_REF] which might compensate for nutrient exploitation through competitors and hence facilitate their spatial aggregation. Faster decomposition may also reduce competition between microbial decomposers and root-associated microorganisms [START_REF] Lindahl | Ectomycorrhizal fungi -potential organic matter decomposers, yet not saprotrophs[END_REF][START_REF] Fernandez | Revisiting the "Gadgil effect": do interguild fungal interactions control carbon cycling in forest soils?[END_REF], which might ultimately benefit both of the competitors and prevent exclusion of either. Furthermore, fast decomposition might increase aggregation by reducing the thickness of the litter layer, facilitating immigration and emergence of other plant species [START_REF] Carson | The role of litter in an old-field community: impact of litter quantity in different seasons on plant species richness and abundance[END_REF][START_REF] Jensen | Effects of litter on establishment of grassland plant species: the role of seed size and successional status[END_REF][START_REF] Weltzin | Litter controls plant community composition in a northern fen[END_REF]. Such fast decomposition of a mixture of two aggregated individuals can be either due to high quality of the mixture or to synergistic interactions between the decomposition of the two litters (i.e. when litter-mixture decomposition is faster than expected from the decomposition of single species; [START_REF] Wardle | Determinants of litter mixing effects in a Swedish boreal forest[END_REF][START_REF] Gartner | Decomposition dynamics in mixed-species leaf litter[END_REF][START_REF] Makkonen | Do physical plant litter traits explain non-additivity in litter mixtures? A test of the improved microenvironmental conditions theory[END_REF]. High quality of litter mixture can be due to after-life traits increasing litter decomposability, for example high water holding capacity (WHC, [START_REF] Makkonen | Do physical plant litter traits explain non-additivity in litter mixtures? A test of the improved microenvironmental conditions theory[END_REF], low C:N ratio [START_REF] Quested | Plant traits relate to wholecommunity litter quality and decomposition following land use change[END_REF] or low phenolics content [START_REF] Hättenschwiler | The role of polyphenols in terrestrial ecosystem nutrient cycling[END_REF], because moist and nitrogen-rich litters containing few refractory molecules will stimulate the growth and activity of many decomposers. High quality of litter mixture may also depend on during-life traits related to resource acquisition and conservation, since dead tissues often inherit the properties of living tissues [START_REF] Aerts | Nutrient resorption from senescing leaves of perennials: are there general patterns?[END_REF]: in particular, high during-life SLA and low LDMC generally correspond to more nutrient-rich litter tissues for detritivores and decomposers [START_REF] Quested | Plant traits relate to wholecommunity litter quality and decomposition following land use change[END_REF][START_REF] Santiago | Extending the leaf economics spectrum to decomposition: evidence from a tropical forest[END_REF][START_REF] Pakeman | Leaf dry matter content as a predictor of grassland litter decomposition: a test of the 'mass ratio hypothesis[END_REF]. Last, the dissimilarity of after-life and during-life traits may trigger synergistic
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interactions during litter-mixture decomposition: more dissimilar traits provide a larger range of resources for generalist detritivores and decomposers or for a larger range of specialist decomposers, which are more efficient than when they decompose monospecific litters [START_REF] Gessner | Diversity meets decomposition[END_REF]Tardif & Shipley, 2011;[START_REF] Barbe | Functionally or phylogenetically distinct neighbours turn antagonism among decomposing litter species into synergy[END_REF]. Overall, heterospecific individuals producing a litter mixture of high quality (due to physical or chemical traits ensuring high decomposability) or a litter mixture which decomposes faster due to after-life synergistic interactions, might aggregate spatially (Fig. 1).

Spatial aggregation due to during-life mechanisms has been shown to depend on "during-life" traits controlling resource acquisition and clonality, and on their dissimilarity among species.

Resource-acquisition traits may be foliar traits such as high specific leaf area (SLA) or low leaf dry matter content (LDMC), driving plant ability to uptake light and soil resources [START_REF] Santiago | Extending the leaf economics spectrum to decomposition: evidence from a tropical forest[END_REF][START_REF] Violle | Competition, traits and resource depletion in plant communities[END_REF]. Plant species with dissimilar resource-acquisition traits can occupy and exploit different niches, thereby permitting species aggregation [START_REF] Schwilk | Limiting similarity and functional diversity along environmental gradients: Diversity and gradients[END_REF][START_REF] Violle | Biodiversity and plant litter: experimental evidence which does not support the view that enhanced species richness improves ecosystem function[END_REF][START_REF] Wilson | Evidence for assembly rules: limiting similarity within a saltmarsh: Limiting similarity within a saltmarsh[END_REF]. Also, two plant species of low resource acquisition capacities (for example, low SLA) might more easily aggregate than two that have high capacities. Other during-life traits of importance are clonal-dispersal traits, for instance the number of connections between ramets (i.e. branching degree) and the spacer length, representing an important part of the strategy of plants for colonizing space [START_REF] Doust | Population Dynamics and Local Specialization in a Clonal Perennial (Ranunculus repens): The Dynamics of Ramets in Contrasting Habitats[END_REF]. Plant species having dissimilar clonal-dispersal traits, or values of clonaldispersal traits leading to a scattered or a sparse space colonization, may more easily aggregate locally. In particular, plants having a low number of connections between ramets, or a high spacer length may much more aggregate with other plants (Benot et al., 2013;[START_REF] Saiz | Understanding clonal plant competition for space over time: a fine-scale spatial approach based on experimental communities[END_REF]. Overall, the role of during-life traits for species aggregation has already been widely documented.

In this study, we investigated the role of during-life traits, after-life traits and after-life interactions during decomposition for the spatial aggregation of pairs of grassland species.

We tested the hypotheses that aggregation between two plant species may be favoured by: (i) during-life traits that are dissimilar or that decrease competitiveness, (ii) during-life and afterlife traits favouring litter decomposition, and (iii) synergistic effects during litter-mixture decomposition. We used a long-term mesocosm experiment to measure the aggregation of 27 pairs of grassland species, from a pool of the 8 more abundant perennial species of the experiment. We focused on individual-scale aggregation driven by growth behaviour of plant individuals: we recorded patterns at the spatiotemporal scale of individuals (5 x 5 cm),
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repeated four times in 2-year intervals, and kept population-level processes constant as far as possible by preventing seed production and immigration. We measured for each species pair the trait mean and trait dissimilarity in number of connections between ramets, spacer length, SLA, LDMC, WHC, and C:N ratio. We also accounted for the phylogenetic distance between both species, as this distance may illustrate a dissimilarity in traits we did not measure [START_REF] Cadotte | Phylogenetic diversity metrics for ecological communities: integrating species richness, abundance and evolutionary history[END_REF][START_REF] Pan | Larger phylogenetic distances in litter mixtures: lower microbial biomass and higher C/N ratios but equal mass loss[END_REF]. We conceived a litter mixture for each pair of species, and we measured litter-mixture decomposition per se as well as synergistic or antagonistic effects during litter-mixture decomposition. We also explored which of the traits increase decomposition of single-species or mixed litters and which render litter mixture decomposition synergistic, and compared these traits to those influencing aggregation.

Material and Methods

Study site and experimental design

We used a long-term mesocosm experiment at the University of Rennes 1 (Western France, 48°06'58.6"N 1°38'15.5"W). This experiment was set up in 2009 and consists of mesocosms (1.30 x 1.30 m, 0.25 m height) which contain seven different mixtures of grassland species, each one replicated 10 times. Mixtures have three levels of species richness (4, 8, and 12) with three distinct species compositions for each level (except for the 12-species level, which has only one species composition: all the species involved in the experiment). The composition and number of species sown in a given mesocosm in 2009 mimic natural communities common to grassland ecosystems of our study region. However, we stress that inital richnesses had often declined through time and that mesocosm-level composition and richness are uninformative about the richness and composition in a given 5x5cm or 10x10cm grid used further to analyse co-occurrence. For any level of mesocosm-level species richness, local functional and phylogenetic dissimilarities within a given grid cell could be high and low. Mesocosm soil was composed of 80% garden soil and 20% sand (i.e. a realistic proportion compared to the soil of natural habitats of the study species, and a proportion common to mesocosm experiments involving clonal plants, see Birch & Hutchings 1994), and was homogenized before mesocosm construction. At the beginning of the experiment, we applied a mineral fertilizer with slow release (N/P/K: 20/5/10) to fully homogenize the soil nutrient content among mesocosms. Mean soil nutrient properties were initially: 
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of the year, with an additional punctual artificial watering during dry summer weeks.

Mesocosms were mowed once a year and plant material was exported to mimic semi-natural grasslands, but grassland species grow and produce litter rather continuously through the year and so decomposition of a large quantity of litter took place in situ. We prevented sexual reproduction (by cutting flowers) and immigration (by manual removal of immigrant species)

in mesocosms, to restrict as far as possible processes driving aggregation to individual clonalgrowth behaviour. We planted 12 perennial, clonal species with different growth behaviours and clonal strategies: Agrostis stolonifera (L.), Agrostis tenuis (L.), Brachypodium pinnatum (L.), Centaurea nigra (L.), Chamaemelum nobile (L.), Dactylis glomerata (L.), Elytrigia repens (L.), Festuca rubra (L.), Holcus lanatus (L.), Holcus mollis (L.), Lolium perenne (L.)

and Ranunculus repens (M.). In each mixture, planted species were initially in equivalent proportions and were randomly positionned. Among the 12 species, we selected the 8 most abundant species: Brachypodium pinnatum, Centaurea nigra, Dactylis glomerata, Elytrigia repens, Festuca rubra, Holcus lanatus, Holcus mollis, and Ranunculus repens. From these 8 species, we selected all possible pairs of species in order to obtain an important range of trait means and trait dissimilarities among pairs. We excluded the pair Centaurea nigra-Ranunculus repens, as it was the only pair of the experiment involving two dicotyledon species, which would have hence generated an outlier in each analysis including phylogenetic distance.

Plant mapping and measures of aggregation

We mapped plant species distribution in each mesocosm in 2010, 2012, 2014 and 2016. We used an 80 x 80 cm square grid of 5-cm cell size (256 cells per grid), and we noted for each cell the presence of each rooted species. In each mesocosm, we calculated for each pair present in this mesocosm the co-occurrence observed between both species (COobs), as the number of cells where both species were present together. We also calculated the expected co-occurrence between both species (COexp), as: COexp i,j = A i × A j / 256, where A i is the number of cells (i.e. abundance) occupied by species i and A j is the number of cells occupied by species j. Based on observed and expected co-occurrence, we calculated the spatial aggregation between both species (C i,j ) using a spatial aggregation index, following [START_REF] Saiz | Understanding clonal plant competition for space over time: a fine-scale spatial approach based on experimental communities[END_REF]:

, where COobs i,j is the observed co-occurrence between species i and j and COexp i,j the expected co-occurrence between species i and j. Negative values of C i,j indicate that two species aggregate less than expected at random (i.e. spatial
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segregation between species) while positive values indicate that two species aggregate more than expected at random (i.e. spatial aggregation between species). Given that initial plantation was at random, any later increases or decreases of co-occurrence are due to aggregation or segregation among species. A pattern of co-occurrence is the outcome of a process of co-occurrence in the previous year (we refrained from calculating differences between years since this would basically be an index of indices and hence potentially little robust). To avoid idiosyncraties of individual mesocosms, we calculated for each species pair the average aggregation across mesocosms (Fig. S1). We finally repeated the above procedure pooling grids into 10 x 10 cm grids. Consistent with [START_REF] Saiz | Understanding clonal plant competition for space over time: a fine-scale spatial approach based on experimental communities[END_REF], we found major year-to-year variation of aggregation between two species (Fig. S1).

Functional trait measurements and calculations

We measured for the 8 species two during-life traits related to clonal dispersal (number of connections and spacer length), two during-life traits related to resource acquisition (SLA and LDMC), and two after-life traits central to litter decomposition (WHC and C:N ratio). WHC mainly determines the litter microclimate [START_REF] Makkonen | Do physical plant litter traits explain non-additivity in litter mixtures? A test of the improved microenvironmental conditions theory[END_REF]) whereas C:N ratio is related to the litter nutrient content [START_REF] Pérez-Harguindeguy | Chemistry and toughness predict leaf litter decomposition rates over wide spectrum of functional types and taxa in central Argentina[END_REF][START_REF] Quested | Plant traits relate to wholecommunity litter quality and decomposition following land use change[END_REF].

SLA and LDMC, representing respectively the thinness of green leaves and their palatability, are also involved in the litter decomposition process [START_REF] Cornelissen | Functional leaf attributes predict litter decomposition rate in herbaceous plants[END_REF][START_REF] Quested | Plant traits relate to wholecommunity litter quality and decomposition following land use change[END_REF][START_REF] Santiago | Extending the leaf economics spectrum to decomposition: evidence from a tropical forest[END_REF]. We measured SLA, LDMC, WHC and C:N ratio on 5 different individuals, collected in different mesocosms, to obtain a representative mean value for each species and each trait. We measured SLA and LDMC on green leaves according to the protocols of [START_REF] Pérez-Harguindeguy | New handbook for standardised measurement of plant functional traits worldwide[END_REF]. We measured WHC and C:N ratio on naturally senesced leaves (note that WHC is simply the inverse of LDMC, for litter). 5-10 dead leaves were immersed in distilled water during 24h, drained and weight, then dried at 65°C during 48h and weighed again. WHC was calculated as water-saturated weight / dry weight. We measured C:N ratio on 1-5 dead leaves for each of the 5 selected individuals, using an elemental analyzer (FLASH EA 1112 Thermo Finnigan, Waltham, Massachusetts, USA). We measured the number of connexions and the spacer length of each species on 10 different individuals grown in controlled pots (i.e. one individual per pot) to obtain a representative mean value of these traits without competition (Benot et al., 2013), since these traits are particularly responsive to competition and clonality must be measured independently from competition. Trait distributions are summarized in Table 1, and trait correlations in Table S1. For each species pair, we calculated the dissimilarity in each of the 6
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measured functional traits, as the absolute value of the difference between both per-species means for the considered trait.

Characterization of phylogenetic distance

We measured phylogenetic distance for each species pair, using a dated tree of the Dutch flora based on rbcL DNA sequences (see [START_REF] Hermant | Disparate relatives: Life histories vary more in genera occupying intermediate environments[END_REF] and containing all species of our study. The authors used dated molecular phylogenies as a fixed age constraint for estimating the age of the crown node of Angiospermae. For each species pair, we calculated the patristic distance, which is the distance among both species (path-length distance) along branches of tree from one species to the other one, divided by two. This distance represents hence the age of the species' most recent common ancestor. Calculations were made using the software Mesquite [START_REF] Maddison | Mesquite: a modular system for evolutionary analysis[END_REF].

Litter decomposition and non-additive effects

For the 8 species, we collected in autumn 2009 naturally-senesced leaf litter from one to several spatially-proximate individuals in the mesocosm experiment. Litter was air-dried, and we conceived from one to three litter mixtures for each of the 27 species pairs. Combinations of individual species pairs were replicated two or three times (and averages calculated across replications), except for those involving the two species for which the amount of litter material collected was too low (Brachypodium pinnatum and Festuca rubra). Both species composing litter mixtures were in roughly equivalent proportions (50-50) and we noted their precise proportion. Litter mixtures were placed into 8 x 8 cm litterbags, which had 5 mm mesh on their lower side to allow decomposers to freely access the litter, and 2 mm mesh on their upper side to avoid contamination by allochtonous litter. Each litterbag contained 1g of litter (oven-dried equivalent). We exposed each litter mixture in a randomly chosen mesocosm in February 2015 (fresh litter is available during that period in the study region), and started the decomposition experiment. Exposing at random ensured that observed decomposition was not biased by either the effect of the species providing the litter mixture on soil conditions, nor particular adaptations of decomposers to local litter [START_REF] Austin | There's no place like home? An exploration of the mechanisms behind plant litter-decomposer affinity in terrestrial ecosystems[END_REF]. To calculate synergistic or antagonistic effects during litter-mixture decomposition, we also exposed near each litter mixture two litterbags containing the corresponding monospecific litters alone. These litterbags also contained 1g of litter (oven-dried equivalent) and had meshes identical to those of litter-mixture litterbags. We collected all litterbags 6 weeks later, when they reached 30-60% mass loss. Such high mass loss results from the humid and
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relatively warm, frost-free winter in the study region which increases decomposer activity [START_REF] Barbe | Functionally or phylogenetically distinct neighbours turn antagonism among decomposing litter species into synergy[END_REF]. We cleaned the litter by hand and oven-dried it for three days at 65°C.

We calculated mass loss (%) as 1-(m1/m0) x 100, where m1 is the oven-dry weight at collection and m0 the initial oven-dry equivalent dry weight. Thereafter we refer to decomposition as this mass loss after 6 weeks of exposition. We calculated the expected decomposition of litter mixtures, as the mean decomposition between the two mono-specific litters weighted by the precise proportion of the two species in the litter mixture.

We calculated non-additive effects (NAE) of litter-mixture decomposition as NAE = (O -E) / E, where O is the observed decomposition of litter mixture and E is the expected decomposition of litter mixture. Litter-mixture decomposition could be additive (NAE = 0, i.e. no significant difference between observed and expected decomposition), synergistic (NAE > 0, i.e. observed decomposition higher than expected), or antagonistic (NAE < 0, i.e.

observed decomposition lower than expected; see [START_REF] Violle | Biodiversity and plant litter: experimental evidence which does not support the view that enhanced species richness improves ecosystem function[END_REF]. See Fig. S2 for mean observed decomposition of species pairs, and Fig. S3 for mean decomposition of species alone.

Statistical analyses

Prior to analyses, we centered-reduced all independent and dependent variables (that is, for each value of the variable, subtracting the mean of the variable and dividing the difference by the standard-deviation of the variable) to permit comparisons of regression coefficients among and within models. We used multiple ordinary least square (OLS) regression models to evaluate the role of during and after-life traits, as well as phylogenetic distance, on the decomposition of single litters, litter mixtures and on non-additive effects during decomposition. We built all possible models (i.e. all possible combinations of independent variables) and we performed a best subset search to select the best model based on AIC and BIC [START_REF] Burnham | Model selection and multimodel inference: a practical information-theoretic approach[END_REF][START_REF] Chen | Extended Bayesian information criteria for model selection with large model spaces[END_REF]. We graphically explored residuals using QQ and predicted-vs-residual plots and we excluded two residual outliers (caused by extreme positive values of non-additive effects) to fulfill the assumption of normality and homogeneity of residuals.

We used multiple OLS regression models to explain aggregation of species pairs by the means and dissimilarities in their traits related to (i) during-life clonal dispersal, (ii) duringlife resource acquisition, (iii) after-life litter decomposition, and by (iv) after-life non-additive effects during decomposition and (v) phylogenetic distance between both species. This
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approach was applied separately for each of the four dates (2010,2012,2014,2016). For each date, we constructed and selected the best model, according to the method explained above. We also tested aggregation against each of (i), (ii) and (iii+iv) separately (Table S2), and found the power and robustness of these models to be always lower than those of the full model. We hence only present the full model in the body of the manuscript. We did these analyses for aggregations based on both 5x5 and 10x10cm grids. Both analyses led to similar major conclusions (Fig. S1 and Table S3), and therefore we only present the results based on the finer grained grid in the Results. All statistical analyses were performed with R 3.0.3 software (R Development [START_REF] Core | R: A language and environment for statistical computing[END_REF].

Results

Effect of during-life and after-life traits on the litter decomposition and decomposition synergy

Mean decomposition of single litters (i.e. that had decomposed in isolation) and decomposition of litter mixtures were strongly explained by during-life and after-life traits (Table 2). In particular, decomposition of single litters was positively related to WHC, LDMC and C:N ratio, and negatively related to SLA (Table 2, Fig. S4). Litter-mixture decomposition was positively related to WHC and negatively related to SLA, and also positively related to phylogenetic distance (Table 2). Non-additive effects during decomposition were less explained (Table 2), and decomposition was synergistic among species of low WHC. Overall, trait means had a strong influence on the decomposition process, whereas dissimilarities had no effect. Non-additive effects were mainly positive, from -8.7% (antagonism) to +64.8% (synergy). The mean of non-additive effects was overall +14% synergy and was significantly larger than 0 (t = 3.8, P = 8.10 -4 , df = 24).

Effect of during-life traits on plant aggregation

Aggregation was strongly related to functional traits of species pairs across the four dates of the experiment (adjusted-R² ranging from 0.46 to 0.61, see Table 3). In particular, means of during-life traits related to clonal dispersal and resource acquisition impacted aggregation.

Specifically, aggregation was positively related to mean number of connections per ramet in 2010 and 2012 and spacer mean length in 2010 and 2014 (Table . 3). High SLA was negatively related to aggregation in 2010, 2012, and 2014, while high LDMC was in relation to high aggregation at these dates. Interestingly, these traits related to resource acquisition and retention were also associated to litter decomposition (Table 2). Similar to

Accepted Article

decomposition, we observed that trait dissimilarities had a much smaller effect on aggregation than trait means: only dissimilarity in LDMC was negatively related to aggregation in 2014 and dissimilarity in number of connections per ramet were found to positively relate to aggregation in 2014 (Table 3).

Effects of after-life traits and synergistic decomposition on plant aggregation

After-life traits strongly explained aggregation at most dates of the experiment. Similar to the effects of during-life traits on aggregation, aggregation was related to after-life trait means rather than dissimilarities (Table 3). Specifically, a high WHC and high C:N of litter mixtures were positively related to aggregation in 2010, 2012 and 2014 (Fig. 2). These traits also favoured litter decomposition (Table 2, Fig. S4). Moreover, non-additive effects of littermixture decomposition were associated with aggregation at the most recent date of the experiment: in 2016, aggregation increased with synergistic litter-mixture decomposition (Table 3, Fig. 3). Besides, aggregation increased with phylogenetic distance between species in 2012 (Table 3).

Discussion

We observed that plant aggregation was associated to both during-life and after-life traits, validating our initial hypotheses. However, trait means rather than trait dissimilarities explained aggregation, partially contradicting our expectations. Overall, we observed that the after-life traits that were positively related to aggregation were also positively related to litter decomposition. Interestingly, plant aggregation was also positively related to synergistic litter-mixture decomposition in the last year of the experiment.

Trait means that affect resource and space use also affect plant aggregation

Means of during-life traits known to affect resource acquisition and clonal dispersal were strong drivers of species aggregation during most years of the experiment. Consistent with our expectation, high aggregation was correlated with low mean SLA and with high mean LDMC, i.e. traits which might reduce resource acquisition and hence competition between species [START_REF] Violle | Competition, traits and resource depletion in plant communities[END_REF]. Moreover, aggregation increased with high spacer mean length and high number of connections between ramets. These trait means facilitate mixing of ramets among individuals and hence species without competitive replacement, contrary to a more densely-aggregated growth (Benot et al., 2013). Compared to trait means, dissimilarity in traits were only little associated to aggregation: aggregation increased with dissimilarity in
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LDMC and in number of connections in 2014, and phylogenetic distance in 2012. This relatively weak effect of trait (or phylogenetic) dissimilarities suggests that in the present experiment aggregation was less due to niche differentiation, and more due to competitive hierarchies [START_REF] Kraft | Functional trait differences and the outcome of community assembly: an experimental test with vernal pool annual plants[END_REF].

Trait means accelerating litter decomposition promote plant aggregation

All traits that we found to increase decomposition were also positively related to aggregation between species. Specifically, in the decomposition experiment, high decomposition was associated to low SLA and high LDMC during life, and high WHC and high C:N after lifeand high aggregation was associated to each of these trait values in most years of the experiment. Here again, trait means rather than dissimilarities were important, and we can speculate that this indicates that detritivores and decomposers might have required particular nutrient contents and abiotic conditions controlled by these traits, rather than diverse resources and habitats. Litters with high WHC probably maintained favourable microclimate for decomposers, thereby increasing litter decomposition (consistent with [START_REF] Makkonen | Highly consistent effects of plant litter identity and functional traits on decomposition across a latitudinal gradient[END_REF][START_REF] Makkonen | Do physical plant litter traits explain non-additivity in litter mixtures? A test of the improved microenvironmental conditions theory[END_REF]. In contrast, the increase of decomposition with decrease in SLA, and increase in LDMC or C:N is surprising as these trait states are considered to relate to decreased nutritional quality of litter for detritivores [START_REF] Quested | Plant traits relate to wholecommunity litter quality and decomposition following land use change[END_REF][START_REF] Santiago | Extending the leaf economics spectrum to decomposition: evidence from a tropical forest[END_REF]. Possibly, poor litter quality triggered compensatory feeding of detritivores to ensure sufficient resource assimilation [START_REF] Gessner | Diversity meets decomposition[END_REF] and thereby increased decomposition. Such compensatory feeding would be particularly plausible in our system where annual mowing and export of biomass gradually depleted nutrient availability for soil organisms, resulting in higher consumption of litter with low nutritional quality. Regardless of the mechanisms involved, traits related to fast litter decomposition promoted during-life aggregation between the plant species that continuously produce this litter. In sessile, perennial organisms like plants, afterlife traits affecting after-life processes can hence strongly impact during-life interactions, via an extended decomposition phenotype: decomposition of a plant litter ultimately driven by the plant's genotype and contributing to the plant's fitness through modification of above-and below-ground conditions [START_REF] Terhorst | Eco-evolutionary dynamics in plant-soil feedbacks[END_REF]. Future studies might scale up to population level and test whether after-life decomposition also favours coexistence at that level.

Associational decomposition, a mechanism of coexistence of heterospecific individuals

Between years we observed major changes to aggregation among species, and the aggregation in the last year could be explained by after-life synergistic decomposition of

Accepted Article

coexisting litters. Our results demonstrated a new kind of biotic interaction promoting plant aggregation through synergistic decomposition. These after-life interactions among plants could represent a dynamic "litter-interaction filter" for plant community assembly, equivalent to other biotic interaction filters that control assembly [START_REF] Dwyer | Constraints on trait combinations explain climatic drivers of biodiversity: the importance of trait covariance in community assembly[END_REF][START_REF] Loughnan | Trait-mediated community assembly: distinguishing the signatures of biotic and abiotic filters[END_REF]. [START_REF] Barbe | Functionally or phylogenetically distinct neighbours turn antagonism among decomposing litter species into synergy[END_REF] recently found that decomposition synergy is strongest among grasses. Combined with the present result of facilitation of aggregation through synergistic interactions during decomposition, this might contribute to explaining why grasses coexist so often despite being functionally similar, and why their evolutionary success was particularly strong [START_REF] Cahill | Does phylogenetic relatedness influence the strength of competition among vascular plants? Perspectives in Plant Ecology[END_REF][START_REF] Linder | Global grass (Poaceae) success underpinned by traits facilitating colonization, persistence and habitat transformation[END_REF]. We could name this facilitation of decomposition an "associational decomposition", similar to associational resistance of plants against herbivores [START_REF] Barbosa | Associational resistance and associational susceptibility: having right or wrong neighbors[END_REF]. Plants might benefit from reciprocal acceleration in their litter decomposition, which might overall improve soil fertility. The benefits might be symmetric, so that associational decomposition could represent a mutualistic process between two cooperative species. Alternatively, higher soil nutrient availability might benefit only to the most resource-acquisitive species, and associational decomposition could rather represent an indirect competitive strategy. Overall, we argue that in terrestrial ecosystems, litter decomposition should not be considered as a collateral consequence of species traits, which "only" impacts overall ecosystem functions such as elemental fluxes or primary production [START_REF] Garnier | Plant functional markers capture ecosystem properties during secondary succession[END_REF][START_REF] Cornwell | Plant species traits are the predominant control on litter decomposition rates within biomes worldwide[END_REF].

Litter decomposition might rather be considered a unique part of the ecological strategy of species, and a unique mechanism of coexistence among individuals and ultimately among populations. Coexistence of populations permitting synergistic decomposition might relax major trade-offs in plant life, for instance by maintaining nutrient recycling even in plants that produce low-SLA leaves to reduce herbivory or desiccation [START_REF] Fine | The growth-defense trade-off and habitat specialization by plants in Amazonian forests[END_REF][START_REF] Lind | Life-history constraints in grassland plant species: a growth-defence trade-off is the norm[END_REF].

Does the positive feedback of faster decomposition equalize or stabilize plant coexistence?

We observed in our study that high plant aggregation was related to faster decomposition of mixtures of species. At the population level, this might suggest a possible positive feedback between coexisting plants, which produce litter mixtures that in turn facilitate coexistence.

This beneficial feedback might be due to improved nutrient recycling and nutrient availability [START_REF] Hobbie | Effects of Plant Species on Nutrient Cycling[END_REF][START_REF] Hobbie | Plant species effects on nutrient cycling: revisiting litter feedbacks[END_REF], improved microclimatic conditions, facilitation of ramet to penetrate a thin litter layer, or increased activity of mutualist organisms in the local soil [START_REF] Eisenhauer | Plant community impacts on the structure of earthworm communities depend on season and change with time[END_REF][START_REF] Eisenhauer | Decomposer diversity and identity influence plant diversity effects on ecosystem functioning[END_REF][START_REF] Kardol | Peeking into the black box: a trait-based approach to predicting plant-soil feedback[END_REF][START_REF] Fernandez | Revisiting the "Gadgil effect": do interguild fungal interactions control carbon cycling in forest soils?[END_REF]. If we try to rank this
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coexistence feedback between stabilizing and equalizing [START_REF] Wilson | The twelve theories of co-existence in plant communities: the doubtful, the important and the unexplored: The twelve theories of co-existence in plant communities[END_REF] we could opt for both. We could opt for stabilizing as the advantage of mixing litters of two species gets lost if one of the species gets overly abundant and takes over. In this case, positive litter mixing effects would become more rare (mass-ratio hypothesis, [START_REF] Grime | Benefits of plant diversity to ecosystems: immediate, filter and founder effects[END_REF], to the disadvantage of the dominant species. However, we could also opt for equalizing if the recycled nutrients are equally available for both con-and heterospecifics, hence equalizing relative fitness differences between coexisting species, and finally delaying the competitive exclusion. Thus, our results suggest a novel perspective on litter decomposition: litter decomposition might mediate plant-plant interactions and change the outcome of competition among species. Litter decomposition studies might therefore bring novel insights for how plant species persist or disappear through time. 
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experiment. Significant relationships are indicated with the P-value, and non-significant ones with NS. Each graph presents partial residuals, i.e. accounts for the remaining independent variables. See Methods for model construction and Table . 3 for model parameters. See Table S3 for similar results obtained at a scale of 10x10cm.

Figure 3. Relationship between spatial aggregation among species pairs and non-additive effects during litter-mixture decomposition, at each of the four dates of the experiment.

Significant relationships are indicated with the P-value, and non-significant ones with NS.

Each graph presents partial residuals. See Methods for model construction and Table . 3 for model parameters. See Table S3 for similar results obtained at a scale of 10x10cm. 
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Figure 1 .

 1 Figure1. After-life interactions during litter-mixture decomposition might determine plant species aggregation. At t n , a first contact between litters from two heterospecific individuals generates antagonistic or synergistic effects during decomposition. At t n+1 , synergistic effects benefit to the fitness of both individuals that provided the litter (e.g. through soil enrichment), such as these individuals aggregate spatially. Meanwhile, antagonistic effects are detrimental to the fitness of both individuals that provided the litter (e.g. through thickening of the litter layer that limits emergence of their ramets) such as these individuals segregate spatially.

Figure 2 .

 2 Figure 2. Relationship between spatial aggregation among species pairs and means of littermixture traits (Water Holding Capacity, WHC; C:N ratio), at each of the four dates of the

  Figure 1.

Table 1 .

 1 Means and standard deviations of species functional traits (specific leaf area, SLA;

	leaf dry matter content, LDMC; number of connections; spacer length; water holding capacity, WHC; carbon:nitrogen ratio, C:N). SLA is in mm²/mg, LDMC in mg/g, spacer length in cm, and number of connections, WHC and C:N have no unit. n=10 for the number of connections and for spacer length, n=5 for the other traits. Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Ranunculus repens 28.5 3.0 177.0 13.4 27.6 15.8 14.98 0.70 3.30 0.21 21.7 5.3 Centaurea nigra 19.5 2.2 207.3 17.5 1.4 0.5 0.44 0.04 3.16 0.29 43.5 1.7 Holcus lanatus 32.1 5.1 257.5 29.8 33.5 15.6 0.28 0.02 4.33 0.25 33.6 8.8 Elytrigia repens 21.2 1.7 356.0 12.6 57.0 35.2 2.78 0.11 2.68 0.29 19.5 4.1 Dactylis glomerata 23.0 1.5 283.9 16.0 4.5 3.9 0.51 0.04 3.73 0.41 19.7 1.0 Festuca rubra 19.0 2.6 284.8 48.2 7.8 21.6 0.87 0.09 3.73 0.20 22.2 0.9 Holcus mollis 23.4 3.6 495.2 15.7 19.5 6.8 4.03 0.23 2.43 0.38 21.3 2.3 Brachypodium pinnatum 23.3 5.1 380.1 47.3 28.3 14.7 1.03 0.05 2.22 0.34 46.4 1.9 C:N ratio WHC Species SLA LDMC Number of connections Spacer length Accepted Article

Table 2 .

 2 Explaining decomposition of the mixtures of litter species, of the corresponding

	single-species litters, and of the corresponding non-additive effect of mixing decomposition (i.e. whether the observed litter-mixture decomposition exceeds or falls below the mean single decomposition of mixed species; synergy or antagonism, respectively). Explanatory variables are means and dissimilarities in after-life litter traits (Water Holding Capacity [WHC] and C:N ratio) and in during-life resource-acquisition traits (also related to litter decomposition, Specific Leaf Area [SLA] and Leaf Dry Matter Content [LDMC]). Moreover, to take into account unmeasured traits influencing decomposition, we also accounted for phylogeny: in models explaining mean single decomposition of mixed species, we included the presence or absence of a dicot among the two mixed species; in models explaining litter-mixture decomposition and non-additive effects we included phylogenetic distance among decomposing plants (related to but more informative than the presence of dicots). Explanatory variables are presented with their standardized regression coefficient and its significance (***: P < 0.001; **: P < 0.01; *: P < 0.05). Model parameters are the adjusted R² Accepted Article

(Adj-R²), the F statistic (F) with the degree of freedom (df) and the probability of the model (P-value).

Table 3 .

 3 Pairwise spatial aggregation among species at each date of the experiment explained

	by the combination of trait means and dissimilarities in (i) during-life traits related to resource-acquisition (SLA, Specific Leaf Area; LDMC, Leaf Dry Matter Content), (ii) during-life traits related to clonal-dispersion, (iii) after-life litter traits (C:N, carbon:nitrogen ratio; WHC, Water Holding Capacity), (iv) non-additive effects of litter decomposition and (v) phylogenetic distance. Variables selected in the model are presented by their standardized regression coefficients and significances (***: P < 0.001; **: P < 0.01; *: P < 0.05). Model parameters are the adjusted R² (Adj-R²), the F statistic (F) with the degree of freedom (df) and the probability of the model (P-value). See Appendix Tab. S2 for analyses based on subsets of variables, giving consistent results, and see Table S3 for similar results obtained at a scale of 10x10cm. See Methods for model construction. Accepted Article
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