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Recovery of arbuscular mycorrhizal fungi root colonization after severe anthropogenic disturbance: four species assessed in old-growth Mediterranean grassland
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Arbuscular mycorrhizal fungi (AMF) interact continuously with vegetation and soil and thus shape the dynamics of plant communities. Yet the recovery of AMF after severe anthropogenic disturbance such as cultivation has rarely been assessed. Here, to determine whether AMF root colonization recovers after such disturbance, we compared AMF root colonization in abandoned fields last cultivated 2, 35, and 150 years ago in the La Crau area (south-eastern France) with that of a grassland several thousands of years old (considered as the reference ecosystem). We measured AMF root colonization of four species (Carthamus lanatus L, Carduus pycnocephalus L, Brachypodium distachyon (L.) P. Beauv, and Bromus madritensis), and performed surveys of plant communities and soil chemical properties. AMF root colonization was still significantly lower 35 years after disturbance for one species (B. distachyon) and 2 years after disturbance for two species (B. distachyon and B. madritensis). The main soil chemical properties (soil pH, phosphorus and potassium content) were similar to the reference ecosystem 35 years after disturbance. Average vegetation height and cover recovered after 35 years, whereas species richness recovered only on the field abandoned for 150 years. Vegetation composition and structure did not recover in any of the abandoned fields. Our results suggest that recovery of AMF root colonization is very low after a severe anthropogenic disturbance, despite the recovery of soil chemical properties.

Introduction

The importance of taking into account arbuscular mycorrhizal fungus (AMF) interactions when exploring plant community dynamics is increasingly acknowledged [START_REF] Grime | Floristic diversity in a model system using experimental microcosms[END_REF]O'Connor et al. 2002;[START_REF] Van Der Heijden | Socialism in soil? The importance of mycorrhizal fungal networks for facilitation in natural ecosystems[END_REF][START_REF] Bever | Rooting theories of plant community ecology in microbial interactions[END_REF][START_REF] Koziol | Mycorrhizal Response Trades off with Plant Growth Rate and Increases with Plant Successional Status[END_REF]. However, there are far fewer studies of AMF than of plants because access to AMF data is more difficult [START_REF] Bever | Arbuscular mycorrhizal fungi: more diverse than meets the eye, and the ecological tale of why[END_REF]. Mycorrhizas can be found in most plant communities [START_REF] Van Der Heijden | Toward and old-growth concept for grasslands, savannas, and woodlands[END_REF], principally arbuscular mycorrhizal fungi (AMF), and interact with 80% of plant species [START_REF] Wang | Phylogenetic distribution and evolution of mycorrhizas in land plants[END_REF]. AMF increase plant water and phosphorus uptake mainly through the increased soil volume available for foraging [START_REF] Allen | Influence of Vesicular-Arbuscular Mycorrhizae on Water Movement Through Bouteloua gracilis (HBK) Lag Ex Steud[END_REF][START_REF] Bolan | A critical review on the role of mycorrhizal fungi in the uptake of phosphorus by plants[END_REF][START_REF] Koide | Nutrient supply, nutrient demand and plant response to mycorrhizal infection[END_REF][START_REF] Augé | Water relations, drought and vesicular-arbuscular mycorrhizal symbiosis[END_REF]) and may thus impact growth of plant individuals and of their descendants [START_REF] Koide | Mycorrhizal infection of wild oats: maternal effects on offspring growth and reproduction[END_REF][START_REF] Heppell | The effect of mycorrhizal infection of Abutilon theophrasti on competitiveness of offspring[END_REF].

Consequently, AMF modify competition between plants, thereby affecting their coexistence [START_REF] Grime | Floristic diversity in a model system using experimental microcosms[END_REF][START_REF] Smith | nteracting influence of mycorrhizal symbiosis and competition on plant diversity in tallgrass prairie[END_REF][START_REF] Mariotte | Arbuscular mycorrhizal fungi reduce the differences in competitiveness between dominant and subordinate plant species[END_REF] as well as the structure [START_REF] Wilson | Effects of mycorrhizae on plant growth and dynamics in experimental tall grass prairie microcosms[END_REF]O'Connor et al. 2002), species richness and composition of plant communities [START_REF] Gange | Vesicular-Arbuscular Mycorrhizal Fungi: A Determinant of Plant Community Structure in Early Succession[END_REF][START_REF] Francis | The contributions of mycorrhizal fungi to the determination of plant community structure[END_REF][START_REF] Zobel | Interspecific competition and arbuscular mycorrhiza: importance for the coexistence of two calcareous grassland species[END_REF]. This makes AMF dynamics a key to improving our comprehension of ecosystem functioning, and a topic that clearly warrants further investigation. Ecosystems in stressful environments are known to favor biotic interactions such as facilitation within plant species [START_REF] Callaway | Positive interactions among alpine plants increase with stress[END_REF]He et al. 2013) or with AMF (van der [START_REF] Van Der Heijden | Different arbuscular mycorrhizal fungi alter coexistence and resource distribution between co-occurring plant[END_REF], especially old-growth grasslands. These ancient grassland ecosystems characterized by high species richness, high endemism, and unique species composition [START_REF] Van Der Heijden | Toward and old-growth concept for grasslands, savannas, and woodlands[END_REF] have had time to develop species-specific relationships with soil organisms [START_REF] Tscherko | Plant succession and rhizosphere microbial communities in a recently deglaciated alpine terrain[END_REF][START_REF] Bauer | Plant-soil feedbacks as drivers of succession: evidence from remnant and restored tallgrass prairies[END_REF].

Such old-growth grasslands (e.g. dehesa in Spain or continental steppes in Siberia) are particularly threatened.

Technical progress in agronomy in the last century allowed agricultural intensification in low-productivity ecosystems [START_REF] Huston | The three phases of land-use change: implications for biodiversity[END_REF]. Understanding how such changes in land-use can alter these ecosystems is important, especially when environmental authorities aim to stop biodiversity loss and target 15% ecosystem restoration (Millennium Ecosystem Assessment 2005;Convention on Biological Diversity 2011). In this context, abandonment of intensive land-use can be viewed as an opportunity both to restore former ecosystems and to study ecosystem natural recovery [START_REF] Prach | Four opportunities for studies of ecological succession[END_REF]. While old-growth grasslands usually show poor recovery after severe anthropogenic disturbance [START_REF] Forey | Vegetation, soils and seed banks of limestone grasslands are still impacted by former cultivation one century after abandonment[END_REF][START_REF] Van Der Heijden | Toward and old-growth concept for grasslands, savannas, and woodlands[END_REF], little seems to be known about the recovery of other ecosystem components, such as soil or AMF.

Cultivation can be seen as a severe anthropogenic disturbance for natural or semi-natural plant communities: during cultivation, disturbance occurs over a large scale exceeding plant community processes [START_REF] Peterson | Ecological resilience, biodiversity, and scale[END_REF][START_REF] Huston | Local Processes and Regional Patterns: Appropriate Scales for Understanding Variation in the Diversity of Plants and Animals[END_REF] and its strength (i.e. the force of the disturbance; Sousa 1984) is high. The severity of disturbance (i.e. the damage caused by the disturbance; Sousa 1984) is also high, as the majority of mature plants initially present are killed prior to and during a cultivation event. As a consequence, anthropogenic disturbance such as cultivation is followed by low recovery in many ecosystems, such as grasslands, heathlands or forests [START_REF] Bellemare | Legacies of the agricultural past in the forested present: an assessment of historical land-use effects on rich mesic forests[END_REF][START_REF] Dupouey | Irreversible Impact of past Land Use on Forest Soils and Biodiversity[END_REF][START_REF] Römermann | Influence of former cultivation on the unique Mediterranean steppe of France and consequences for conservation management[END_REF][START_REF] Elmore | Agricultural Legacies in the Great Basin Alter Vegetation Cover, Composition, and Response to Precipitation[END_REF][START_REF] Gustavsson | Land use more than 200 years ago explains current grassland plant diversity in a Swedish agricultural landscape[END_REF]).

In the medium term (i.e. decades), vegetation recovery has been proven to be very poor [START_REF] Römermann | Influence of former cultivation on the unique Mediterranean steppe of France and consequences for conservation management[END_REF]Buisson et al. 2006). Cultivation disturbance generally leads to leaching of amended nutrients and therefore a progressive recovery of soil chemical properties, except for phosphorus, which is known to remain in soil [START_REF] Smits | Longterm aftereffects of fertilisation on the restoration of calcareous grasslands[END_REF][START_REF] Henkin | Long-term productivity of Mediterranean herbaceous vegetation after a single phosphorus application[END_REF]. Due to their low dispersal and competitive abilities, most steppe plant species can recolonize only a few meters from remnant steppe patches (Buisson et al. 2006). This means recovery of vegetation composition is usually poor even when abandoned fields are surrounded by remnant steppe patches.

To address AMF recovery dynamics, we chose the La Crau area of south-eastern France, an old-growth Mediterranean dry grassland or steppe plant community impacted by thousands of years of interaction between [START_REF] Bellemare | Legacies of the agricultural past in the forested present: an assessment of historical land-use effects on rich mesic forests[END_REF] Mediterranean climate, (2) a particularly well-draining soil and (3) extensive sheep grazing [START_REF] Devaux | Notice de la carte phyto-écologique de la Crau (Bouches du Rhône)[END_REF]Buisson and Dutoit, 2006). Almost 20% of this species-rich plant community was once cultivated and then abandoned. As AMF root colonization depends not only on AMF dispersal abilities but also on host abundance and soil conditions, our hypothesis was that the more recent and intense the disturbance is, the less AMF root colonization recovers.

We assessed AMF root colonization on four plant species from this Mediterranean steppe after three disturbance events (a vineyard abandoned for 150 years, a melon field abandoned for 35 years and an intensive orchard abandoned for 2 years), compared to an undisturbed ecosystem, to determine whether AMF root colonization recovers after cultivation disturbance.

Materials and methods

Study area

The La Crau area is the last xeric steppe of south-eastern France (ca. 10,000ha). It is shaped by i) a dry Mediterranean climate, ii) a 40cm-deep soil with about 50% of siliceous stones overlying an almost impermeable conglomerate layer, making the alluvial water table unavailable to plant roots and iii) itinerant sheep grazing over a period of several thousand years [START_REF] Devaux | Notice de la carte phyto-écologique de la Crau (Bouches du Rhône)[END_REF]Buisson and Dutoit 2006). This has led to a unique and species-rich vegetation association composed mainly of annuals and dominated by Brachypodium retusum Pers. and Thymus vulgaris L.. The steppe, which experienced recurring anthropogenic disturbance until 400 BP from sheep grazing and pastoral fires, has lost more than 80% of its original 45,000 ha area due to other anthropogenic disturbances such as intensive cultivation (Buisson and Dutoit 2006). Our study focuses on three types of cultivation, all initiated on the original steppe, applied for several years and today abandoned: (1) a vineyard abandoned approximately 150 years ago (AF-150) as revealed from consultation of old cadastral maps and land registers [START_REF] Dutoit | Rémanence des utilisations anciennes et gestion conservatoire des pelouses calcicoles de France[END_REF], (2) two melon fields, cultivated for one year only before being abandoned 35 years ago (AF-35) [START_REF] Römermann | Influence of former cultivation on the unique Mediterranean steppe of France and consequences for conservation management[END_REF]) and an orchard cultivated for 17 years, abandoned in 2006 and which underwent its last disturbance comparable to ploughing in 2009, two years before sampling [START_REF] Jaunatre | Can ecological engineering restore Mediterranean rangeland after intensive cultivation? A large-scale experiment in southern France[END_REF] (AF-2) (Fig. 1). The control was the surrounding steppe, whose available history [START_REF] Cassini | Early post-fire regeneration dynamics of Brachypodium retum Pers. (Beauv.) in old fields of the Valencia region (eastern Spain)[END_REF] showed no severe anthropogenic disturbance. The three types of cultivation represent a gradient both of time since abandonment and of disturbance intensity: the vineyard probably underwent only one ploughing and no herbicide applications [START_REF] Dutoit | Rémanence des utilisations anciennes et gestion conservatoire des pelouses calcicoles de France[END_REF], the melon field underwent one ploughing and one fertilizer and herbicide application [START_REF] Römermann | Influence of former cultivation on the unique Mediterranean steppe of France and consequences for conservation management[END_REF], while the orchard underwent repeated ploughing, fertilizer and herbicide applications [START_REF] Jaunatre | Can ecological engineering restore Mediterranean rangeland after intensive cultivation? A large-scale experiment in southern France[END_REF].

Sampling

We concentrated our sampling areas around the former vineyard (AF-150, n=3) and the former orchard (AF-2, n=3) as they are unique in the La Crau area (Fig. 1). Two steppe sites (ST-6000, n=6) and two sites in fields abandoned for 35 years (AF-35, n=6) were selected, one of each in proximity to either AF-150 or AF-2. The imbalance in design is due to the fact that there was only one site abandoned for 150 years before sampling and only one site abandoned for 2 years before sampling in the entire La Crau area (10 000 ha). We considered the distance between sampling areas (>70m; Fig 1c) sufficient because of the very weak dispersal ability of La Crau plant species (i.e. after 19 years of abandonment, half the species had colonized less than a few meters, [START_REF] Buisson | Colonisation by native species of abandoned farmland adjacent to remnant patch of Mediterranean steppe[END_REF]Buisson et al., 2006). In each of the six sites selected, three sampling areas were set up to sample AMF root colonization, vegetation and soil (Fig. 1d).

AMF root colonization

Colonization by AMF was assessed from roots of four species occurring over almost the entire gradient described above: i) Carthamus lanatus L, an Asteraceae more abundant in the steppe, ii) Carduus pycnocephalus L, an Asteraceae more abundant in the abandoned fields, iii) Brachypodium distachyon (L.) P. Beauv, a Poaceae more abundant in the steppe and iv) Bromus madritensis L, a Poaceae more abundant in the abandoned fields. When possible, in each sampling area three individuals of each species were collected; however, some species were not present in some sampling areas. Air-dried roots were colored with black Schaeffer ink using the vinegar coloration method [START_REF] Vierheilig | Ink and Vinegar, a Simple Staining Technique for Arbuscular-Mycorrhizal Fungi[END_REF]. For total percentage AMF root colonization, internal hyphae, vesicles or arbuscules were counted with the magnified intersections method using 100 intersections [START_REF] Mcgonigle | A New Method which Gives an Objective Measure of Colonization of Roots by Vesicular-Arbuscular Mycorrhizal Fungi[END_REF]).

Soil analyses

In each sampling area, three 70g sub-samples of soil were taken from depths of 1-10cm (Fig. 1d) and pooled to constitute one soil sample. Soil was sieved (2mm mesh) for analyses carried out by INRA (Institut National de la Recherche Agronomique, Arras, France). Granulometry without decarbonation (percentage content of clay (<0.002 mm), fine silt (0.002-0.02 mm), coarse silt (0.02-0.05 mm), fine sand (0.05-0.2 mm) and coarse sand (0.2-2 mm)), nutrients (organic C, total N, P2O5 [START_REF] Olsen | Estimation of available phosphorus in soils by extraction with sodium bicarbonate[END_REF], CaO, and K2O) and pH were measured according to the methods described in [START_REF] Baize | Guide des analyses en pédologie[END_REF].

Vegetation survey

Vegetation relevés were performed on three 2x2m quadrats for each sampling area using Braun-Blanquet coefficients [START_REF] Braun-Blanquet | Les groupements végétaux de la France Méditerranéenne[END_REF]). In addition, average vegetation height (i.e. height of the dominant stratum) and cover (in percentage) were estimated in each quadrat.

Data analysis

Generalized Linear Mixed Models (GLMM) were used to determine whether the cultivation disturbance continued to affect AMF root colonization, soil chemical variables and plant community characteristics. We compared two models: in the first, age was implemented as a categorical fixed factor and blocks (i.e. around the AF-2 or around AF-150; Fig. 1) as a categorical random factor; the second contained neither a fixed factor nor blocks as a categorical random factor. If the first model containing age had a lower Aïkake Information Criterion (AIC) with a difference greater than 2, age effect was declared significant [START_REF] Burnham | Multimodel inference Understanding AIC and BIC in Model Selection[END_REF] and difference between ages was assessed by a multiple comparison test using Tukey's method. To obtain a global overview of soil parameters and of plant communities, we ran a Principal Component Analysis (PCA) for soil parameters and a Correspondence Analysis (CA) for plant community [START_REF] Borcard | Numerical Ecology with R[END_REF]. To measure similarity of plant communities to those of the undisturbed control, we used the normalized Community Structure Integrity Index (CSIInorm) and the Higher Abundance Index (HAI) to distinguish the percentage of recovery of reference species abundances (CSIInorm) from new abundances not occurring in this reference (HAI) [START_REF] Jaunatre | New synthetic indicators to assess community resilience and restoration success[END_REF].

All analyses were performed with R 2.13.0 (R Development Core Team 2011), univariate analyses with its package "lme4" and "multcomp" [START_REF] Hothorn | Simultaneous Inference in General Parametric Models[END_REF]Bates et al. 2012) and multivariate analyses with its packages "ade4" [START_REF] Chessel | The ade4 package-I-One-table methods[END_REF]Dray and Dufour, 2007;Dray et al. 2007) and "vegan" [START_REF] Oksanen | vegan: Community Ecology Package. R package version 1[END_REF].

Results

AMF root colonization

AMF root colonization recovered to ST-6000 values (approximately 90%) in all three abandoned fields for forbs (Carthamus lanatus and C. pycnocephalus ; Fig. 2, Table 1). However, both grasses did not recover in all the locations: Bromus madritensis shows lower AMF root colonization in AF-2 (40.7±3.8) than in ST-6000 (63.9±4.2) (Fig. 6, Table 1) and B. distachyon shows a significant difference in AMF root colonization between AF-35 (51.4±5.9) and ST-6000 (64.2±2.1) (no B. distachyon was found in AF-2).

Soil analyses

The PCA of soil properties (Fig. 3) clearly discriminates among the four locations. The first axis (35.2%) shows a clear distinction in age between the field abandoned 2 years previously (AF-2) and the three other locations, with higher concentrations of P2O5, pH and K2O (Fig. 4), although only pH is significantly higher (Table 1). The second axis (24.5%) discriminates the steppe (ST-6000) from the longest-abandoned field (AF-150), with higher carbon and nitrogen content (Fig. 4), although only carbon differences are significant (Table 1).

Vegetation survey

Compared to the reference, all three abandoned fields have significantly different values for composition and structure (Table 1, Fig. 5). Their CSIInorm is lower: AF-150 and AF-35 have recovered less than 60% of the vegetation structure, while AF-2 has recovered less than 20%. Their HAI is higher: in AF-150 and AF-35, 50% of the structure is composed of species whose abundances are higher than in ST-6000 (both new species and the same species); while in AF-2, more than 70% of species have abundances higher than in ST-6000. These differences in plant community variables are also discernible on the correspondence analysis (Fig. 6): AF-2 is dominated by Bromus madritensis L, Bromus lanceolatus Roth and Carduus pycnocephalus L.. AF-35 is also characterized by Poaceae and Asteraceae (Bromus hordeaceus L, Bromus rubens L, Carthamus lanatus L. etc.). AF-150 and ST-6000 share many species (e.g. Aegilops ovata L, Brachypodium distachyon (L.) P. Beauv, Carlina corymbosa L, Erodium cicutarium (L.) L'Hérit. or Plantago bellardii All.), although i) some dominant ST-6000 species are absent from AF-150 (e.g. Brachypodium retusum (Pers.) P. Beauv.) and ii) some AF-150 species are absent from ST-6000 (e.g. Bothriochloa ischaemum (L.) Keng, Crucianella angustifolia L.). The species richness of AF-150 is not significantly different from that of ST-6000; however, it is significantly lower for AF-35 and AF-2. All the abandoned field locations except AF-2 have recovered ST-6000 average height and vegetation cover, while AF-2 shows significantly higher values (Table 1, Fig. 5).

Discussion

It takes a very long time to recover ecosystem characteristics. This has been proved for many different old-growth grassland types, such as Midwest prairie, Scandinavian semi-natural grasslands, Mediterranean steppe or limestone grassland [START_REF] Tomanek | Natural Revegetation on a Field Abandoned for Thirty-Three Years in Central Kansas[END_REF][START_REF] Bonet | Species richness and cover along a 60-year chronosequence in old-fields of southeastern Spain[END_REF][START_REF] Öster | Plant colonization of ex-arable fields from adjacent species-rich grasslands: The importance of dispersal vs. recruitment ability[END_REF][START_REF] Forey | Vegetation, soils and seed banks of limestone grasslands are still impacted by former cultivation one century after abandonment[END_REF], and our study confirms it. Most of these low-resilient ecosystems have similar characteristics: harsh environmental conditions, which are attenuated by the disturbance event (i.e. nutrient or water availability is increased). In such a context, some plant species adapted to higher nutrient content can colonize and generate relatively stable mutualistic associations with soil organisms, such as AMF or microbial communities, thus slowing down the potential recovery of the original state [START_REF] Spiegelberger | Long-term effects of short-term perturbation in a subalpine grassland[END_REF][START_REF] Wardle | Long term resilience of above-and below-ground ecosystem components among contrasting ecosystems[END_REF]). Our study shows that it is not only vegetation and soil components that are durably affected by a severe anthropogenic disturbance such as cultivation:

there is an impact on AMF root colonization too. The results also confirm our hypothesis that the more recent and intense the disturbance is, the less AMF root colonization recovers. Our findings are in line with those from studies on different components under harsh environmental conditions, which reacted in a similar way [START_REF] Hejcman | The Rengen Grassland Experiment: Plant species composition after 64 years of fertilizer application[END_REF][START_REF] Spiegelberger | Resilience of acid subalpine grassland to short-term liming and fertilisation[END_REF][START_REF] Spiegelberger | Long-term effects of short-term perturbation in a subalpine grassland[END_REF]. However, new evidence is provided here on ecosystem recovery via the recovery of AMF root colonization, rarely studied in parallel with soil and plant communities.

AMF root colonization

AMF root colonization can decrease due to any soil disturbance [START_REF] Jasper | Soil disturbance reduces the infectivity of external hyphae of vesiculararbuscular mycorrhizal fungi[END_REF]). Agricultural practices in particular are known to impact AMF communities, modifying their abundance, their diversity and their composition [START_REF] Douds | Effect of tillage and farming system upon populations and distribution of vesicular-arbuscular mycorrhizal fungi[END_REF][START_REF] Jansa | Soil tillage affects the community structure of mycorrhizal fungi in maize roots[END_REF], and their reproduction dynamics [START_REF] Oehl | Distinct sporulation dynamics of arbuscular mycorrhizal fungal communities from different agroecosystems in long-term microcosms[END_REF]). Areas cultivated with more fertilizer show less AMF root colonization [START_REF] Douds | Effect of tillage and farming system upon populations and distribution of vesicular-arbuscular mycorrhizal fungi[END_REF][START_REF] Mäder | Arbuscular mycorrhizae in a long-term field trial comparing low-input (organic, biological) and high-input (conventional) farming systems in a crop rotation[END_REF]. In our study, the AMF root colonization rate increases with time since cultivation abandonment for two plant species out of four. It has previously been shown that AMF root colonization can recover with time [START_REF] Eriksson | Arbuscular mycorrhiza in relation to management history, soil nutrients and plant species diversity[END_REF][START_REF] Gibson-Roy | Do arbuscular mycorrhizal fungi recolonize revegetated grasslands?[END_REF] but that this depends on plant community composition [START_REF] Fitzsimons | Scale-dependent niche axes of arbuscular mycorrhizal fungi[END_REF]. This is supported by our results: AMF root colonization recovered and was no longer significantly different from the steppe after 35 years, except for B. distachyon, and the field abandoned for 35 years showed over 50% recovery of plant community structure (Figure 5). It should be noted that the major finding here is the difference between AMF root colonization in abandoned fields and in the reference. The similar values found here for AMF root colonization may in fact mask an absence of recovery of certain AMF species, since it is likely that different AMF species are involved. This hypothesis is supported by the fact that AMF community composition can be altered by a change in plant community composition [START_REF] Klamer | Fungal diversity in set-aide agricultural soil investigated using terminal-restriction fragment length polymorphism[END_REF], and such a change occurred in our abandoned fields.

We did not find any difference in root colonization recovery between species more abundant in the steppe (C. lanatus and B. distachyon) and species more abundant in the abandoned fields (C. pycnocephalus and B. madritensis). We found, however, that grasses (B. distachyon and B. madritensis) have higher average mycorrhizal root colonization and higher recovery of mycorrhizal root colonization than forbs (C. lanatus and C. pycnocephalus), which confirms that plant functional type is the most important driver of plant response to mycorrhizal fungi [START_REF] Hoeksema | A meta-analysis of context-dependency in plant response to inoculation with mycorrhizal fungi[END_REF].

Soil parameters

The different abandoned fields are found to have contrasting soil properties. The former vineyard, which is the longest abandoned field, has the lowest pH and potassium and phosphorus content. However, the difference in fertilization practices can also introduce biases; fertilizer use was more sparing and more organic-based 150 years ago than 3 years ago [START_REF] Dutoit | Rémanence des utilisations anciennes et gestion conservatoire des pelouses calcicoles de France[END_REF]. Annual, and therefore cumulative, fertilizer quantities are difficult to estimate. Despite these potential biases, our results are consistent with findings from other studies: as in [START_REF] Wong | A conceptual model of plant community changes following cessation of cultivation in semi-arid grassland[END_REF], potassium and phosphorus content tend to decrease with time since last cultivation, and as in studies on Mediterranean or calcareous grasslands [START_REF] Smits | Longterm aftereffects of fertilisation on the restoration of calcareous grasslands[END_REF][START_REF] Henkin | Long-term productivity of Mediterranean herbaceous vegetation after a single phosphorus application[END_REF], high soil phosphorus content is maintained even 35 years after cessation of fertilization. Soil properties are known to be very important in determining plant community diversity, structure and composition. For instance, [START_REF] Kulmatiski | Soil history as a primary control on plant invasion in abandoned agricultural fields[END_REF] showed how soil legacies impact invasive plant species distributions and [START_REF] Janssens | Relationship between soil chemical factors and grassland diversity[END_REF] suggested that 5 mg of phosphorus per 100 g of dry soil is a threshold value limiting establishment of species-rich plant communities.

Despite the fact that in our abandoned fields current soil phosphorus content remains close to (AF-2) or below this level (AF-35 and AF-150), it is possible that a previous higher phosphorus content had a long-term effect which can still be observed, even after the recovery of lower values [START_REF] Semelová | The Grass Garden in the Giant Mts. (Czech Republic): Residual effect of long-term fertilization after 62 years[END_REF].

Plant communities

As with soil, the longer the time since abandonment, the more plant community characteristics in abandoned fields differ from the reference. More recently abandoned fields have lower species richness or CSII, while they have higher HAI, average vegetation height and cover. Moreover, vegetation composition, which is mainly dominated by grasses such as Bromus spp. in the most recently abandoned fields, gains in species richness and in the number of forbs with time since abandonment. Similar slow recolonization was observed in other ecosystems after severe disturbances [START_REF] Tomanek | Natural Revegetation on a Field Abandoned for Thirty-Three Years in Central Kansas[END_REF][START_REF] Coffin | Recovery of Vegetation in a Semiarid Grassland 53 Years after Disturbance[END_REF][START_REF] Meiners | Exotic plant invasions over 40 years of old field successions: community patterns and associations[END_REF][START_REF] Bonet | Species richness and cover along a 60-year chronosequence in old-fields of southeastern Spain[END_REF]. However after 150 years, while the vegetation composition of the abandoned field is close to that of the steppe it is still slightly different, notably due to the absence of B. retusum, the dominant steppe species. Interestingly, the species with the lowest AMF root colonization recovery rate (B. distachyon) is phylogenetically closest to B. retusum (The Angiosperm Phylogeny Group 2009). B. retusum is not present in any part of this long-abandoned field, although it is the dominant steppe species and occurs at the abandoned field boundaries, and despite the fact that all measured environmental characteristics are not significantly different. Low seed production and fertility, and hence poor dispersal abilities, have already been hypothesized (Buisson et al. 2006;[START_REF] Coiffait-Gombault | Are old Mediterranean grasslands resilient to human disturbances?[END_REF]. The slow recovery of AMF root colonization rates in a phylogenetically close species would suggest that B. retusum not only has low seed production (Caturla et al. 2000) but also suffers from a lack of AMF interaction. This interaction would likely enhance its growth by higher phosphorus uptake [START_REF] López-Sánchez | Influence of vesicular-arbuscular mycorrhizal infection and P addition on growth and P nutrition of Anthyllis cytisoides L. and Brachypodium retusum (Pers.) Beauv[END_REF], enabling it to establish in abandoned fields.

Ecosystem recovery

Our results on vegetation are consistent with previous studies, where: vegetation was still affected 70 years after a fertilization event, even though the soil almost recovered its properties [START_REF] Spiegelberger | Long-term effects of short-term perturbation in a subalpine grassland[END_REF]; only half the species were able to colonize abandoned fields 50 years later (Öster et al. 2009); or differences in plant communities were still significant more than 2000 years after a cultivation event in a forest community [START_REF] Dupouey | Irreversible Impact of past Land Use on Forest Soils and Biodiversity[END_REF]. The filter model is often used to describe vegetation dynamics [START_REF] Keddy | Assembly and Response Rules: Two Goals for Predictive Community Ecology[END_REF][START_REF] Lortie | Rethinking plant community theory[END_REF]): i) plant species have to be able to disperse, which depends on species dispersal abilities and proximity of source site [START_REF] Gibson | The nature and rate of development of calcareous grassland in Southern Britain[END_REF][START_REF] Pärtel | Small-scale plant species richness in calcareous grasslands determined by the species pool, community age and shoot density[END_REF][START_REF] Lindborg | Historical Landscape Connectivity Affects Present Plant Species Diversity[END_REF][START_REF] Herault | How habitat area, local and regional factors shape plant assemblages in isolated closed depressions[END_REF]; ii) plant species have to be able to withstand environmental constraints, which depends both on historical environmental conditions and on disturbance legacies [START_REF] Foster | The Importance of Land-Use Legacies to Ecology and Conservation[END_REF]) and iii) the first two filters will be modified by biotic interactions and will depend on the presence of facilitators or competitors in the community [START_REF] Bruno | Inclusion of facilitation into ecological theory[END_REF].

This model explains the low resilience of plants after cultivation in the La Crau area: species have low dispersal abilities and no permanent seed bank [START_REF] Graham | A Field Investigation of Germination from the Seed Bank of a Chalk Grassland Ley on Former Arable Land[END_REF][START_REF] Römermann | Influence of former cultivation on the unique Mediterranean steppe of France and consequences for conservation management[END_REF], soil nutrient content is still different in recently abandoned fields, and finally, some species are better competitors under higher nutrient conditions [START_REF] Baeten | Low recruitment across life stages partly accounts for the slow colonization of forest herbs[END_REF][START_REF] Öster | Plant colonization of ex-arable fields from adjacent species-rich grasslands: The importance of dispersal vs. recruitment ability[END_REF], especially if they arrived first due to chance or better dispersal abilities [START_REF] Fukami | Species divergence and trait convergence in experimental plant community assembly[END_REF].

It should be feasible to apply a similar model to AMF, to explain their recovery after a severe anthropogenic disturbance, as suggested by [START_REF] Lekberg | Role of niche restrictions and dispersal in the composition of arbuscular mycorrhizal fungal communities[END_REF]. If AMF have been eliminated during the cultivation event [START_REF] Douds | Effect of tillage and farming system upon populations and distribution of vesicular-arbuscular mycorrhizal fungi[END_REF][START_REF] Jansa | Soil tillage affects the community structure of mycorrhizal fungi in maize roots[END_REF], they have to disperse through the disturbed area. Wind seems to be a poor long-distance disperser [START_REF] Egan | Detection of arbuscular mycorrhizal fungal spores in the air across different biomes and ecoregions[END_REF], but faunal agents may also provide some local-scale dispersal [START_REF] Warner | Dispersal agents of vesicular-arbuscular mycorrhizal fungi in a disturbed arid ecosystem[END_REF][START_REF] Allen | The restoration of disturbed arid landscapes with special reference to mycorrhizal fungi[END_REF][START_REF] Harinikumar | Potential of earthworms, ants, millipeds, and termites for dissemination of vesicular-arbuscular mycorrhizal fungi in soil[END_REF]. Hyphae not killed by cultivation can also be a rich source of AMF; however, they are highly affected by soil disturbance [START_REF] Jasper | Soil disturbance reduces the infectivity of external hyphae of vesiculararbuscular mycorrhizal fungi[END_REF][START_REF] Brundrett | Mycorrhizal fungus propagules in the jarrah forest[END_REF]. AMF root colonization thus depends on environmental conditions: the more available nutrients are, the less roots are colonized by AMF [START_REF] Koide | Nutrient supply, nutrient demand and plant response to mycorrhizal infection[END_REF]. Our findings support this: AMF root colonization was higher in the abandoned fields with lower soil nutrient content. Finally, AMF root colonization depends on biotic interactions.

In our study, the abandoned field with the highest vegetation average height and the highest vegetation cover (AF-2) was found to have the lowest mycorrhizal root colonization. These results are in accordance with the negative relationship between vegetation biomass and AMF biomass already found in abandoned fields [START_REF] Hedlund | Plant Species Diversity, Plant Biomass and Responses of the Soil Community on Abandoned Land across Europe: Idiosyncracy or Above-Belowground Time Lags[END_REF]. Despite the fact that mechanical soil disturbance plays a greater role than plant communities in shaping AMF communities [START_REF] Schnoor | Mechanical soil disturbance as a determinant of arbuscular mycorrhizal fungal communities in semi-natural grassland[END_REF], plant species richness has been shown to increase the diversity and fitness of AMF [START_REF] Burrows | Arbuscular mycorrhizal fungi respond to increasing plant diversity[END_REF]. Moreover, the diversity of AMF infecting an individual plant depends on the diversity of the whole plant community (van de [START_REF] Van De Voorde | Comparing arbuscular mycorrhizal communities of individual plants in a grassland biodiversity experiment[END_REF], and the composition of the plant community has a significant effect on the composition of the AMF community [START_REF] Johnson | Can Fertilization of Soil Select Less Mutualistic Mycorrhizae?[END_REF][START_REF] Eom | Host plant species effects on arbuscular mycorrhizal fungal communities in tallgrass prairie[END_REF]Hiiesalu et al., 2014).

Our study is a first step towards exploring the relationship between a proxy of AMF (AMF root colonization), soil conditions and plant communities. In accordance with our hypotheses, recovery of these three ecosystem components differs, increasing from vegetation (lowest recovery) to AMF root colonization (intermediate recovery), to soil conditions (highest recovery). All three components assessed are moving towards the undisturbed state, but full, unassisted recovery is highly unlikely within a human lifetime.

Feedbacks occurring between different ecosystem components, as in a panarchy model, need to be taken into account to understand the overall recovery process. One component starts to recover while being influenced by another component; based on these dynamics, the recovery of the first component is affected, and in turn the recovery of other components is further influenced [START_REF] Allen | Panarchy: Theory and Application[END_REF]). To our knowledge, although few studies have measured the recovery of different components of an ecosystem after disturbance, most of them found, like us, staggered responses for each component [START_REF] García-Tejero | Differential responses of ecosystem components to a low-intensity fire in a Mediterranean forest: a three-year case study[END_REF]Wardle and Jonsson, 2013). Determining the limiting components able to affect, slow down or stop the recovery dynamics of the whole ecosystem would be of particular interest in a restoration context. AMF communities affect plant communities in complex ways: like plants, not all AMF species play the same role in ecosystems [START_REF] Hart | Plant coexistence mediated by arbuscular mycorrhizal fungi[END_REF]. The effects of AMF on plants are species-specific [START_REF] Hoeksema | A meta-analysis of context-dependency in plant response to inoculation with mycorrhizal fungi[END_REF][START_REF] Endresz | Arbuscular mycorrhizal colonisation of roots of grass species differing in invasiveness[END_REF]), but also depend on environmental conditions [START_REF] Grime | Floristic diversity in a model system using experimental microcosms[END_REF][START_REF] Hartnett | Mycorrhizae influence plant community structure and diversity in tallgrass prairie[END_REF][START_REF] Kytöviita | A test of mutual aid in common mycorrhizal networks: established vegetation negates benefit in seedlings[END_REF], and higher AMF root colonization is not always linked with better vegetation recovery [START_REF] Richter | Assessment of arbuscular mycorrhizal fungal propagules and colonization from abandoned agricultural fields and semi-arid grasslands in riparian floodplains[END_REF]. Further research is required to explore how different ecosystem components can affect overall ecosystem recovery, and how they could be used to facilitate or to accelerate this recovery in a restoration context [START_REF] Allen | The restoration of disturbed arid landscapes with special reference to mycorrhizal fungi[END_REF][START_REF] Herrera | Inoculation of woody legumes with selected arbuscular mycorrhizal fungi and rhizobia to recover desertified Mediterranean ecosystems[END_REF][START_REF] Callaway | Compensatory growth and competitive ability of an invasive weed are enhanced by soil fungi and native neighbours[END_REF][START_REF] Kardol | Soil Organism and Plant Introductions in Restoration of Species-Rich Grassland Communities[END_REF]. Table 1: Aikaike Information Criterion of Generalized Linear Mixed Models, one including Age as a fixed effect and Block as a random effect, the other including only Block as a random effect. Stars preceding variable names indicate that the model including age is better (i.e. ΔAIC > 2 ; [START_REF] Burnham | Multimodel inference Understanding AIC and BIC in Model Selection[END_REF] 
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  and age can therefore be considered as affecting the variable.

		Variable	AIC Age+Block	AIC Block
		*Brachypodium distachyon	276.1	289.8
	Mycorrhizal root	*Bromus madritensis	344.2	368.5
	colonization	*Carthamus lanatus	274.7	286.0
		*Carduus pycnocephalus	187.0	198.1
		*Species-richness	364.7	472.6
		*CSII	-50.5	40.8
	Vegetation	*HAI	-110.5	-14.9
		*Average height	351.5	410.0
		*Vegetation cover	430.7	474.5
		*Carbon	69.2	76.8
		*pH	9.5	19.5
		C:N	23.2	25.0
	Soil	Nitrogen	3.1	-6.9
		Phosphorus	-54.8	-69.8
		Potassium	-30.8	-40.3
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