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Archeological investigations in one of the most species-rich French Mediterranean dry grasslands (La Crau, Southern France) revealed a dense network of ancient sheep corrals dating from Roman to modern times. By analyzing soil chemistry and vegetation across abandonment dates spanning two millennia, we bring to light a persisting signature of Roman, eighteenth century and modern corrals on present-day ecosystems. Community composition and species-richness reflect time after abandonment of sheep stables and are linked to long-term persistence of eutrophication from historical sheep concentrations. Our data highlight changes in vegetation that persist two millennia after human impacts ceased. Small-scale pastoral legacies from Roman times continue to have significant impacts on present-day herbaceous plant communities. Our findings point to a need for greater consideration of persisting eutrophication in dry grasslands and of the conservation value of these long-term legacies.

INTRODUCTION

Land-use legacies have been shown to be a major determinant of vegetation and plant diversity in many different ecosystems (Dambrine and others 2007;[START_REF] Karlı ´k | Soil seed-bank composition reveals the land-use history of calcareous grasslands[END_REF]; Levis and others 2017;Maezumi and others 2018), challenging the view that current ecological factors and functional relationships alone can explain present-day patterns of plant diversity (Purschke and others 2012). Recent syntheses argue that land-use legacies interact with ongoing climate change (Perring and others 2016). Understanding how land-use legacies impact biodiversity patterns is, moreover, increasingly important to evaluate how long human impacts might last [START_REF] Russell | People and the land through time[END_REF]. It is therefore essential to determine whether long-term impacts follow similar patterns across ecosystems and to identify underlying processes.

The ecosystems where land-use legacies have been most thoroughly explored are temperate forest plant communities, which differ between recent and ancient forests (Brunet and others 2000;Bossuyt and others 2002;Graae and others 2003). In forests, impacts dating back as far as the Roman period have been clearly identified (Dupouey and others 2002;Vanwalleghem and others 2004;Dambrine and others 2007;Plue and others 2008). Dispersal limitation may contribute to these differences in vegetation composition, since some plant species are limited to ancient vegetation stands in Western Europe (Hermy and others 1999). Legacy effects have also been detected in soil seed banks (Plue and others 2008), underscoring long-term population dynamics as an alternative explanation for historical effects. The continuing differences in soil properties between ancient and recent vegetation stands are also thought to mediate the legacy effects of former agricultural practices (Dambrine and others 2007), suggesting that niche boundaries coincide spatially with historical remnants. Since nutrient leaching is faster in humid ecosystems such as forests than in dry grasslands (Rowarth and others 1985;[START_REF] Shand | The effects of sheep faeces on soil solution composition[END_REF], effects can be expected to be different in semi-arid ecosystems [START_REF] Rixon | Transformations of nitrogen and phosphorus in sheep faeces located in saltbush rangeland and on irrigated pasture[END_REF]Bahamonde and others 2017;Vinograd and others 2019). However, it remains unclear whether similar time scales and processes apply in other, especially more open, herbaceous ecosystems subjected to frequent grazing and fire.

Dry herbaceous ecosystems are among the most species-rich vegetation types, their characteristic species topping threatened species lists wherever evaluated [START_REF] Poschlod | The historical and socioeconomic perspective of calcareous grasslands-lessons from the distant and recent past[END_REF]WallisDeVries and others 2002). In Europe, open grasslands can be dated back to the Neolithic (Dutoit and others 2009; Robin and others 2018) and Bronze Age [START_REF] Poschlod | The historical dynamics of calcareous grasslands in the central and southern Franconian Jurassic mountains: a comparative pedoanthracological and pollen analytical study[END_REF]Feurdean and others 2018). Nevertheless, most have experienced drastic changes in land-use due to re-cent agricultural intensification, fragmentation or abandonment (Pa ¨rtel and others 1999). As a consequence, most European temperate dry grasslands are today highly altered and continue to pay the extinction debt from recent land-use changes (Adriaens and others 2006). Moreover, important seed dispersal processes, for example, itinerant sheep flocks, have recently disappeared from the landscape [START_REF] Poschlod | Changing dispersal processes in the central European landscape since the last ice age: an explanation for the actual decrease of plant species richness in different habitats?[END_REF]Ozinga and others 2009;Perez-Mendez and others 2016). Today, only Mediterranean dry grasslands in Southern Europe and Northern Africa still maintain traditional sheep grazing and associated high plant diversity [START_REF] Rackham | The Nature of Mediterranean Europe[END_REF]Gaillard and others 2008). Because some of these grasslands have not experienced drastic changes recently (Dutoit and others 2013b;Buisson and others 2020), they offer opportunities to study land-use legacy effects.

Recently abandoned arable fields have been identified as a major driver of plant biodiversity in contemporary grasslands (Ro ¨mermann and others 2005; [START_REF] Cousins | After the hotspots are gone: land use history and grassland plant species diversity in a strongly transformed agricultural landscape[END_REF]Karlı ´k andPoschlod 2009, 2014). Studies on the legacy effects of arable farming on biodiversity considered timescales of up to a few hundred years since abandonment (Wells and others 1976;[START_REF] Gibson | The effects of grazing on local colonization and extinction during early succession[END_REF]Dutoit and others 2003;Alard and others 2005;Ro ¨mermann and others 2005;[START_REF] Forey | Vegetation, soils and seed banks of limestone grasslands are still impacted by former cultivation one century after abandonment[END_REF]. At longer time-scales, evolution of species-richness and composition has been linked to human population density during Prehistoric times (Pa ¨rtel and Zobel 1999;Bruun and others 2001) up to the Late Iron Age (Pa ¨rtel and others 2007; Feurdean and others 2018). Moreover, species indicating the existence and historical status of grasslands were clearly identified (Karlı ´k and Poschlod 2009). However, despite this highlighting of legacy effects on composition, little is known about the underlying processes.

Legacy effects of former agricultural uses on vegetation are thought to be mediated by differences in soil properties between ancient and recent vegetation stands (Ro ¨mermann and others 2005; Helm and others 2019). Soil phosphorus seems to play a major role in linking soil pastoral legacies to persistent vegetation changes, based on lower mobility and higher accumulation rates (Saggar and others 1990). Nitrogen and calcium have also been shown to remain long-term in African livestock corrals [START_REF] Augustine | Long-term, livestock-mediated redistribution of nitrogen and phosphorus in an East African savanna[END_REF][START_REF] Porensky | Generation of Ecosystem Hotspots Using Short-Term Cattle Corrals in an African Savanna[END_REF]Marshall and others 2018), a finding that requires evaluation in other ecosystems. Landuse legacies can also be detected using tracers such as the stable isotopes 15 N and 13 C (Marshall and A. Saatkamp and others others 2018). Unfortunately, most data on land-use legacies are based on comparisons of a limited set of ages with an unimpacted sample, making it difficult to understand the temporal dynamics of ecosystem changes. Although several studies shed light on nutrient dynamics at the beginning of abandonment of sheep corrals [START_REF] Leytem | Impact of sheep bedding on soil nutrient dynamics in the Centennial Mountains of Montana and Idaho[END_REF]Vinograd and others 2019), the dynamics of very long-term changes remain unclear due to a lack of longer time-series data. It appears extremely difficult to find suitable sites with similar land-use practices abandoned recurrently over longer timescales without overriding recent changes.

Here, we present a data set on human impacts with grazing abandonment dates spanning two millennia from Roman to modern times. Archeological investigations which identified and dated several hundred sheep stables enabled us to identify this time sequence (Badan and others 1995). All sites follow a similar spatial pattern: a sheep stable together with a corral surrounded by littlemodified but grazed areas. Geology, soil properties and land-use are very homogeneous over 55,000 ha of the study region; pastoral land-uses have changed but there has been no abandonment of them from the Neolithic to the present day (Buisson and Dutoit 2006).

We analyzed data on soil and vegetation to answer the following questions. (1) Can legacies from sheep grazing be detected in established vegetation and soil properties after two millennia? (2) Which soil and vegetation properties return to pre-impact values and which are still detectable today? (3) For the oldest impacts, which properties continue to differ from those of control plots? (4) What role do these long-term impacts play in today's threats to plant biodiversity?

MATERIALS AND METHODS

Study Site

The study was carried out in La Crau, a dry treeless lowland plain covered by grasslands on more than 55,000 ha in Southern France. The geological substrate is alluvium from a fossil delta of Pleistocene origin (-2 to -0.07 Ma), disconnected by tectonic uplift from the contributing river (Molliex and others 2013). Soils are shallow Haplic Cambisol with a high gravel content (40-60%), and 50% stone cover at the surface. Soil nutrients are low (especially P and K), and there are no carbonates in the upper horizons. A thick carbonate layer accumulated in the lower horizons limits plant access to water. Soils were truncated by eolian erosion in the Late Glacial [START_REF] Bouteyre | Carte pe ´dologique de la France a `1/ 100 000. Arles N-22, Service d'E ´tude[END_REF]. Hot Mediterranean summers and low rainfall (500-600 mm) make this one of the driest climates in mainland France. The grasslands in our study site contain no woody plants, and annual plants account for over 50% of plant diversity (Bourrelly and others 1983). The perennial tussock grass, Brachypodium retusum, represents 50% of standing biomass. From the Neolithic to today, grazing by itinerant sheep flocks has been the traditional landuse. During the last century, conversion of dry grasslands to arable fields and irrigated high production meadows decreased dry grasslands to 10,500 ha (Dutoit and others 2013a).

Archeological Dating and Past Land-Use

Soil charcoal investigations of Henry and others (2010) have confirmed the persistence of the open landscape from Roman times up to today and it proves that the whole area was subjected to continuous grazing from Roman period to today. Three periods are distinguished concerning the use of sheepfolds and their nearby corrals for animal husbandry (1) Modern sheepfolds (100 9 10 m), some still in use today, built since the middle of the nineteenth century using clay-packed stone over the full height of the wall (Figure 1A,B). ( 2) Early eighteenth-century sheepfolds (80 9 8 m), which were smaller and built using clay-packed stone only over the first meter of the base of the wall (Figure 1C). These were abandoned during the nineteenth century because of sheep concentrations and increased flock sizes. (3) Roman sheepfolds (50 9 5 m), still visible in the landscape as stone lines containing remnants of walls. The cob walls were built with small stones blended with earth, laid on rows of pebbles placed as headers for foundations (Figure 1D). Following abandonment, holes appear in the roofs after several years (Figure 1A), walls fall down after several decades (Figure 1B), and the ground is carried away by erosion after more or less one century (Figure 1C). Two millennia later, only foundations are visible (Figure 1D). Common to all the sheepfolds is a corral built in front of the western wall, which protected the sheep from the frequent strong northwesterly winds. These corrals were used for handling sheep and for their health care (Badan and others 1995).

The soils and vegetation of 32 corrals randomly distributed in the study area were sampled. Nine are modern sheepfolds abandoned for between one (2008) and 40 years (1968). Thirteen are past sheepfolds abandoned between 1857 and World Romans Shape Today's Vegetation and Soils War I, 150 to 100 years of abandonment. The last group are ten Roman sheepfolds with abandonment dates spanning between 2000 (Early Roman Empire) and 1500 years BP (Late Roman Empire). Abandonment age of the Roman sheepfolds was estimated during archeological investigations (Badan and others 1995) and that of the past sheepfolds by using Cassini's historical map drawn in 1750 and the Staff map from 1856. We further estimated ages of abandonment of recent constructions using series of aerial photographs starting from 1944 and local surveys. Ten plots were randomly selected as controls in dry grassland vegetation situated at a distance from any present or archeological traces of former pastoral structures.

Vegetation and soil analyses were carried out at the base of the western wall of the sheepfolds corresponding to the interior of corrals. We studied vegetation composition in plots of 15 m 2 (15 m 9 1 m) along the wall during spring 2008 at an abundance-dominance scale (Braun-Blanquet 1932), transformed to mean percentage prior to data analysis.

Five soil samples (200 g each) for each plot were taken and mixed before analysis. We sampled soils at 0-5 cm for unaltered sites and at -5 cm to -10 cm at altered sites after removing materials imported by construction, animal excreta and manure to the upper layer of the soil. After drying and sieving (200 lm), analyses of nutrients (C, N, P, K, C:N) and pH were carried out using the French standard for soil methods [START_REF] Baize | Guide des analyses courantes en pe ´dologie[END_REF], soil C reflecting soil organic matter content. We also studied soil 15 N using mass spectrometry (INRAE, Nancy, France), with soil samples ground to less than 50 lm, because an increased ratio of 15 N to total N was previously found to be correlated to intensity of former land-use (Koerner and others 1999).

We analyzed community composition of the 42 plots 9 206 species matrix using non-metrical multidimensional scaling (NMDS) as implemented in the metaMDS function in the package vegan for R. Square-root-transformed Bray-Curtis distances were used and constrained to two axes. We subsequently tested correlation between multivariate axes, soil variables and age-classes using the envfit function with 9999 permutations and removing 8 plots without soil analyses. As a complement, a canonical correspondence analysis (Legendre and Legendre 1998) was performed on the 206 species 9 34 plots matrix, with a constraining matrix of seven soil variables (C, N, P and K content, C:N ratio, pH and d 15 N) 9 34 plots, using the function cca in package vegan of R. The overall statistical significance of CCA was tested using a permutation (Legendre and others 2011). Plant species-richness for 15 m 2 , Sørensen's distance for all pairwise comparisons, and seven soil variables were compared via univariate tests using ANOVA followed by post hoc Tukey tests in all cases. To compare plots from Roman corrals and unaltered grasslands, Mann-Whitney or t tests were used as indicated. Frequency of species between strata was analyzed using the signassoc permutation test (Ca ´ceres and Legendre 2009) in R package indicspecies, with 9999 permutations.

RESULTS

NMDS drew a clear picture of the age gradient of grassland vegetation, from active corrals through those recently abandoned to those of Roman age, along its first axis (Figure 2A,C). The second axis of NMDS further separated unaltered grasslands from corrals abandoned since Roman times. When soil data was compared with NMDS, the first axis turned out to be strongly positively correlated to fertility variables, and both axes explained a large proportion of the variance in soil C, N, P and K content (R 2 = 0.63, 0.69, 0.85 and 0.85, all p < 0.001) as well as in pH and d 15 N (R 2 = 0.36 and 0.70, p < 0.001), but not the variance in C:N ratio (R 2 = 0.08, p = 0.288). Moreover, age-classes were significantly related to vegetation as measured by correlation with NMDS axes (R 2 = 0.74, p < 0.001). When axes were taken separately, soil variables showed significant correlations with the first but not the second axis, and only age-classes showed a significant relationship to both the first and the second axis (R 2 = 0.24, p = 0.04). CCA revealed a first axis (44% of total variation) strongly related to fertility and correlated with the period of corral abandonment (Figure 2C). Ruderal vegetation of the more recent former corrals was at an intermediate stage between the nitrophilous vegetation sampled in active corrals with high levels of pH and soil nutrients (C, N, P, K content, d 15 N) and the stress-tolerant vegetation sampled in the former Roman corrals or unaltered grasslands with higher soil C:N ratios. The second axis accounted for 13% of variance and CCA statistical significance, with a total inertia of 2.59, was high (p < 0.001) according to the results of the permutation test. The soil fertility gradient revealed by multivariate analysis was also confirmed by the univariate tests of the different soil variables measured (see below).

Eleven plant species were significantly more common in vegetation on former Roman corrals than on all other plots in randomization tests at p < 0.01: Bellis sylvestris, Carlina corymbosa, Euphorbia falcata, Filago gallica, Linum trigynum, Plantago bellardii, Poa bulbosa, Reichardia picroides, Sideritis romana, Thymus vulgaris and Trifolium subterraneum. Twelve ruderal species (Amaranthus deflexus, Chenopodium album, Chenopodium murale, Convolvulus arvensis, Diplotaxis tenuifolia, Ecballium elaterium, Hordeum murinum, Lepidium campestre, Malva sylvestris, Marubium vulgare, Rumex pulcher and Stellaria media) were significantly positively associated (p < 0.01) with active sheep corrals. Four mesophytic species were associated with recently abandoned sheep corrals at p < 0.01 (Asphodelus ayardii, Dactylis glomerata, Eryngium campestre and Medicago monspeliaca). Four oligotrophic grasses (Aira cupaniana, Brachypodium distachyon, B. retusum, Anisantha rubens, Taeniaterum caput-medusae) and the two annual herbs Euphorbia exigua and Linaria arvensis were significantly more common in unaltered grasslands.

Both the more recently abandoned and the Roman corrals had higher species-richness than the control dry grassland plots, even after 1500-2000 years of abandonment (Figure 3A). Significant differences in species composition among the four types of vegetation were revealed by the analysis of dissimilarities (F = 7.4 R 2 = 0.42, p < 0.001) and subsequent permutation tests revealed significant differences among all groups (p < 0.01). Comparison of plots in the unaltered grasslands with those containing former corrals showed decreasing dissimilarities, from active through recently abandoned to Roman sheep corrals, the latter remaining significantly different from dissimilarities within the unaltered grasslands (Figure 3B).

Carbon, nitrogen, phosphorus and potassium content and d 15 N decreased, from modern corrals through recently abandoned and Roman corrals to unaltered grassland. Moreover, pH values of modern and recently abandoned corrals were weakly basic, with a mean pH of 7.7. They were significantly higher than those of the former Roman corrals and the controls, which were weakly acidic with a mean pH of 6.8. Seeking to establish the higher soil fertility of Roman corrals compared to unaltered grassland using U-tests, we found carbon and phosphorous content to be marginally significantly higher 2000 years after their abandonment (Figure 4). C:N values were higher in Roman sheep Romans Shape Today's Vegetation and Soils

Author's personal copy corrals than in unaltered grasslands or in more recent corrals.

DISCUSSION

Our study reveals that soil and vegetation in Mediterranean dry grasslands are still impacted by former sheep corrals two millennia after abandonment. Soil modifications from Roman times that persist in our system include higher phosphorous and C:N values as well as higher organic matter (soil C content). Legacies from abandonment in the nineteenth-and twentieth-century concern soil d 15 N, pH and potassium, distinguishing these plots from Roman corrals and unaltered grasslands. It appears that soil organic matter and nutrients have not yet been redistributed spatially, and that a concentration gradient from abandoned sheep corrals to unaltered grasslands persists long after abandonment. Additionally, our data from Mediterranean dry grasslands indicate that soil phosphorus is more persistent than nitrogen. 

A. Saatkamp and others
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Redistribution or site-specific concentration of phosphorous and other nutrients in pasture systems is linked to the high concentration of organic matter in dung (Shahack-Gross 2011). Once mineralized and incorporated into the soil, phosphorous is redistributed slowly compared to C and N, as shown in experimental data from grassland soils (Tiessen and others 1982), probably due to its association with mineral soil particles [START_REF] Shi | Erosion-induced losses of carbon, nitrogen, phosphorus and heavy metals from agricultural soils of contrasting organic matter management[END_REF]. Long-term nutrient retention in dry soils is exacerbated by high dung levels created when sheep are concentrated in corrals [START_REF] Augustine | Long-term, livestock-mediated redistribution of nitrogen and phosphorus in an East African savanna[END_REF]Marshall and others 2018). This has been linked to slow leaching of nutrients [START_REF] Austin | Nutrient dynamics on a precipitation gradient in Hawai'i[END_REF]Scott and others 1999;Parfitt and others 2003;Alberti and others 2011), and to lower levels of nitrification in dry soils (Carreira and others 1994) leading to higher nitrogen stocks [START_REF] Robertson | Nitrification potentials in primary and secondary succession[END_REF][START_REF] Bonet | Secondary succession of semi-arid Mediterranean old-fields in south-eastern Spain: insights for conservation and restoration of degraded lands[END_REF]). Although initially increased nitrogen levels rapidly decrease in the first decades after abandonment in temperate pastures [START_REF] Leytem | Impact of sheep bedding on soil nutrient dynamics in the Centennial Mountains of Montana and Idaho[END_REF]Vinograd and others 2019), significant differences persist after millennia of abandonment in African savannah ecosystems (Marshall and others 2018). Although many nutrients in defecations of herbivores are rapidly redistributed in the ecosystem [START_REF] Augustine | Long-term, livestock-mediated redistribution of nitrogen and phosphorus in an East African savanna[END_REF]Schnyder and others 2010), this is not the case for phosphorus in our system.

Elevated phosphorus levels have been reported as effects of land-use history in dry grasslands, but on relatively short timescales (Wells and others 1976;[START_REF] Gibson | The effects of grazing on local colonization and extinction during early succession[END_REF]Ro ¨mermann and others 2005;[START_REF] Forey | Vegetation, soils and seed banks of limestone grasslands are still impacted by former cultivation one century after abandonment[END_REF]. Phosphorus Romans Shape Today's Vegetation and Soils and carbon have also been identified as good indicators of past land-uses (Verheyen and others 1999). Elevated phosphorus and carbon content can clearly be considered a consequence of a process of increasing sheep concentration along a gradient from unaltered dry grasslands to the pastoral legacy of the remaining corrals [START_REF] Compton | Long-term impacts of agriculture on soil carbon and nitrogen in New England forests[END_REF][START_REF] Augustine | Long-term, livestock-mediated redistribution of nitrogen and phosphorus in an East African savanna[END_REF]). Because phosphorus is a strong driver of vegetation composition [START_REF] Hopper | OCBIL theory: towards an integrated understanding of the evolution, ecology and conservation of biodiversity on old, climatically buffered, infertile landscapes[END_REF]Stiles and others 2017;Helm and others 2019), it may explain long-term persistent vegetation differences between historic sheep corrals and unaltered grasslands.

Nevertheless, not all indicators of past land-use remain at elevated levels over such long timescales. For example, we did not find significant differences between the former Roman corrals and control plots for d 15 N. Nitrogen is known to be more mobile in soils (Tiessen and others 1982;[START_REF] Elliott | Aggregate Structure and Carbon, Nitrogen, and Phosphorus in Native and Cultivated Soils 1[END_REF][START_REF] Leytem | Impact of sheep bedding on soil nutrient dynamics in the Centennial Mountains of Montana and Idaho[END_REF]Vinograd and others 2019). Nitrogen losses are linked to organic matter losses [START_REF] Shi | Erosion-induced losses of carbon, nitrogen, phosphorus and heavy metals from agricultural soils of contrasting organic matter management[END_REF] between ecosystems in a complex manner, calling for closer examination of the mechanisms that maintain indicators of past land-uses on long timescales.

One of the processes modifying mobility of elements within ecosystems is spatial redistribution by grazers [START_REF] Shand | The effects of sheep faeces on soil solution composition[END_REF]Cameron and others 2013;Selbie and others 2015). In our system, grazing was continuous over large areas, with little variation in stocking rates, as studies on archeological data on sheepfold size and number suggest (for example, Badan and others 1995). Spatial redistribution by, for instance, grazing in abandoned corrals and dispersal of excreta, decreases local nutrients, which might also explain the contrast between our data and findings from forest and savannah ecosystems where former agricultural practices were abandoned (Koerner and others 1999;Jussy and others 2002;Marshall and others 2018). Increased levels of C:N increase microbial activity, nutrient cycling and nitrification in soils (Haney and others 2012). Furthermore, differences among soil types determine how landuse modifies soil pH and how long these modifications may last (Plue and others 2008). In our case, N-mineralization, denitrification and uptake by vegetation increase the C:N ratio and significantly decrease the soil pH to weakly acidic after 50-100 years of abandonment. Similar results have been found in forest soils around Roman-era farms in central Europe (Dupouey and others 2002;Dambrine and others 2007;Plue and others 2008). Differing soil acidity levels and varying rates of change strongly impact the persistence of pastoral legacies in different ecosystems. Idiosyncrasies in type, position and timing make pastoral legacies a major source of small-scale variability and unicity in grassland ecosystems.

Ruderal plants absent from unaltered dry grasslands dominate in areas with nutrient accumulation, and decrease during the first decades after abandonment. This first phase of vegetation change after abandonment can be linked to rapidly decreasing nitrogen by denitrification and spatial redistribution [START_REF] Leytem | Impact of sheep bedding on soil nutrient dynamics in the Centennial Mountains of Montana and Idaho[END_REF]Vinograd and others 2019). This phase also shows a significant increase in species-richness compared to active sheep corrals and even to unaltered grasslands. Ruderal plants on abandoned sheep corrals are known to be particularly productive [START_REF] Porensky | Generation of Ecosystem Hotspots Using Short-Term Cattle Corrals in an African Savanna[END_REF]Vinograd and others 2019), an effect that persists long-term in African savannahs and is exploited by herbivores (Marshall and others 2018). Though more than 70% of typical grassland species are absent in the first phase, many ruderal and mesotrophic species co-exist, despite high dissimilarities with unimpacted vegetation. One hundred to 150 years after abandonment, speciesrichness reaches its maximum. At this stage, the species composition of plant communities is at an intermediate stage between that of active corrals and of corrals abandoned since Roman times, and includes many ruderal and stress-tolerant species with less extreme nutrient requirements (for example, Calamintha nepeta, Medicago minima, Verbascum sinuatum, Onopordon illyricum). Some species known to be cultivated specifically for veterinary use by shepherds during the eighteenth century, such as Plumbago europaea, also appear in this type of vegetation. We were surprised to discover that Roman corrals continue to show higher speciesrichness and different composition compared to unaltered grasslands, two millennia after abandonment. Interestingly, among all the vegetation types studied, some species show their maximum frequencies on surfaces abandoned 1500 to 2000 years ago (for example, Bellis sylvestris, Plantago bellardii and Euphorbia falcata) and are less frequent in unaltered grasslands. The long periods of abandonment of sheep corrals since Roman times are further characterized by the arrival of numerous stress-tolerant species typical of Mediterranean dry grasslands (for example, Brachypodim retusum, Brachypodium distachyon, Thymus vulgaris) combined with the persistence of ruderals that are absent from unimpacted grasslands (Rubus ulmifolius, Pardoglossum cheiriifolium, Onopordon illyricum, Hordeum murinum, Crepis bursifolia and Capsella bursa-pastoris). Finally, unaltered grasslands show lower species-richness and an absence of highly productive species, suggesting that pastoral legacies in the Mediterranean lead to hotspots of biodiversity and ecosystem services, similar to African sheep corrals [START_REF] Porensky | Generation of Ecosystem Hotspots Using Short-Term Cattle Corrals in an African Savanna[END_REF]Marshall and others 2018).

Our data indicate that plant community composition and species-richness remain altered 2000 years after corral abandonment in grasslands. Similar results have been found for forest ecosystems in temperate Europe (Dupouey and others 2002;Dambrine and others 2007;Plue and others 2008). Nevertheless, it is astonishing that such effects can still be clearly identified in grasslands, where the maintenance of grazing and fire practices over centuries could be expected to redistribute nutrients and mask differences in vegetation. Redistribution of nutrients in our system is particularly slow, with species-richness remaining higher on sheep corrals abandoned in Roman times than on unaltered grasslands. Dif-Romans Shape Today's Vegetation and Soils

Author's personal copy ferences found in community composition, and attributable to land-use legacies, may be driven by persisting effects on soil parameters (Ro ¨mermann and others 2005; Plue and others 2008). This interpretation is based on a causal link between vegetation and the relevant soil parameters, and differs from biotically driven low species-turnover. Low species-turnover may be linked to plant age. However, because most species characteristic of Roman sheep corrals are annual plants or shortlived perennials, this explanation seems less likely. The very low resilience of dry grasslands following changes in pastoral practices even after several millennia of abandonment could also be linked to the inability of typical dry grassland species to colonize new habitats or persist in the soil seed bank (Buisson and others 2006;Metzner and others 2017). Similar results have been found for plants of ancient forests [START_REF] Verheyen | The relative importance of dispersal limitation of vascular plants in secondary forest succession in Muizen Forest, Belgium[END_REF] or plants of grasslands, which were have not been cultivated during the nineteenth century [START_REF] Hutchings | Studies of the feasibilityof recreating chalk grassland vegetation on ex-arable land. I. The potential roles of the seed bank and the seed rain[END_REF].

The detailed examination of vegetation changes complements the exploration of soil nutrient dynamics after abandonment for several reasons.

(1) Vegetation composition is the main driver of selective grazing by livestock [START_REF] Augustine | Ungulate effects on the functional species composition of plant communities: herbivore selectivity and plant tolerance[END_REF]Bee and others 2009), influencing herd-owner decisions [START_REF] Augustine | Long-term, livestock-mediated redistribution of nitrogen and phosphorus in an East African savanna[END_REF][START_REF] Porensky | Generation of Ecosystem Hotspots Using Short-Term Cattle Corrals in an African Savanna[END_REF]. (2) Changes in composition and diversity have cascading effects on consumers, predators and detritivorous insect communities (Fadda and others 2007), as well as on pollinators (Lhotte and others 2014;Cusser and others 2016). (3) Vegetation itself acts as a separate compartment in the nutrient cycle, since it can store carbon, nitrogen and phosphorous in the ecosystem (Bobbink and others 1989;[START_REF] Peri | Biomass, carbon and nutrient storage for dominant grasses of cold temperate steppe grasslands in southern Patagonia, Argentina[END_REF]. Examining vegetation composition and structure is hence an important step toward understanding how pastoral legacies affect the entire ecosystem.

Our findings point to the need to consider the long-term impacts of human activities, shown to persist for over two millennia through increased nutrient values and differences in vegetation. Together with earlier studies, our study suggests that persistent effects on today's vegetation can be linked to persistent soil property legacies. Because pastoral legacies impact vegetation and many other compartments of ecosystems, including livestock and humans, understanding their historical effects will help to inform sheep-owners' decisions on practices and rangeland management. Moreover, under the current renewal of sheep grazing prac-tices for the conservation of grasslands, our data call for consideration of the long-term impacts of certain practices on small-scale oligotrophic habitats. Finally, historical livestock corrals have important consequences for today's ecosystem functioning, due to their higher productivity and contribution to local biodiversity.
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 1 Figure 1. Sheepfolds studied in the Crau area (Southern France), (A) Modern sheepfold recently abandoned at the end of the twentieth century, (B) Modern sheepfold abandoned in the twentieth century, (C) eighteenth-century sheepfold abandoned in the nineteenth century and (D) Roman sheepfold abandoned around the fourth century (Photos Christelle Fameli, IMBE).
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 2 Figure 2. Nonmetrical multidimensional scaling (NMDS) of plant community composition of (A) plots on active sheep corrals, recently abandoned sheep corrals, Roman sheep corrals and unaltered grasslands, centers of plant species positions are marked '+'; (B) NMDS-positions of species significantly associated with one of the three plot types according to randomization tests (p < 0.01); (C) Canonical correspondence analysis (CCA) of vegetation composition of plots and soil variables (C, N, P, K content, C:N ratio, pH and d 15 N) of active sheep corrals, recently abandoned sheep corrals, Roman sheep corrals and unaltered grasslands; centers of plant species positions are marked '+'.

Figure 3 .

 3 Figure 3. (A) Species richness in vegetation on active (A), recently abandoned (D) and Roman (R) sheep corrals as well as unaltered grasslands (X). *Significant t test (p < 0.01) of higher richness in Roman corrals compared to unaltered grasslands. (B) compositional dissimilarities measured by Sørensen index differ significantly between sheep corrals and unaltered grasslands (ANOVA, F = 114.9, p < 0.001). Letters above boxes indicate significant differences at p < 0.05 in Tukey's post hoc test. Black box represents dissimilarities within the group of plots in unaltered grasslands. Box plots represent distribution of data as follows: dash in the box denotes the median, boxes are limits enclosing the interquartile range between first and third quartile, whiskers extend to data points within 1.5 times the interquartile range, beyond which open circles denote outliers.

  , and it is more easily recovered from soil by plants, enabling locally increased nitrogen levels to disappear more rapidly. Recently abandoned sheep corrals show significantly increased d 15 N values. The higher d 15 N values in sheep dung result from animal proteins rich in 15 N (Shahack-Gross and others 2008; Macharia and others 2012). Animal dung loses volatile fractions of nitrogen, which increase d 15 N values (Ambrose 1991) and can be maintained over millennia in dung deposits in dry tropical environments (Marshall and others 2018). Because we did not sample specifically dung-derived sediments, our d 15 N values may be underestimated. However, even our unaltered grasslands in Southern France show comparatively low d 15 N values that are indicative of either more mobile nitrogen or a much younger grazing system compared to East Africa. Persistent traces of past land-use vary

Figure 4 .

 4 Figure 4. Soil variables in active sheep corrals (A), recently abandoned sheep corrals (D), Roman sheep corrals (R) and unaltered grasslands (X). Letters indicate significant differences in Tuckey's post hoc test at p < 0.05; results of testing for greater fertility values in Roman corrals compared to unaltered grasslands are indicated by * (Mann-Whitney, p < 0.05) and + (p < 0.1, for marginally significant).
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