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Identification of alkaline amendment sources (slash and burn versus marling) for cereal crops grown in the

North of France: a multiple isotope approach (87Sr/86Sr, δ44/40Ca, δ88/86Sr)

Introduction

pH is a fertility indicator in forest and agricultural soils. In humid climates, the leaching of anions and cations naturally leads to progressive soil acidification (Slessarev et al., 2016) over time and depth [START_REF] Brasseur | What deep-soil profiles can teach us on deep-time pH dynamics after land use change?[END_REF]. Under a pH of 5, this depletion of the cationic charge (base-cation saturation ratio) is associated with the increasing bioavailability of Al 3+ and H + [START_REF] Ritchie | 1 -The Chemical Behaviour of Aluminium, Hydrogen and Manganese in Acid Soils[END_REF], a process responsible for the phenomenon of aluminium toxicity in plants [START_REF] Scott | 5 -Selection of Genotypes Tolerant of Aluminium and Manganese[END_REF]. Combined with the scarcity of nutrient cations, adverse effects on the metabolism of non-adapted plants will occur.

Acidophilic plants in oceanic temperate forests are able to withstand this phenomenon of soil acidification and maintain their metabolism at pHwater levels below 5. However, cultivated J o u r n a l P r e -p r o o f wheat, derived from cultivars naturally present on alkaline soils in the Near East [START_REF] Snir | The Origin of Cultivation and Proto-Weeds, Long Before Neolithic Farming[END_REF], have never adapted to such conditions and still suffer from aluminium toxicity (Arunakumara et al., 2013). As a result, early farmers in humid regions had to invent agrarian practices that could raise the pH and base saturation levels to adapt the soil to the requirements of these cereals. These practices have evolved over time and some, like marling and liming, are still used by farmers today [START_REF] Läuchli | Plant stress under non-optimal soil pH[END_REF]Matthew, 1993).

The most common materials used for marling are the various limestones and their derivatives, such as lime [START_REF] Goulding | Soil acidification and the importance of liming agricultural soils with particular reference to the United Kingdom[END_REF]. However, in the absence of these materials, farmers may also use sandy deposits of calcareous seaweed [START_REF] J O U R N A L P R E -P R O O F Clout | Fertilisants minéraux en France au XIXe siècle[END_REF] or alkaline plant ash [START_REF] Juo | Substantial dust loss of bioavailable phosphorus from agricultural soils[END_REF] generated during slash and burn practices. Burning provides nutrients via the ashes of the burned forest plots [START_REF] Ehrmann | Fifteen years of the Forchtenberg experiment-results and implications for the understanding of Neolithic land use[END_REF]. This may be one of the oldest techniques used [START_REF] Rösch | Late Neolithic Agriculture in Temperate Europe-A Long-Term Experimental Approach[END_REF]. However, spreading ash on cropland is not very sustainable, as the nutrients applied to the soil decrease very rapidly after a few years of cultivation, through leaching, erosion, runoff or direct absorption by the crops themselves (e.g. [START_REF] Juo | Substantial dust loss of bioavailable phosphorus from agricultural soils[END_REF]Palm et al., 1996 ;[START_REF] Fachin | Evolution of the soil chemical properties in slash-and-burn agriculture along several years of fallow[END_REF].

Marling, a very common practice in North-Western Europe, consists of spreading crushed rocks rich in carbonates such as chalk, marl and dolomite on agricultural soils. It has long-term effects on the soil and helps to improve soil structure through the formation of aggregates that can trap nutrients. This also promotes soil cohesion and gives the soil a more aerated texture [START_REF] Goulding | Soil acidification and the importance of liming agricultural soils with particular reference to the United Kingdom[END_REF][START_REF] Goulding | Lime and liming in UK agriculture[END_REF][START_REF] Goulding | Predicting the lime requirement of soils under permanent grassland and arable crops[END_REF].

In order to understand historical changes in agricultural practices, it is interesting to identify the use of one technique or the other to amend cereal crops over time, since the Neolithic colonization of temperate Europe (e.g. [START_REF] Rösch | Late Neolithic Agriculture in Temperate Europe-A Long-Term Experimental Approach[END_REF]. Marling has had a lasting impact on the alkalinization of the soil. The practice is likely to have considerably changed the natural chemical evolutionary trajectory of the soils supporting the ecosystems in north-western Europe and its impact needs to be better measured. Marling also contributes to recharging the reserve J o u r n a l P r e -p r o o f of basic cations, in particular of calcium (Ca 2+ ), an essential nutrient in plant metabolism [START_REF] Marschner | A comparison between Ca and Sr cycling in forest ecosystems[END_REF]. The presence of sufficient quantities of Ca in the soil is essential for root development and to slow down the deficit in nutritive cations [START_REF] Goulding | Lime and liming in UK agriculture[END_REF].

However, Ca levels are often very low in acid soils, thus limiting plant growth.

Because of the physicochemical similarities between strontium and calcium, the 87 Sr/ 86 Sr isotopes have been proposed as a source tracer for Ca since 87 Sr is radiogenic (e.g. Åberg et al., 1990 ;Clow et al., 1997 ;Capo et al., 1998 ;[START_REF] Probst | Strontium as a tracer of weathering processes in a silicate catchment polluted by acid atmospheric inputs, Strengbach, France[END_REF][START_REF] Poszwa | Variations of bioavailable Sr concentration and 87Sr/86Sr ratio in boreal forest ecosystems[END_REF][START_REF] Bullen | Identifying calcium sources at an acid deposition-impacted spruce forest: a strontium isotope, alkaline earth element multi-tracer approach[END_REF]Drouet et al., 2005a ;[START_REF] Poszwa | Variations of plant and soil 87 Sr/ 86 Sr along the slope of a tropical inselberg[END_REF]Bagard et al., 2013). Drouet et al. (2005a ;2005b) used the Ca/Sr elemental ratio and the 87 Sr/ 86 Sr isotope ratio to trace changes in Ca fluxes in a forest ecosystem in Belgium, as well as the pedological impacts 30 years after the application of a limestone amendment. Sr isotope ratio ( 87 Sr/ 86 Sr) has also been used to identify the Sr source of archaeological cereal seeds (e.g. [START_REF] Heier | The potential of carbonized grain to preserve biogenic 87 Sr/ 86 Sr signatures within the burial environment[END_REF]Benson, 2012 ;[START_REF] Styring | Revisiting the potential of carbonized caryopse to preserve biogenic 87 Sr/ 86 Sr signatures within the burial environment[END_REF][START_REF] Larsson | Movement of agricultural products in the Scandinavian Iron Age during the first millennium AD: 87 Sr/ 86 Sr values of archaeological crops and animals in southern Sweden[END_REF].

In addition, during the last two decades, the stable isotopes of Ca ( 44/40 Ca) and Sr ( 88/86 Sr) have shown their potential to trace weathering mechanisms, the biological cycling of these elements and secondary mineral precipitation in soils (e.g. [START_REF] Schmitt | Calcium isotope fractionation during plant growth under a limited nutrient supply[END_REF]Shalev et al., 2013 ;[START_REF] Wei | Seasonal changes in the radiogenic and stable strontium isotopic composition of Xijiang River water: Implications for chemical weathering[END_REF]Andrews et al., 2016 ;Bullen and Chadwick, 2016 ;[START_REF] Hajj | Radiogenic and "stable" strontium isotopes in provenance studies: A review and first results on archaeological wood from shipwrecks[END_REF][START_REF] Schmitt | Calcium biogeochemical cycle at the beech tree-soil solution interface from the Strengbach CZO (NE France): insights from stable Ca and radiogenic Sr isotopes[END_REF][START_REF] Brazier | Calcium isotopic fractionation during adsorption onto and desorption from soil phyllosilicates (kaolinite, montmorillonite and muscovite)[END_REF]2020a ;[START_REF] J O U R N A L P R E -P R O O F Guibourdenche | Characterizing nutrient pathways in Quebec (Canada) vineyards: Insight from stable and radiogenic strontium isotopes[END_REF]Oeser and von Blanckenburg, 2020 ;[START_REF] Bouchez | The rôle of vegetation in setting strontium stable isotope ratios in the critical zone[END_REF].

Our objective in the present study was to test the potential of  44/40 Ca- 88/86 Sr-87 Sr/ 86 Sr multiple isotope approach on samples of present-day cereals grown on soils where two different Ca and Sr sources, wood ash and limestone, had been applied. To this end, different cereals (hulled barley, bread wheat, emmer, spelt, einkorn) were grown in North France in a freshly (2017) deforested plot on loessic luvisols. The plot was amended with tree ash from the spruce and oak trees previously growing on the site. The cereals' isotopic signatures were then compared to J o u r n a l P r e -p r o o f those of the same cereals sown in long-deforested fields (since 1965 or for several centuries), also on loessic luvisols, which had been amended with chalk.

Materials and methods

Study site and sampling protocol

All field work, including the field cereal-growing experiments and sample collecting, was performed by the CNRS Research Unit EDYSAN (Amiens, France). Different cereal species were grown in 2018/2019 and 2019/2020 on haplic luvisols (WRB, 2015) in the Hauts-de-France region in northern France. The soils developed on decarbonated loess silt over 2 m thick.

The underlying loess is still carbonated and rests on a bedrock of Upper Cretaceous chalk (Celet et al., 1979). The carbonated loess dates to the Late Pleniglacial period (Weichselian) (Haeserts, 1984;Antoine et al., 2001;[START_REF] Goulding | Soil acidification and the importance of liming agricultural soils with particular reference to the United Kingdom[END_REF]. Originally this loess contained about 10% Ca carbonate, 15% clay minerals (smectites, micas, kaolinite and interbedded minerals); the remainder of the sediment was mostly quartz with traces of feldspar, chlorite and amphibole [START_REF] Van Ranst | Mineralogy in silty to loamy soils of central and high Belgium in respect to autochthonous and allochthonous materials[END_REF].

The experimental plot (EP) was located in the Bois d'Arrouaise (Oisy, France) in Aisne county (Fig 1 a, b andc). The Bois d'Arrouaise is an old forest, more than 2000 years in age, mentioned in the archives of the 10th and 12th centuries [START_REF] Gosse | Histoire de l'Abbaye et de l'ancienne Congregation des chanoines reguliers d'Arrouaise, avec des notes critiques[END_REF]. This woodland was still vast at the beginning of the 19th century (7.7 km²), but then it underwent two major clearing episodes: in the second half of the 19th century (reduced to 0.58 km²), and then at the end of the 1960s (reduced to 0.39 km²). Although the deforested land was mainly used for livestock farming at the end of the 19th century, it was gradually converted to agricultural land in the early 1990s.

The tree species cut on the EP were common spruce (Picea abies), pedunculate oak (Quercus robur) and a few beech (Fagus sylvatica). One parcel was deforested in 2017. Cereal seeds were then sown there. The EP soil was amended with 40 kg/m² of ash (and a few pieces of J o u r n a l P r e -p r o o f charcoal) from spruce and oak trees cut on site (see effect on pH in the supplementary material section). The cereals were sown in November 2018 and March 2019, and harvested towards the end of July/beginning of August, in 2019 and 2020 respectively.

Other cereals grown on four different agricultural plots that had been amended with chalk from the Paris Basin, France were analysed additionally to the EP plot: one conventionally grown (CONV) plot located at the edge of the Bois d'Arrouaise, 100 m from the experimental plot (Fig. 1a andb) and three organically grown plots, two of which were located in Hiermont (HIER1 and HIER2; Fig. 1d) and one in Gouzeaucourt (GOUZ, Fig. 1a). The cereals on these plots were harvested in summer 2019 and analysed (Table 1).

There are three types of samples from the five experimental plots: soils, amendments and cereals. Soils from the EP plot were collected at 4 different depths: 0-10 cm, 20-30 cm, 45-55 cm and 95-105 cm, whereas soils from the CONV, HIER1, HIER2, and GOUZ agricultural plots were collected only at the surface (0-10 cm). A loess sample was collected at depth (350-450 cm) at Havrincourt Wood (near Gouzeaucourt). The amendments used to fertilize these soils (wood ash in the case of EP and crushed chalk for the four other plots) were collected at each location. Atmospheric inputs (wet deposits and dust) were collected in a polypropylene water tank at the Bois d'Arrouaise near EP from March to November, 2020. For the EP plot, the cereals harvested were: hulled barley (Hordeum vulgare subsp. vulgare), einkorn (Triticum monococcum subsp monococcum), bread wheat (Triticum aestivum subsp aestivum), spelt wheat (Triticum aestivum subsp. spelta) and emmer (Triticum turgidum subsp. dicoccon). On the HIER2 plot, we harvested hulled barley, and on HIER1, rivet wheat (Triticum turgidum subsp. turgidum) and bread wheat. On the GOUZ and CONV plots, we collected bread wheat.

The caryopses were analysed for all these cereals. In addition, other organs were analysed for some of the samples: straw for EP (hulled barley, bread wheat and emmer) and HIER2 (hulled barley), awns for EP (hulled barley and emmer) and HIER2 (hulled barley), and leaves for CONV (bread wheat) and EP (emmer).

J o u r n a l P r e -p r o o f 2.2 Preparation, leaching, and digestion of the samples All the sample preparations were performed at the Institut Terre et Environnement de Strasbourg (ITES, France). For the cereal grain analyses, 10 caryopses were collected for each type of cereal. In order to test for within-sample variability, we analysed ten caryopses grouped in a single batch and three caryopses grouped in another batch from the same hulled barley ear (OR1) and compared them to ten caryopses grouped in a single batch from another hulled barley ear (OR2) from the EP plot. We also analysed batches of 10, 3 and 1 caryopses from a same hulled barley ear (ORb) which we compared to 10 caryopses from another ear (ORa) from HIER2.

The cereal organs were charred at 450°C in a muffle furnace in Pyrex TM beakers previously rinsed with Millipore© ultrapure water and distilled HCl (90/10). To validate the carbonisation protocol, and to exclude any bias related to the use of this technique, a certified reference material (NIST SRM 1515, apple leaves) was also charred following the same protocol as for the cereal organs.

The soil samples and the loess sample were ground and sieved to 100 µm with a RS 100 vibratory disc mill (Retsch®) containing an agate grinding bowl (Retsch®). The chalk samples were manually ground in an agate mortar.

After the grinding procedure, approximately 2 g of each soil sample and 250 mg of each of the loess and chalk samples were collected for leaching. They were mixed with 10 mL of 0.5 N HCl and stirred at 40 rpm for 10 min on an SB3 Stuart™ rotator. The mixtures were then centrifuged at 4000 rpm for 10 min in a Thermo Jouan B4-I™ multifunction centrifuge and the supernatants were recovered and filtered at 0.22 μm. The same procedure was applied three times, then repeated again twice with Millipore© ultrapure water to recover all the carbonate and exchangeable fractions. These aliquots will be called leachates in the following. According to Abali et al. (2011) and [START_REF] Yan | Calcium isotopic fractionation during travertine deposition under different hydrodynamic conditions: examples from Baishuitai (Yunnan, SW China)[END_REF], this protocol is an acceptable compromise between J o u r n a l P r e -p r o o f dolomite leaching and the non-digestion of silicate phases. In the absence of targeted soil water sampling (such as by porous candles), we will adopt the leachate as the most suitable proxy for the Ca and Sr composition that can be easily taken up by plants.

Between 100 and 250 mg of soil, loess and chalk residues (i.e., the minerals undigested during leaching), wood ash samples and plant organs were dissolved in successive acid baths (HF-HNO3, HClO4 and HCl-H3BO3) to achieve complete dissolution of the samples. The samples were then evaporated to dryness, dissolved in 10 mL of 0.5 N HNO3, and stored for chemical and isotopic analyses (Pelt et al., 2013 ;Brazier et al., 2020a ;[START_REF] Brazier | Determination of radiogenic 87 Sr/ 86 Sr and stable ẟ 88/86 SrSRM987 isotope values of thirteen mineral, vegetal and animal reference materials by DS-TIMS[END_REF].

The total Ca and Sr from blank samples for this digestion procedure were less than 50 and 2 ng, respectively. This represents a negligible average contribution of maximum 0.009% and 0.063% to the Ca and the Sr of the samples, respectively.

The liquid sample of atmospheric deposits was filtered through 0.22 µm cellulose acetate membrane filters in the laboratory and acidified with distilled HNO3 to a pH ~ 1 for the chemical and isotopic analysis. Then it was digested with distilled HNO3 and 30% Merck® suprapure H2O2, evaporated to dryness, dissolved in 10 mL of 2% HNO3, and stored in a refrigerator.

Analytical procedures

Elemental and isotopic analyses were performed at the Cortecs-Pacite platform of the University of Strasbourg at ITES (Strasbourg, France). Elemental measurements were performed on an ICP-AES (ThermoScientific iCAP 6000 series™) with an uncertainty comprised between 3 and 10% depending on the analysed element.

For the δ 44/40 Ca analyses, 0.14 μmol of Ca from each sample was mixed with 0.01 μmol of Ca from a 42 Ca-43 Ca double spike ( 42 Ca/ 43 Ca spike ratio of ~5) and dried at 70 °C on a hot plate.

The mixtures were then dissolved in 2 N HNO3 and chemical separations were performed on a DGA normal resin (TODGA, Triskem™) following [START_REF] Brazier | Calcium isotopic fractionation during adsorption onto and desorption from soil phyllosilicates (kaolinite, montmorillonite and muscovite)[END_REF] procedure. Eluted J o u r n a l P r e -p r o o f Ca (~100% recovery) was dried a first time at 70 °C and converted into nitric form with 7 N HNO3 before a second drying at 70 °C on a hot plate.

Concerning the δ 88/86 Sr measurements, 4.62 nmol of Sr from each sample was mixed with 1.08 nmol of Sr from a 84 Sr-87 Sr double spike, while 5.70 nmol of Sr from each sample, without a double spike, was taken for the 87 Sr/ 86 Sr measurements. After the first step of drying at 70 °C, all the mixtures and samples were dissolved in 4N HNO3, then Sr was chemically separated with a TODGA resin (Triskem™), according to [START_REF] Brazier | Determination of radiogenic 87 Sr/ 86 Sr and stable ẟ 88/86 SrSRM987 isotope values of thirteen mineral, vegetal and animal reference materials by DS-TIMS[END_REF] elution procedure, for ~100% recovery. After Sr elution, all the samples were dried at 70 °C on a hot plate. The total Ca and Sr in the blanks for the chemical separation procedure represented less than 0.6 % and 0.04 %, respectively, and were considered to be negligible for the rest of this study.

The dried residues obtained after each chemical separation were dissolved in 1 to 3 μL of 1 N HNO3 and deposited on: (1) single, previously outgassed and oxidized tantalum filaments (99.995% purity) (in a primary vacuum pump) for the δ 44/40 Ca measurements; and (2) single, previously outgassed rhenium filaments (99.98 % purity) with a Ta2O5 activator for the δ 88/86 Sr and 87 Sr/ 86 Sr measurements.

All the isotopic measurements were performed on a Thermo Scientific Triton™ TIMS in static and multi-dynamic mode for Sr and Ca measurements, respectively (for details of measurement procedure for Ca and Sr isotopes, see [START_REF] Schmitt | Calcium isotope fractionation during plant growth under a limited nutrient supply[END_REF][START_REF] Brazier | Determination of radiogenic 87 Sr/ 86 Sr and stable ẟ 88/86 SrSRM987 isotope values of thirteen mineral, vegetal and animal reference materials by DS-TIMS[END_REF]. δ 44/40 Ca and δ 88/86 Sr were expressed in permil ratios relative to NIST SRM915a and NIST SRM987, (2)

J o u r n a l P r e -p r o o f

The average internal repeatability of the SRM 987 standard over the long term was 0.71025 ± 0.00003 (2SD, N=133) and 0.001 ± 0.021 ‰ (2SD, N=26), for 87 Sr/ 86 Sr and δ 88/86 Sr, respectively. That of the SRM 915a standard was 0.00 ± 0.07 ‰ (2SD, N=63), for  44/40 Ca.

These values agree with the literature (Brazier et al., 2020a). Based on sample replicates, the external uncertainty is ± 0.00001 (2SD, N=8) and ± 0.023 ‰ (2SD, N=12) for 87 Sr/ 86 Sr and δ 88/86 Sr, respectively. To avoid drifts in  44/40 Ca and δ 88/86 Sr between different measurement sessions, the 84 Sr-87 Sr and 42 Ca-43 Ca double tracers were calibrated in each measurement session by measuring three mixtures of SRM 987 and SRM 915a standards, respectively, and applying a corresponding double tracer according to the protocol published by [START_REF] Lehmkuhl | Optimization of a 48Ca-43Ca double-spike MC-TIMS method for measuring Ca isotope ratios (δ44/40Ca and δ44/42Ca): limitations from filament reservoir mixing[END_REF]. The accuracy of the respective Sr and Ca stable isotope measurements was guaranteed by measuring an IAPSO seawater standard (0.389 ± 0.028, 2SD, N=10) for stable Sr measurement and an in-house Atlantic seawater standard (0.89 ± 0.11, 2SD, N=26) for stable

Ca measurement that agree with data in the literature [START_REF] Hippler | Calcium isotopic composition of various reference materials and seawater[END_REF][START_REF] Heuser | Analytical methods[END_REF]Brazier et al., 2020a). Based on these measurements, the external reproducibility of the Sr and Ca stable isotope measurements were 0.028 ‰ and 0.11 ‰, respectively.

Mixing calculations

The proportion X(Sr) of A in a mixture (M) between two sources A and B can be determined as follows (e.g. Capo et al., 1998;Drouet et al., 2005a):

𝑋(𝑆𝑟) 𝐴 = ( 𝑆𝑟 87 𝑆𝑟) 86 ⁄ 𝑀 -( 𝑆𝑟 87 𝑆𝑟) 86 ⁄ 𝐵 ( 𝑆𝑟 87 𝑆𝑟) 86 ⁄ 𝐴 -( 𝑆𝑟 87 𝑆𝑟) 86 ⁄ 𝐵 (3) 

Results

All the elemental and isotopic values measured on loess, soil, chalk, ash, atmospheric deposits and cereal organs carried out during this work are presented in Table 2. The isotopic measurements of the international apple leaves NIST SRM 1515 standard, whether calcined or J o u r n a l P r e -p r o o f not (Fig. 2), agree with the literature for both 87 Sr/ 86 Sr (0.71398 ± 0.00005, N=3) and  88/86 Sr (0.244 ± 0.034, N=3) [START_REF] Liu | Determination of 87 Sr/ 86 Sr and δ 88/86 Sr ratios in plant materials using MC-ICP-MS[END_REF][START_REF] Schuessler | Nutrient cycling in a tropical montane rainforest under a supply-limited weathering regime traced by elemental mass balances and Mg stable isotopes[END_REF]Oeser and von Blankenburg, 2020 ;Uhlig et al., 2020 ;van Hamm-Meert et al., 2020). This indicates that calcination does not cause analytical bias and the data obtained with this technique can be compared with the literature.

Ca isotope variability was highest between the emmer caryopses from EP (-1.44 ‰) and the chalk leachate from HIER1 (0.62 ‰), resulting in a total fractionation amplitude of 2.06 ‰ (Fig. 3a). Within grains, the variability was more limited (1.22 ‰). It can be noted that there was variability between caryopses of the same cereal species grown in different fields. For example, for wheat,  44/40 Ca was -1.04 ‰ at EP and -0.22 ‰ at HIER1 while hulled barley was -1.09 ‰ at EP and -0.82 ‰ at HIER2.

Within plant organs, stable Sr isotope variability was highest between the caryopse (-0.376 ‰)

and the awn (0.595 ‰), i.e. a total amplitude of 0.971 ‰ (Fig. 3b). Within an organ type, the fractionation amplitude was also variable: 0.275 ‰ for caryopses (N=14), 0.228 ‰ for straw (N=4), 0.623 ‰ (N=3) for awns, 0.678 ‰ (N=2) for leaves and 0.204 ‰ (N=2) for glumes.

 88/86 Sr had the lowest isotopic signatures for caryopses (-0.259 ± 0.044 ‰, N=14, 2SE), followed by straw (-0.133 ± 0.109 ‰, N=4, 2SE), then glumes (-0.016 ± 0.204 ‰, N=2, 2SE), then leaves (0.171 ± 0.678 ‰, N=2, 2SE), and then finally, awns (0.180 ± 0.415 ‰, N=3, 2SE).

The amplitude was lower in the other (non-cereal) samples analysed (0.235 ‰, N=21).

The Sr isotope ratio 87 Sr/ 86 Sr varied between 0.70739 (leached chalk) and 0.73423 (EP leached soil) (Fig. 3c). All the soil and chalk residues and EP leached soils tended towards the most radiogenic values, whereas all the leachates, atmospheric deposits and cereal organs tended towards the less radiogenic values. Loess residue and ash showed intermediate values.

If we look at the variability within hulled barley caryopses for EP, we notice that the radiogenic Sr compositions for OR1 are similar, within the analytical uncertainties (0.71199 and 0.71196) for ten and three caryopses, but different from OR2 (0.71211) (Table 2). Similarly, the  88/86 Sr J o u r n a l P r e -p r o o f isotope compositions were different between ten caryopses of OR2 (-0.250 ‰) and three caryopses of OR1 (-0.329 ‰). Similarly, for HIER2, we observed that the Sr isotope signatures of the four hulled barley samples were outside the external reproducibility of ± 0.00003 (from 0.7080 to 0.70847), as were the  88/86 Sr values (from -0.252 to -0.320 ‰) (Table 2).

The samples most concentrated in Ca corresponded to the chalk leachates (between 674 for a CONV sample and 794 µmol.g -1 for a HIER 2 sample). The least concentrated sample was the atmospheric deposition sample (0.085 ± 0.009 µmol.g -1 , 2SE, N=1). The ash and hulled barley samples from HIER 2 had the second highest values (216 ± 17.8 µmol.g -1 , 2SD, N=2), followed by non-EP soil leachates (104.3 ± 76.9 µmol.g -1 , 2SD, N=3), loess leachate and residue and soil residues (43.8 ± 15.92 µmol.g -1 , 2SD, N=9). Cereal organs had among the lowest Ca concentrations (16.4 ± 26.2 µmol.g -1 , 2SD, N=25), followed by EP soil leachates (2.62 ± 0.73 µmol.g -1 , 2SD, N=4) and chalk residues (0.97 ± 0.24 µmol.g -1 , 2SD, N=4).

For Na, the most concentrated samples were the loess and soil residues and ash (284 ± 77 µmol.g -1 , 2 SD, N=9), and the least concentrated sample was atmospheric deposition (0.043 ± 0.004 µmol.g -1 , 2SE, N=1). All the other samples had values between 0.20 and 8.71 µmol.g -1 .

The highest Sr concentrations were measured in chalk leachates (7.055 ± 5.15 µmol.g -1 , 2SD, N=4), followed by ash (1.11 ± 0.11 µmol.g -1 , 2SE, N=1), the loess leachate and residues and soil residues (0. 661 ± 0.318 µmol.g -1 , 2SD, N=9), hulled barley from HIER 2, then soil leachates -except from EP (0.177 ± 0.162 µmol.g -1 , 2SD, N=4), soil leachates from EP, chalk residues and all plant organs (0.024 ± 0.044 µmol.g -1 , 2SD, N=33). Again, atmospheric deposition had the lowest Sr concentrations (0.00016 ± 0.00001 µmol.g -1 , 2SE, N=1). The 87 Sr/ 86 Sr isotope and the Ca/Sr elemental ratios are classic indirect tracers of the Ca sources in natural ecosystems. Indeed, Ca and Sr are alkaline cations and their biogeochemical cycles are often assumed to be similar due to their similar ionic radius (rSr = 0.113 nm and rCa = 0.099 nm) and divalent charge (e.g. [START_REF] Marschner | A comparison between Ca and Sr cycling in forest ecosystems[END_REF][START_REF] Probst | Strontium as a tracer of weathering processes in a silicate catchment polluted by acid atmospheric inputs, Strengbach, France[END_REF] The 87 Sr/ 86 Sr isotope ratio is a valid source tracer since 87 Sr results from the radioactive decay of 87 Rb. Furthermore, this ratio is not affected by mass fractionation during continental weathering or biological processes since the fractionation is small and is circumvented via internal normalisation during the measurement process. Therefore, the 87 Sr/ 86 Sr isotope ratio has often been used in biogeochemical studies in forest ecosystems to determine the sources of Ca (and their mixtures) available to forests (atmosphere, shallow organic soils or deeper organic and mineral soils) (e.g. Åberg et al., 1990;Miller et al., 1993;Bailey et al., 1996;Blum et al., 2002;[START_REF] Kennedy | Decoupling of unpolluted temperate forests from rock nutrient sources revealed by natural 87 Sr/ 86 Sr and 84 Sr tracer addition[END_REF]Bélanger et al., 2012). Furthermore, the Ca/Sr elemental ratio has also been proposed as a tool to trace Ca sources and fluxes in forest ecosystems, for which the fractionation between Ca and Sr during biogeochemical processes is not significant and/or is constrained by an appropriate discrimination factor (e.g. [START_REF] Marschner | A comparison between Ca and Sr cycling in forest ecosystems[END_REF]Blum et al., 2002;[START_REF] Poszwa | Variations of bioavailable Sr concentration and 87Sr/86Sr ratio in boreal forest ecosystems[END_REF]Blum et al., 2008;[START_REF] Th | Evaluation of the mobility and discrimination of Ca, Sr and Ba in forest ecosystems: consequence on the use of alkaline-earth element ratios as tracers of Ca[END_REF]Pett-Ridge et al., 2009).

In our study, the different samples followed two trends. The first was characterised by a relatively constant molar Ca/Sr ratio below 200 (µmol/g)/(µmol/g) and a 87 Sr/ 86 Sr ratio varying between 0.70739 and 0.73423. This was the case for soils (leachate and residues), loess (leachate and residues), chalk (residues) and ash (Fig. 4a). The second trend showed strong variations in the molar Ca/Sr ratio, between 77 and 2872 (µmol/g)/(µmol/g), and low variability in the 87 Sr/ 86 Sr ratio with a value less than 0.71178. This was the case for all the other samples, including the cereal samples. This suggests a chemical and biological fractionation between Ca and Sr, previously observed elsewhere (e.g. Bailey et al., 1996;Capo et al., 1998;Chadwick et al., 1999;[START_REF] Marschner | A comparison between Ca and Sr cycling in forest ecosystems[END_REF][START_REF] Dasch | The relative uptake of Ca and Sr into tree foliage using a whole-watershed calcium addition[END_REF]Blum et al., 2008; Drouet and Herbauts, J o u r n a l P r e -p r o o f 2008). Only the bread wheat organs, except for grains, showed a positive correlation between 87 Sr/ 86 Sr and Ca/Sr (Fig. 4b) (see Discussion, paragraph 4.2).

To circumvent this problem, many studies have directly applied stable Ca isotopes in addition to radiogenic Sr isotopes to trace Ca sources and underlying mechanisms (e.g. Cenki-Tok et al. 2009;Bagard et al., 2013;[START_REF] Schmitt | Calcium biogeochemical cycle at the beech tree-soil solution interface from the Strengbach CZO (NE France): insights from stable Ca and radiogenic Sr isotopes[END_REF]. More recently, other studies have tested the potential of combining the stable Ca and Sr isotope approaches [START_REF] Böhm | Strontium isotope fractionation of planktic foraminifera and inorganic calcite[END_REF]Bullen and Chadwick, 2016 ;[START_REF] Wang | Coupled δ 44/40 Ca, δ 88/86 Sr, and 87 Sr/ 86 Sr geochemistry J o u r n a l P r e -p r o o f across the end-Permian mass extinction event[END_REF][START_REF] Wang | Stable Ca and Sr isotopes support volcanically triggered biocalcification crisis during Oceanic Anoxic Event 1a[END_REF]Brazier et al., 2020a ;Nitzsche et al., 2022 ). We have seen that  88/86 Sr and  44/40 Ca were positively correlated (Fig. 5a; R 2 = 0.88, p<0.0001) in the present study, with a slope of 0.29.

This agrees with the results obtained by other studies combining these two stable isotope systems. If we plot the linear trends observed in these previous studies, we see two families of trends: most samples plot along a slope between 0.13 and 0.29, similar to this study and few others plot along a slope between 3.17 and 3.19 (Figure 5b). Three studies presenting a low slope looked at precipitation of inorganic calcite under controlled conditions; they assert that the positive correlation observed between  88/86 Sr and  44/40 Ca was due to a kinetic control occurring during the dehydration of the Sr 2+ and Ca 2+ aqua complexes, involving varying mass fractionations between carbonates and seawater, rather than due to mixing between different mixing end-member [START_REF] Böhm | Strontium isotope fractionation of planktic foraminifera and inorganic calcite[END_REF][START_REF] Wang | Coupled δ 44/40 Ca, δ 88/86 Sr, and 87 Sr/ 86 Sr geochemistry J o u r n a l P r e -p r o o f across the end-Permian mass extinction event[END_REF]2021). Samples of lava and tephra, vegetation, the soil fraction holding available water and the total exchangeable fraction for

Hawaiian soils also correlated with a low slope (Bullen and Chadwick, 1996), of the same order of magnitude as the present study (0.22 and 0.29, respectively). In contrast, the exchangeable fraction at 0.1N N-ammonium acetate from the same Bullen and Chadwick study had a higher slope, similar to that obtained for aquatic macroinvertebrates and small gobies (Nitzsche et al., 2022) (3.17 and 3.19, respectively). The latter authors interpreted this positive correlation as reflecting similar Ca and Sr sources leading to similar fractionation mechanisms.

J o u r n a l P r e -p r o o f Some samples do not show any correlation; for example, in a study that focused on understanding the formation of roots encrusted with CaCO3 (rhizoliths) in loess-paleosol sequences, the authors suggested differences in the Ca and Sr sources, or their proportions during their formation [START_REF] Brazier | Determination of radiogenic 87 Sr/ 86 Sr and stable ẟ 88/86 SrSRM987 isotope values of thirteen mineral, vegetal and animal reference materials by DS-TIMS[END_REF]. In the study by Nitzsche et al. ( 2022), some samples did not show a correlation between  88/86 Sr and  44/40 Ca (leaf-shredding crane fly larvae and goby bones), also suggesting a decoupling of Ca and Sr sources.

To summarize the current state of knowledge, by analogy with what is known for other isotopic systems, e.g. D- 18 O,  15 N- 13 C or   Mg-  Li, we propose that linear correlations reflect fractionations linked to either processes or mixtures (e.g. [START_REF] Cooper | Stable isotopes of oxygen and natural and fallout radionuclides used for tracing runoff during snowmelt in an Arctic watershed[END_REF][START_REF] Tipper | Seasonal sensitivity of weathering processes: hints from magnesium isotopes in a glacial stream[END_REF]Phillips et al., 2014 ;[START_REF] Vander-Zanden | Expanding the Isotopic Toolbox: Applications of Hydrogen and Oxygen Stable Isotope Ratios to Food Web Studies[END_REF].

The different slopes and intercepts can therefore be explained by system-dependent partition coefficients between Sr and Ca. More studies are now needed to understand the origin of these variations.

Because of the observed  88/86 Sr and  44/40 Ca correlation, we infer that both stable isotope systems  88/86 Sr and  44/40 Ca give the same information and can be used interchangeably to analyse Ca fluxes in this study. Consequently, we will focus our discussion on  88/86 Sr and 87 Sr/ 86 Sr in the following paragraphs.

Cereal organs

Variations in stable and radiogenic Sr isotope compositions were observed among different locations, at both an intraspecific (one cereal species, different organs of the same plant) and extra specific level (different cereal species), but also within caryopses of the same cereal species from different localities (Fig. 4b and6). The variability in 87 Sr/ 86 Sr in the studied cereal organs was related to locality and not to the type of organ or cereal (Fig. 6a): the least radiogenic signatures were observed for HIER1, HIER2 and GOUZ; the most radiogenic for EP and CONV. Some samples from the latter two plots showed variable signatures between the two J o u r n a l P r e -p r o o f extremes. For example, for bread wheat and emmer from EP, the leaf and straw organs, formed first, were less radiogenic than the caryopses, glumes or awns, formed later. These variations suggest a variation in the Sr reservoir from which the plant draws its nutrients during its growth, in agreement with the results obtained in previous studies (e.g. Drouet et al. 2005b[START_REF] Souza | Evidence for mass-dependent isotopic fractionation of strontium in a glaciated granitic watershed[END_REF][START_REF] Styring | Cultivation of choice: new insights into farming practices at Neolithic lakeshores sites[END_REF][START_REF] Schmitt | Calcium biogeochemical cycle at the beech tree-soil solution interface from the Strengbach CZO (NE France): insights from stable Ca and radiogenic Sr isotopes[END_REF]Guilbourdenche et al., 2021). [START_REF] Souza | Evidence for mass-dependent isotopic fractionation of strontium in a glaciated granitic watershed[END_REF] were the first to report stable Sr isotope fractionations during root absorption and translocation to higher organs. This process was recently confirmed in studies by Oeser and von Blankenburg (2020), and Guilboudenche et al. ( 2021). In our study, the highest amplitudes of  88/86 Sr isotope fractionations were observed between straw and awn samples on the one hand, and the other plant samples, on the other hand; the lowest variability was for caryopses.

By analogy with what has been observed for Ca (bean seeds grown under controlled conditions are enriched in the light 40 Ca isotope, [START_REF] Cobert | Experimental identification of Ca isotopic fractionations in higher plants[END_REF], we propose that this enrichment reflects the preferential incorporation of lighter isotopes ( 86 Sr and 40 Ca) in calcium oxalate crystals [START_REF] Schmitt | Stable calcium isotope speciation and calcium oxalate pstrawuction within beech tree (Fagus sylvatica L.) organs[END_REF]. For organs other than caryopses, it is more complicated to propose an interpretation, since the stable isotope fractionation was accompanied by variations in 87 Sr/ 86 Sr, even for a given cereal species at a given location. The variability of the isotopic fractionation could therefore be linked to either biological fractionation and/or to a variation in the source impacting the biological fractionation. Therefore, we focused on seed samples of different cereals. In order to limit the observed inter-grain variations (Table 2), we systematically analysed batches of 10 caryopses. It should also be noted that grains are the organs most frequently found in ancient plant remains.

Sources of Sr from grains

The samples varied between two end-member, a silicate one (including soil leachates from the EP plot, all soil and chalk residues), and a carbonate one (including chalk, loess and soil J o u r n a l P r e -p r o o f leachates from GOUZ, HIER1, but also grains grown on HIER1, HIER 2 and GOUZ) (Fig. 7).

The other samples (loess residue, ash, atmospheric deposits, EP and CONV caryopses) were slightly more radiogenic than the carbonate end-member though the values were still close (Fig. 7).

Combining the  88/86 Sr and 87 Sr/ 86 Sr measurements showed that the samples were predominantly governed by a source variation between a carbonate and a silicate end-member, and not by an isotopic fractionation process (Fig. 8). Soil and chalk residues and EP soil leachates were characterized by a silicate source and isotopic fractionation, with leachates enriched in 86 Sr relative to residues, which were enriched in 88 Sr, in agreement with previous studies (e.g. Chao et al., 2015;[START_REF] Stevenson | Weathering processes, catchment geology and river management impacts on radiogenic J o u r n a l P r e -p r o o f ( 87 Sr/ 86 Sr) and stable (δ 88/86 Sr) strontium isotope compositions of Canadian boreal rivers[END_REF][START_REF] Yoshimura | Stable Strontium Isotopic Compositions of River Water, Groundwater and Sediments From the Ganges-Brahmaputra-Meghna River System in Bangladesh[END_REF]. This fractionation could be interpreted as preferential adsorption of the lighter isotope 86 Sr onto secondary soil minerals such as phyllosilicates, which has been observed for other isotopic systems such as Ca [START_REF] Brazier | Calcium isotopic fractionation during adsorption onto and desorption from soil phyllosilicates (kaolinite, montmorillonite and muscovite)[END_REF].

It can be compared that in contrast to the soil leachates, the residues of all studied soils show higher 87 Sr/ 86 Sr values, indicating a silicate source (Fig. 8). Leachates from freshly cleared EP soils were all in the silicate end-member, unlike those from the chalk-amended soils which tended towards the carbonate end-member. Following equation ( 3), a simple mixing calculation for Sr between the mean value of the EP leachates and the leachates of chalk applied to each field suggests that the soils at HIER 1, HIER 2 and GOUZ respectively reflect 90, 82 and 94% of the contribution of the carbonate fraction of the chalk used as an amendment. The caryopses showed variability in 87 Sr/ 86 Sr depending on the field they were from: the most radiogenic samples were from the EP plot (0.7119 ± 0.0003, N=7), the least radiogenic were from HIER 1, HIER 2 and GOUZ (0.7082 ± 0.04, N=7), and the sample from the CONV plot had an intermediate value. A mixed calculation between the mean values of chalk leachate and soils from HIER 1, HIER 2 and GOUZ suggests that the seeds reflect 97% ± 1% (2SD, N=7) for J o u r n a l P r e -p r o o f results of the present study (e.g. [START_REF] Schmitt | Calcium biogeochemical cycle at the beech tree-soil solution interface from the Strengbach CZO (NE France): insights from stable Ca and radiogenic Sr isotopes[END_REF][START_REF] Brazier | Calcium isotopic fractionation during adsorption onto and desorption from soil phyllosilicates (kaolinite, montmorillonite and muscovite)[END_REF][START_REF] Farkaš | Calcium isotope constraints on the uptake and sources of Ca 2+ in a base-poor forest: A new concept of combining stable (δ 44/42 Ca) and radiogenic (εCa) signals[END_REF][START_REF] Uhlig | Mineral nutrients sourced in deep regolith sustain long-term nutrition of mountainous temperate forest ecosystems[END_REF]. Additional studies including detailed investigations of the primary and secondary mineralogical phases of the luvisol and their Sr isotope compositions will likely be necessary to answer this question.

The observed difference in 87 Sr/ 86 Sr signatures could also be explained by the different life cycle of trees and cereals: trees integrate nutrient sources over their entire life cycle, which is much longer than that of a cereal. A change in source could therefore also have affected the trees, but would not have been visible in the ash, resulting from a combination of different species and containing elements accumulated over the whole life of the different trees. A fine study of the different root types could identify the sources of this variability, since the fine roots in trees are responsible for the current uptake of nutrients (over a season or up to a year), whereas the large and medium roots reflect older nutrient sources [START_REF] Schmitt | Calcium biogeochemical cycle at the beech tree-soil solution interface from the Strengbach CZO (NE France): insights from stable Ca and radiogenic Sr isotopes[END_REF]. The 87 Sr/ 86 Sr isotope variability within different EP cereal organs points to some heterogeneity in nutrient sources, but all of these organs remain less radiogenic than the ash (c.f. paragraph 4.2 and Fig. 6).

The proportions of carbonate sources could also vary over space and time. However, luvisol is decarbonated and there were no outcrops of carbonates on the experimental plot. On the other hand, chalk was spread in the neighbouring fields (including the CONV field). Chalk dust could therefore have blown away and been deposited via dry or wet atmospheric deposition on the soils in the Bois d'Arrouaise. Furthermore, the local geological map (Celet et al, 1979) and cartographic compilation work (Lehmkuhl et al, 2021) report thick loessic formations (aeolian silt) in the area where the experimental plot is located. As the isotopic signatures of the chalk are close to those of the loess sampled in the study area, it is impossible to distinguish between these two sources. Furthermore, it should be noted that the isotopic signature of the atmospheric inputs in Sr (stable and radiogenic) was compatible with a carbonate signature. This was the J o u r n a l P r e -p r o o f signature of the dissolved fraction, suggesting that a loess, a marled soil and/or a chalk fraction was dissolved there. However, given the very low concentrations of Ca (85 nmol/L) and Sr (0.16 nmol/L), the dissolved fraction is unlikely to be their main source; atmospheric dust is a more likely candidate. Numerous studies have highlighted the role of forests, and more generally of vegetation, in preventing soil erosion, but also in retaining dust particles carried by the wind (e.g. [START_REF] Grousset | Tracing dust sources and transport patterns using Sr, Nd and Pb isotopes[END_REF]Yan et al., 2011 and refs;[START_REF] Lequy | Impacts of Aeolian dust deposition on European forest sustainability: A review[END_REF][START_REF] Wei | Forest Roles in Particle Removal during Spring Dust Storms on Transport Path[END_REF]. We therefore assume that local atmospheric dust volumes have recently increased, and are now trapped in the local forest environment sheltered from the wind. This increase in airborne dust could be due to the clearing of land (late 19th century, 1960s) and the subsequent conversion of grazing land and pastures to agriculture (early 1990s). Bare silty agricultural land is known to produce large volumes of dust (Katra et al, 2016). This could contribute about 30 % of the carbonate fraction to the ash, and the percentage could increase to 75 ± 2 % (2SD, N=7) or 85% ± 2 % (2SD, N=7), depending on whether the end-member was the leachate from the chalk or loess or the leachate from the EP soils for the EP caryopses. These results are consistent with those of Drouet et al. (2005a), who showed that, in the Ardennes forests on acidic bedrock adjacent to our experimental plot, the origin of Sr was ~ 40% atmospheric.

Tracing potential alkaline amendments for plant husbandry history

From the beginnings of agriculture from the Neolithic to the Iron Age, the evolution of alkaline amendment practices is still poorly known (e.g. Mazoyet and Roudard, 1997;[START_REF] Vannière | Histoire des feux et pratiques agraires du Néolithique à l'âge du Fer en région Centre (France) : implications territoriales, démographiques et environnementales[END_REF]Neveu et al, 2021). In the temperate forests of northern France and Europe, the practice of spreading ash is suspected to date back to the Neolithic period and may have continued in some cases into the Middle Ages. The first farmers cleared forest land to plant food crops and to graze their livestock (e.g. [START_REF] Iversen | Forest clearance in the Stone Age[END_REF][START_REF] Huttunen | Early land use, especially the slashand-burn cultivation in the commune of Lammi, southern Finland, interpreted mainly using pollen and charcoal analyses[END_REF][START_REF] Vuorela | Palynological evidence of slash-andburn cultivation in South Finland[END_REF][START_REF] Vannière | Histoire des feux et pratiques agraires du Néolithique à l'âge du Fer en région Centre (France) : implications territoriales, démographiques et environnementales[END_REF].

J o u r n a l P r e -p r o o f

In order to rectify soil pH, the farmers used alkaline amendments, although it is not known which ones were used when and where (plant ash or local limestone). From the results of the present-day reference frame, we can deduce that we could transpose the results obtained on grains grown on haplic luvisols to similar terrains, such as for example the loess cover in the Paris basin, provided that they are not affected by diagenetic or post-formation alteration phenomena (e.g. Cerling, 1984;Amandson et al., 1994;[START_REF] Budd | The destruction of paleoclimatic isotopic signals in Pleistocene carbonate soil nodules of Western Australia[END_REF]Brazier et al., 2020a) more radiogenic signatures of cereal grains reflect a more important silicate influence while less radiogenic signatures reflect a carbonate influence. We propose that a silicate influence would correspond more to an ashy amendment while a carbonate influence would indicate a marling/chalking type of amendment. Studying caryopses of different spatial and temporal origins covering the period from the beginning of the Neolithic (from 5600 to 2100 years BC)

to Antiquity (from 52 BC to 476 AD) would allow us to verify if there was a spatial and/or temporal homogeneity in these practices and would clarify the transition from one technique to another.

Based on a predefined geological context, the results of our study concern a set of plants grown on luvisols derived from the weathering of thick loess formations in the humid temperate climate of Northern France. Under these conditions, we identified less radiogenic signatures in plant organs than in the soils or their leachates, indicating either (1) a change in the nutrient reservoirs within soils over time, or in their proportion, or (2) a variable contribution of atmospheric inputs of carbonate origin.

During the formation and evolution of luvisols from loessic deposits, many secondary minerals that are more or less radiogenic in Sr (e.g. iron oxides, clay minerals), can change in abundance, thus leading to differences in isotopic signatures within the non-carbonate fraction, and within the plants that will develop from these soils.

J o u r n a l P r e -p r o o f

In the Neolithic period, people cultivated small plots of land. Even though a change in land use from forest cover to cultivated fields has been confirmed by observations of soil erosion as early as 4000 yrs BP [START_REF] Koiralaa | Human and climate global-scale imprint on sediment[END_REF], it is estimated that until 1000 BC, most of northwestern Europe was still forested [START_REF] Kirby | The ecological history of European forests[END_REF][START_REF] Foster | The importance of landuse legacies to ecology and conservation[END_REF][START_REF] Egan | The Historical Ecology Handbook[END_REF][START_REF] Dutoit | Sampling soil wood charcoals at a high spatial resolution: a new methodology to investigate the origin of grassland plant communities[END_REF]. We can therefore assume that the wind erosion of soils at that time was less important than it is today. Indeed, vegetation cover was more extensive, there were fewer outcroppings of carbonate rocks (e.g. chalk), and surface areas of bare soil subject to deflation were also smaller. In contrast to today's situation, atmospheric deposition (from the wind deflation of carbonate loose particles) must have been much lower in the early days of agriculture. Therefore, it would be logical to obtain more radiogenic signatures on cereal grains in the case of ash amendments on fields in the past.

Conclusion

We identified a positive correlation between  88/86 Sr and  44/40 Ca of the samples, suggesting that Ca and Sr are from similar mass-dependent isotope sources and had undergone similar fractionation mechanisms. Intra-organ variability in cereals was also observed, reflecting variability in the nutrient source during the plant growth cycle as well as biological fractionation. Caryopses consistently had the most enriched signatures of the lighter Sr isotope ( 86 Sr), which may suggest that Sr is related to the precipitation of Ca oxalates. To limit interand intra-organ variability, we focused our study on samples of 10 caryopses for each cereal sample analysed.

From our study, it appears that the ash-amended grains are more radiogenic than the marled (with chalk) ones but less so than the soil leachates or the ash itself from the experimental plot.

This can be explained in two ways: (1) either the source of Sr varied, or the proportion of several different sources varied, and/or (2) atmospheric inputs of carbonated dust were involved. For J o u r n a l P r e -p r o o f cereals grown on loessic luvisols, our study showed a more radiogenic grain signature if ash from local wood had been applied. The Sr isotope signature was less radiogenic in the case of calcareous amendments (marling). Applying measurements of radiogenic Sr isotopes to archaeological cereal grains (from the Neolithic to the modern period) grown in similar environments as in this study and not affected by diagenesis, should therefore make it possible to identify ancient alkaline amendment practices. This type of analysis deployed in similar contexts (>2m thick siliceous soil cover, calcareous substrate and humid climate) and on large numbers of archaeological plant remains would make it possible to identify the spatial and temporal variability in the different amendment practices and would reveal potential transitions from one technique to another. 
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HIER 1, HIER 2 and GOUZ, and 92% (N=1) for CONV of a chalk leachate type signature. This agrees with the literature: the older the marling activity, the more calcium and carbonate there is in the soil [START_REF] Goulding | Soil acidification and the importance of liming agricultural soils with particular reference to the United Kingdom[END_REF], which is reflected in the grains.

The cereals from the EP plot show low radiogenic signatures compared to what would be expected from the values for the soils on which they grew (Fig. 8). It should also be noted that the ash (0.72545 ± 0.00001, N=1) from trees grown on the EP plot was also less radiogenic than the EP plot soils, but more so than the cereal grains grown after thinning the forest plot.

Other studies in a forest environment on acidic soil in the Vosges mountains in France have shown Sr isotope compositions in plants that are less radiogenic than in the soils (or soil leachates) on which they grew [START_REF] Schmitt | Calcium biogeochemical cycle at the beech tree-soil solution interface from the Strengbach CZO (NE France): insights from stable Ca and radiogenic Sr isotopes[END_REF][START_REF] Brazier | Calcium isotopic fractionation during adsorption onto and desorption from soil phyllosilicates (kaolinite, montmorillonite and muscovite)[END_REF]. In such a case the authors suggested an influence not of the bulk soil or soil leachates, but of the soil solution, or directly from specific primary or secondary mineral phases (apatite, plagioclase, clay minerals, oxide-hydroxides...), which are less radiogenic than the bulk soil. [START_REF] Farkaš | Calcium isotope constraints on the uptake and sources of Ca 2+ in a base-poor forest: A new concept of combining stable (δ 44/42 Ca) and radiogenic (εCa) signals[END_REF] confirmed that roots can bypass the exchange complex to take up nutrients. Indeed, their study shows that roots remove nutrients from wet atmospheric deposits, complexed organically in forest soils, as well as from the dissolution of apatite and plagioclase. More recently, [START_REF] Uhlig | Mineral nutrients sourced in deep regolith sustain long-term nutrition of mountainous temperate forest ecosystems[END_REF] confirmed this decoupling and showed that in a forest ecosystem, plant tissues and organic matter had a Sr isotope signature similar to that of the biologically available calcium-bound P fraction. Such reservoirs could explain the lower 87 Sr/ 86 Sr signatures of plant organs compared to soils in our study.

In this case, a change in the nutrient reservoir or in the proportion of the nutrient reservoir when the trees were replaced by cereals must be considered. This could be explained in particular by the different rooting architectures of the different types of vegetation; the tree and cereal roots would draw nutrients from different soil reservoirs. Previous studies have focused on forest ecosystems developed on a granitic bedrock, which excludes any direct comparison with the cm. In September 2018, an ash amendment was applied (pH = 9.5) inside the EP (cleared soil) while no amendment was received outside the EP.
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Highlights

• we identified which technique (marling or plant ash) was used to amend cereal crops

•  44/40 Ca- 88/86 Sr-87 Sr/ 86 Sr combined approach is useful for archaeological samples