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Combining conventional tree-ring measurements with wood anatomy and strontium isotope analyses enables dendroprovenancing at the local scale

INTRODUCTION

Determining the geographic provenance of timber is paramount in fields of research dealing with both modern wood (e.g. conservation and biodiversity studies; forensic sciences fighting illegal logging; wine barrel industry) and wood from (pre)historical contexts (e.g. history, archaeology, art history, paleoecology/climatology). The identification of the geographic source of timber (i.e. dendroprovenancing; Eckstein and Wrobel, 2007) has provided insights into the use of local and far afield wood resources in different periods and places, and by inference, into the organization of timber supply and trade networks in the past [START_REF] Domínguez-Delmás | Long-distance oak supply in mid-2nd century AD revealed: The case of a Roman harbour (Voorburg-Arentsburg) in the Netherlands[END_REF]Bernabei et al., 2019;[START_REF] Daly | Batavia shipwreck timbers reveal a key to Dutch success in 17th-century world trade[END_REF][START_REF] Daly | The sources of Baltic oak[END_REF]. Dendroprovenancing is also used to identify source areas of historic wood used to reconstruct past climate variability (Büntgen et al., 2011;Cook et al., 2015), and to assist in the detection of illegally logged wood and illicit trafficking of art objects (Dormott et al., 2015;Gori et al., 2015;[START_REF] Crivellaro | Wood identification to combat illegal timber trade: the situation in Italy[END_REF].

Scientific techniques used to determine the provenance of wood include visual, genetic and chemical methods [START_REF] Dormontt | Forensic timber identification: It's time to integrate disciplines to combat illegal logging[END_REF]. For example, species identification based on visual (i.e. observation of macro-and micro-wood anatomical features; Schoch et al., 2004;Gasson et al., 2011;[START_REF] Crivellaro | Atlas of Wood, Bark and Pith Anatomy of Eastern Mediterranean Trees and Shrubs: with a special focus on Cyprus[END_REF]Ruffinatto and Crivellaro 2019) or chemical (i.e. analysis of biochemical compounds in wood; Coté, 1968;Hao et al, 2021) approaches can point towards the geographic provenance of species with restricted distribution areas (e.g. Traoré et al., 2018). DNA markers and haplotype determination have likewise been tested to pinpoint the origin of wood with different degrees of success on oak timbers from historic shipwrecks and buildings (Speirs et al., 2009;Akhmetzyanov et al., 2020a), modern oak used by the cooperage industry in France (Deguilloux et al., 2004), and on tropical species traded for furniture and other uses (Lowe and Cross, 2011;Paredes-Villanueva et al., 2019). Similarly, chemical techniques have been employed to analyze stable isotopes in wood to trace its origin. In fact, stable isotope ratios of carbon, oxygen and hydrogen measured in tree-ring cellulose will provide prime insights into the eco-physiological processes and related climate conditions governing tree growth at a given site (McCarroll and Loader, 2004). This information will be stored in the wood of growth rings and keep a specific isotopic fingerprint corresponding to the climatic factors from the site at which the tree grows, thereby tracing its provenance. Stable carbon isotopes, for instance, have provided good results in dry 2 areas of the Southwestern U.S. (Kagawa and Leavitt, 2010). In the same region, strontium isotopes were also used to pinpoint the provenance of ancient wood from Chaco Canyon (English et al., 2001;Reynolds et al., 2005). Unlike ratios of carbon, oxygen or hydrogen isotope, strontium isotopes are more independent of climatological conditions and can therefore provide a geochemical signature related to the soil in which trees grow (Hajj et al, 2017), which characteristics are linked to weathered rocks underneath. Strontium isotopes have also been used to trace the origin of historic wood in the Eastern Mediterranean (Rich et al., 2016a;2016b), demonstrating that they are a good proxy for timber provenancing when the material has not been waterlogged (Hajj et al., 2017;Domínguez-Delmás et al., 2020b;Van Ham-Meert et al., 2020).

The oldest and most conventional approach employed to determine the provenance of (pre)historic wood originating from temperate forests is dendrochronology, the scientific discipline studying growth rings in wood to determine their age and provenance. In fact, annual alterations in environmental conditions induce year-toyear changes in the growth of tree rings (Fritts, 1976;Schweingruber, 1996), resulting in growth patterns (i.e. tree-ring series) that are characteristic for the tree species in a specific area. Differences in environmental conditions along the longitudinal, latitudinal and elevation gradients will induce spatial variations in growth patterns, allowing inferences about the source area of wood (Bridge, 2012). The most commonly used approach to provenance wood with tree rings consists in correlating the tree-ring series of the wood under study with site or regional ring-width chronologies (Baillie, 1982). The area represented by the reference chronology providing the strongest statistical match (using Student's t-value and/or Pearson's correlation coefficient) is then considered the potential source area of the wood. The approach to dendroprovenancing based on correlations assumes that the (dis-)similarity of tree growth can be quantified by statistical measures of proximity, and that statistical similarity means geographic vicinity (Gut, 2018). Yet, these assumptions have several pitfalls (Bridge, 2012;Gut, 2018), some of which have been addressed in recent studies (Fowler and Bridge, 2015;[START_REF] Drake | Source & Sourceability: Towards a probabilistic framework for dendroprovenance based on hypothesis testing and Bayesian inference[END_REF]Gut, 2020). Furthermore, in climate regimes with low topographic complexity (e.g. climate of the Atlantic region), complacent tree growth is a major limiting factor for tree-ring based dendroprovenancing (Bridge, 2012;[START_REF] Drake | Source & Sourceability: Towards a probabilistic framework for dendroprovenance based on hypothesis testing and Bayesian inference[END_REF]Domínguez-Delmás et al., 2020a;Gut, 2020). In studies focusing on short-distance timber trade (<100 km), these limitations are even more restrictive as the probability to find locally characteristic ring-width patterns decreases with shorter distances. quantitative wood anatomy (QWA) is thought to have the largest potential to overcome some of the above caveats and to increase the robustness and precision of dendroprovenancing. In fact, QWA assesses variability of wood cell anatomical features in dated tree-rings (von Arx et al., 2016;Pritzkov et al., 2016;Souto-Herrero et al., 2017) and thus provides key insights into wood functional responses or growth conditions at intra-annual resolution. Such differences in anatomical features within annual growth rings does not only allow establishing past and current intra-annual structure-function relationships in trees, but also assessment of their sensitivity to environmental variability (e.g. Fonti and García-González, 2008;Zweifel et al. 2006;Eilmann et al. 2011).

Series of wood anatomical features thus carry specific environmental signals prevailing at a given site at specific times of the growing season. As such, they contain signals which will not necessarily be replicated in the patterns encoded in ring-width series, thereby adding a key source of additional site -and species-specific information (Fonti and García-González, 2008;[START_REF] Campelo | Vessel features of Quercus Ilex L. growing under Mediterranean climate have a better climatic signal than tree-ring width[END_REF][START_REF] Castagneri | Divergent climate response on hydraulic-related xylem anatomical traits of Picea abies along a 900-m altitudinal gradient[END_REF]Ziaco et al., 2016).

These wood anatomical features therefore hold great potential to clarify and expand the environmental information contained in wood (Ziaco and Liang, 2019), and consequently to increase the accuracy of dendroprovenancing.

Enhancing the accuracy and resolution of wood provenance is paramount in studies dealing with domestic timber supply and historical forestry practices, as well as in multi-scale analyses of human-environment interactions that reach far into the past using historic timbers (Eissing and Dittmar, 2011;Gut, 2018;Muigg and Tegel, 2020;Tegel et al., 2022). Indeed, several authors pleaded for the use of a multi-proxy approach to further improve the accuracy of wood provenancing, namely in studies aimed at inferring the provenance of shipwreck timbers (Domínguez-Delmás et al., 2020b;Akhmetzyanov et al., 2020a;Akhmetzyanov et al. 2020b) or at pinpointing the origin of oak timbers in Northern Spain (Akhmetzyanov et al., 2019).

Here, we assess the potential of a multiproxy approach in which we combine tree-ring widths, quantitative wood anatomy and strontium isotopes from living oak (Quercus robur L.) trees to discriminate wood from four woodlands located around the city of Limoges (Haute-Vienne, France). The sites sampled likely supplied timber for construction activities in the city throughout the past millennium. We chose to focus our study on Quercus robur as a vast majority of historic buildings in Limoges are made of oak wood. The small geographic scale of our study area (<100 km radius) makes this explorative study particularly challenging given the fairly limited geologic, topographic, and climatic variability within the region. At the same time, if successful, this study would clearly enhance the significance of its results beyond the regional character. In other words, the development of an approach allowing high-resolution provenancing of historically forested areas would push timber analyses to new frontier and would allow comparative studies about the success and failure of historical forestry practices towards sustainable timber production across different geographic regions.

MATERIALS AND METHODS

STUDY AREA AND SAMPLING SITES

This study was realized in the Haute-Vienne department of central France (Fig. 1a). Unlike coastal areas of continental Europe that have been deforested during the late Middle Ages and where timber provenance studies consequently have to address long-distance trade, the Nouvelle-Aquitaine region remained largely covered by broadleaf woodlands (Paradis-Grenouillet and Crouzevialle 2021). Wood drifting was thus limited to the rivers Taurion and Vienne, and it is attested from the 12 th to the 19 th centuries. Archival documents mention that forests located c. 30 km north and east of Limoges were intensively exploited to provide the city and the surrounding villages with firewood. Oak (Quercus robur and Q. petraea) timber employed in construction is never directly mentioned in the historical sources related to wood drifting, but it is reasonable to hypothesize that it was also collected from local forests and transported on the rivers (Paradis-Grenouillet and Crouzevialle 2021).

Within the study area, the sampling sites were chosen based on their potential to have supplied the city of Limoges with oak construction timber. Because archival documents referring to the transportation of oak timber products in Limoges do not contain any specific information on construction timber, we defined four areas of possible interest along the cardinal directions within a 30-km radius around Limoges. In each area, sites were identified according to three main criteria: (1) the age of oak trees (>50 yr) to maximize the chances to obtain robust, multi-decadal TRW and QWA chronologies; (2) limited micro-topography (i.e. relatively flat areas) to avoid the occurrence of growth disturbances that are induced by factors other than climatic and would blur the climate signals in the tree-ring series; (3) comparable density and diameters of oak trees. To meet these criteria, we analyzed times series of historical maps and aerial photographs (available at https://geoportail.gouv.fr) for a preliminary identification of private or public lots with a stable forest cover over the last three centuries. Although we initially considered limited anthropogenic disturbances as an additional, fourth selection criterion, we finally had to include in the site selection woodlands managed through the coppice-with-standards practice, as this was widespread in the region since ancient times. Four sites around Limoges met the above-mentioned criteria and were thus selected for analysis: Saint-Hilaire-les-Places (HIL), Bujaleuf (BUJ), Rochechouart (ROC), and Compreignac (COM). The characteristics and locations of the sites are provided in Fig. 1b and Table 1.

All stands are characterized by a predominance of pedunculate oaks (Quercus robur L.) mixed with sweet chestnuts (Castanea sativa Mill.) and European beech trees (Fagus sylvatica L.) and a limited elevational gradient ranging from 260 (ROC) to 430 m a.s.l. (COM). According to the 0.1 × 0.1 lat/long E-OBS gridded climate dataset [START_REF] Cornes | An Ensemble Version of the E-OBS Temperature and Precipitation Data Sets[END_REF], mean annual temperatures range between 10.65°C (BUJ) and 11.58°C (ROC). Precipitation totals average 914, 994, 1010, and 1078 mm at ROC, COM, HIL and BUJ, respectively. Temperature and precipitation conditions are characteristic of oceanic climate and are comparable among the four sites (Fig. 1c) with cool summers (15.5°C on average in June, July and August), mild winters (4°C in December, January and February) and the absence of a pronounced dry season. From a geological perspective, the substratum is composed primarily of plutonic rocks at all four sites, sometimes slightly metamorphized, on which more or less acidic soils of varying depth and fragmented rock content (depending on topographic context) have developed from granitic arenas (Table 2).

SAMPLE COLLECTION AND PREPARATION

At each site, 20 to 30 dominant pedunculate oak (Quercus robur L.) trees were sampled in October 2020 and in April 2021 based on their stem diameter and estimated age. For each tree, two 5.5 mm cores were extracted at breast height (c. 130 cm above ground) using a Pressler increment borer. At each site, five cores from five different trees were isolated and stored for geochemical analyses. All other samples were prepared using standard dendrochronological procedures (Bräker, 2002): cores were air dried, glued onto wooden supports and sanded using progressively finer sandpaper (i.e. 120, 240, 400 and 600 grit) before they were scanned at 2400 DPI using an Epson 10000 XL Scanner.

For wood anatomical measurements, we retained samples from those 10 trees showing the highest intra-site correlations (see cross-dating procedure, section 3.2) at each site. Sanding dust was removed from vessel lumina with a high-pressure air hose and cores were blackened with a permanent marker. Thereafter, vessels were filled with pulverized white chalk to enhance contrast between the black ink and the white vessels for a better quantification of vessel lumina. A series of high-resolution overlapping images of the tainted cores were then acquired with an ATRICS device (ADVANCE system;Levanič, 2007). The resulting high-resolution Images (i.e. four to seven depending on core length) were subsequently stitched together using Image Composite Editor (https://www.microsoft.com/en-us/research/product/computational-photography-applications/imagecomposite-editor/).

For each core previously stored for geochemical analyses, a 2g fragment of heartwood was cut and finely ground manually. The next steps were done in a clean room in order to avoid any contamination.

Approximatively 200 mg of wood chips of each sample were placed in a glass tube previously washed. Samples were suspended in ultrapure H2O2 for one night, then in ultra-pure nitric acid (69% Seastar) and mineralized using a microwave digester (UltraWave Milestone). The resulting solutions were diluted to 10 ml with ultrapure water.

DEVELOPMENT OF TREE-RING AND WOOD ANATOMICAL CHRONOLOGIES

Overall TRW as well as early-(EW) and latewood (LW) widths were measured and cross-dated using the CooRecorder / CDendro 7.6 software (Cybis 2016, http://www.cybis.se/forfun/dendro/index.htm). The ringporous structure of oak allowed for a clear distinction between EW and LW. Cross-dated series from the same trees were averaged into individual TRW, EW and LW series. To remove age trends and trends related to forest dynamics, series were detrended with a cubic smoothing spline (Cook et al., 1981) with a frequency response of 50% at a wavelength of 30 years.

Vessel size parameters were measured semi-automatically on the stitched images using the ROXAS software (Von Arx and Carrer, 2014). Because most of the climate signal appears to be recorded by the largest vessels (García-González et al., 2016), vessels smaller than 10.000 μm 2 -typically formed in the late growing seasonwere excluded from further analyses. In total, we developed chronologies for ten vessel-related variables available from ROXAS outputs, which are mean cell lumen area (MLA), maximum cell lumen area (MaxLA), minimum cell lumen area (MinLA), number of cells (CNo), cumulative area of all counted cells (CTA), mean percentage of conductive area within xylem (RCTA), cell density (CD), theoretical hydraulic conductivity (Kh), theoretical xylem-specific hydraulic conductivity per annual ring (Ks), and mean hydraulic diameter per ring (Dh) (Table 3). Similar detrending procedures were used for the vessel, TRW, EW and LW chronologies (García-González et al., 2016). Statistics were computed for all detrended series using the dplR package [START_REF] Bunn | A dendrochronology program library in R (dplR)[END_REF] in R 4.1.1 (R Core Team, 2020). These included mean inter-series correlation (Rbar), expressed population signal (EPS; [START_REF] Bunn | A dendrochronology program library in R (dplR)[END_REF] and first-order autocorrelation (AC). Running Rbar and EPS values were computed at each site using a 30-year moving window with a 29-year overlap to illustrate changes in the strength of common patterns of radial growth over time. We used an EPS≥0.85 threshold to attest the robustness of all site chronologies (Wigley et al., 1984;[START_REF] Buras | A comment on the expressed population signal[END_REF].

SPATIAL PATTERNS OF TIME SERIES AND GRADIENT ANALYSES

Many of the 13 measured or derived variables (TRW, vessel variables) are correlated and carry redundant information (García-González et al., 2016;Akhmetzyanov et al., 2019). Therefore, we reduced the dimensionality of our dataset of interrelated site-series detrended chronologies with a principal component analysis (varimax-rotated PCA) and kept only those variables carrying the most complementary information based on their loadings on the first two principal components (González-González et al., 2016;Kniesel et al., 2015;García-González et al., 2016). To assess geographic patterns of annual variation in the PCA-selected proxies, we performed a Principal Component Gradient Analysis (PCGA; [START_REF] Buras | Tuning the voices of a choir: Detecting ecological gradients in time-series populations[END_REF] designed to identify clusters of shared growth patterns at the scale of individual trees and to visualize whether these clusters are related to available explanatory variables such as site or climatic parameters [START_REF] Domínguez-Delmás | Tree-ring chronologies, stable strontium isotopes and biochemical compounds: Towards reference datasets to provenance Iberian shipwreck timbers[END_REF]. The PCGA makes use of polar coordinates of loadings from the first two axes obtained from a regular PCA to define tree-ring series of similar trends [START_REF] Buras | Tuning the voices of a choir: Detecting ecological gradients in time-series populations[END_REF], thus allowing for a precise understanding of mechanisms causing population gradients. To test whether the PCGA-loadings indicate site specific growth signals, we applied a Wilcoxon rank-sum test which, when significant, indicates a difference in the non-parametric means between the PCGA loadings of site pairs.

In dendroprovenancing studies, the precise origin of timber is most of the time unknown. To test the legitimacy of the PCGA approach to pinpoint the origin of a tree, and hence evaluate its interest for dendroprovenancing, we sequentially removed one tree from our original dataset and recomputed the PCGA. To evaluate the geographic origin in the PCGA from this leave-one-out analysis, we (1) correlated the time series that was not included in the PCGA with the first two PCs and used the latter correlation values as PC loadings (Akhmetzyanov et al., 2019). For each site, we (2) averaged the Euclidean distances calculated between the PCloadings of the left-out tree and the PC-loadings of each tree included in the PCGA. Lastly, (3) we assigned each left-out tree to a site based on the minimum mean Euclidean distance and computed a confusion matrix to assess the robustness of the PCGA for each TRW and vessel parameter.

POSSIBLE CLIMATIC DRIVERS OF THE PCGA GRADIENTS

We then explored whether climatic variables could explain possible gradients detected during the PCGA. To this end, we performed correlation analyses between the detrended TRW and vessel chronologies and monthly climatic variables (1951-2020) using bootstrapped correlation functions (BCF) from the Treeclim package (Zang and Biondi, 2015) in R (R Core Team, 2016). In BCF, correlation of precipitation -considered as primary variable -with tree-growth was computed as a Pearson 's linear correlation coefficient. This linear correlation was then removed to compute the partial correlation of the secondary variable (monthly temperature in our case) with the predictand.

Following the approach developed by Akhmetzyanov et al. ( 2019), we then correlated climatic variables identified as significant from the BCF with each tree-ring series using Spearman's rank correlation so as to account for non-normally distributed data. We used (1) the Spearman's rank correlation performed between climate correlations and the PCGA rank to detect potential variations of climate correlations along the PCGA gradient and (2) the Wilcoxon rank-sum tests to highlight potential effects of geographic origin on climate correlations. Meteorological data included both monthly temperature and precipitation series extracted at each site from the E-OBS gridded dataset (0.1 × 0.1 lat/long, [START_REF] Cornes | An Ensemble Version of the E-OBS Temperature and Precipitation Data Sets[END_REF] and monthly standardized precipitation-evapotranspiration index (SPEI, 0.5 × 0.5 lat/long, Vicente-Serrano et al., 2012).

MAJOR AND TRACE ELEMENT CONCENTRATION ANALYSIS AND 87 SR/ 86 SR RATIOS MEASUREMENTS IN

WOOD

Geochemical analysis (major and trace element concentration analysis and 87 Sr/ 86 Sr ratios measurements) were performed at SARM (CRPG Nancy). Aliquots of each sample were analyzed for major (ICP-OES Icp 6500 radial, Thermo-Scientific) and trace (ICP-MS Icap-Q, Thermo-Scientific) element concentration. In order to purify the solution and isolate the Sr from the rest of the matrix before isotopes measurements, the remaining solutions were evaporated in Teflon vials (Savillex) and the dry residues were recovered in ultrapure 2M HNO3 then passed through an ion exchange column (Pin et al, 1997). Sr isotope ratios were measured by Thermal Ionization Mass Spectrometry (TIMS Triton +, Thermo-Scientific). Samples were loaded (about 100ng of Sr) on a rhenium filament using 1 μl of a mixture of TaO2, HF and H3PO4 as activator. Analysis was performed with 5 blocks of 15 cycles. The isotopic ratios measured were corrected for the fractionation process in the mass spectrometer using normalization to the 88 Sr/ 86 Sr ratio of 8.375209 and 87 Sr was corrected for 87 Rb by measuring 85 Rb. During mass-spectrometer analysis, blank samples and control samples were routinely analyzed to check the quality of the upstream chromatographic separation. An international standard solution (NBS987) was analyzed during each set of measures to monitor and correct the isotopic ratios of the sample.

For each analysis day, the standard error (2SE) was determined from reproducibility of NBS 987 standard 87 Sr/ 86 Sr measurements. Values of 2SE varied between 8 * 10 -6 to 1*10 -5 .

RESULTS

SELECTION OF VARIABLES

The principal component analyses performed at the four sites (39 trees in total over the period 1951-2020) on the spline-detrended chronologies allowed identification of similar clusters across all sites, with variables referring to radial growth (TRW, LW), to vessel size (MLA, MaxLA, Dh and Kh) and number of vessels (CNo and CD) (Fig. S1). As TRW, CD and MLA showed the highest contributions to PC1 and PC2 at all sites amongst the 13 ring-width and vessel chronologies available from tree-ring and wood anatomical analyses, they were retained for further analysis. Based on the PCA results, these variables belong to different clusters and are supposed to carry contrasting and site-specific information.

Higher Rbar, EPS and AC statistics were computed for TRW as compared to CD and MLA chronologies (Table 4).

Despite the rather limited number of trees included in the four site chronologies, moving EPS, computed for TRW chronologies, exceeded the 0.85 threshold at all sites for most of the period 1951-2020 (Fig. 2). By contrast, CD and MLA chronologies failed to pass this threshold (Figs. S2,S3). The highest Rbar values were obtained for the TRW and CD series from Compreignac whereas comparable, albeit slightly lower, values are found at Bujaleuf, Saint-Hilaire-les-Places and Rochechouart. By contrast, for MLA, mean inter-series correlation was weaker at Compreignac (0.10) and Rochechouart (0.14). At the site scale, the correlation matrix computed between the three detrended chronologies (Fig. S4) showed that the TRW and CD chronologies share between 58 (r=-0.76) and 77% (r=-0.88) of common variability. By contrast, correlations between CD and MLA were only rarely significant. Inter-site correlations computed between TRW chronologies (0.58 -0.7) were significantly higher than those found between MLA chronologies (0.26 -0.42).

GRADIENT DETECTION

The principal component gradient analyses (PCGA) computed over the 1951-2020 period for the TRW, CD and MLA series showed diverging results (Fig. 3). For TRW, the PCGA differentiates three clusters that are composed primarily of the ring-width series from Bujaleuf, Compreignac and Rochechouart (Fig. 3a). The Wilcoxon rank-sum test confirmed that the non-parametric means of the PCGA loadings of site pairs statistically differ between the three sites. By contrast, it failed to discriminate Saint-Hilaire-les-Places from Bujaleuf and Rochechouart. Results from the leave-one-out analysis showed that 100% of the trees from COM and ROC were assigned to their original sites. By contrast, only 50% of the trees sampled at Bujaleuf were properly allocated, whereas 40% and 10% were considered to belong to Rochechouart and Compreignac, respectively. The PCGA performed on the spline detrended CD series and the Wilcoxon rank-sum test (Fig. 3b) isolated a cluster composed of trees from Bujaleuf from a second group that indifferently integrated trees from the three other sites. The confusion matrix from the leave-one-out analysis showed that 9 out of 10 trees from Bujaleuf and one tree from HIL were traced back to the above-mentioned cluster. In the case of the MLA series, the PCGA identified a cluster composed of Compreignac series that was distinct from a second group including trees from the three other sites (Fig. 4b). Yet, the leave-one-out analysis, which failed to assign MLA series from Compreignac trees to the correct cluster, confirmed the results.

CLIMATIC DRIVERS OF THE PCGA GRADIENTS

We then investigated oak climate-growth relationships at the four sites following a two-step procedure.

Bootstrap correlation functions were computed in step 1 between the TRW and CD site chronologies over the 1951-2020 period; they showed comparable, albeit inverted, profiles (Fig. S5a,c). At the four sites, TRW and CD are mainly driven by late spring and summer (May (n) -July (n)) and, to a lesser extent, previous August (n-1) and March (n) temperatures. Site comparison shows that RW and CD chronologies from Rochechouart and Saint-Hilaire-les-Places are more sensitive to precipitation than the ones from Bujaleuf and Compreignac. For MLA chronologies, BCFs show more complex and heterogeneous profiles (Fig. S5c) with vessel lumen area being primarily and negatively constrained by spring (march to May (n)) precipitation (Fig. S5b).

In a second step, we explored the climatic drivers of the three (TRW, CD and MLA) gradients retrieved from the PCGAs. In the case of TRW (Fig. 4a), correlation analyses between the gradient derived from the PCGA and climate variables indicate a significant effect of June precipitation and drought index as well as August temperatures on the PCGA gradient. Radial growth in trees from the eastern site (Bujaleuf) are most limited by summer conditions whereas those from the other sites, especially Compreignac, did not show clear dependency. The Wilcoxon rank-sum test shows that the difference between Compreignac and the other sites is statistically significant (p<0.01). Similarly, the strength of the climate correlations also varied along the PCGA gradient as derived from CD (Fig. 4b). CD series from the easternmost location (Bujaleuf) show significantly higher correlations with drought (May-Aug) than those from the three other sites. The Wilcoxon rank-sum test also points to significant differences (p<0.01) between all site pairs with the exception of Compreignac/Rochechouart. Finally, winter (Feb-Mar) conditions as well as May (n) drought mostly explain the distinction between the MLA series obtained at Compreignac from those obtained at Bujaleuf, Saint-Hilaire-les-Places and Rochechouart (Fig. 4c).

ELEMENT CONCENTRATIONS AND WOOD 87 SR/ 86 SR RATIOS

We searched for the presence of a vast suite of major trace and rare earth elements in the twenty trees sampled for geochemical analyses. Due to concentrations below the detection limit, magnesium (Mg), sodium (Na) and silicon (Si) could not be retrieved at the sites. By contrast, concentrations of calcium (Ca) and potassium (K) -representing crucial nutrients of plants -ranged between 0.2 and 2.8 mg.g -1 . The five trees sampled at Bujaleuf showed fairly low Ca concentrations with values <0.5 mg.g -1 whereas this value was exceeded in all trees sampled at Compreignac (Figure 5a). By contrast, no clear inter-site differentiation seemed to exist in terms of K concentrations. Strontium (Sr) and rubidium (Rb) concentrations -both trace elements considered as analogues of Ca and K, respectively -ranged between 1 and 8 µg.g -1 . Concentrations of both elements allowed clear discrimination of all HIL trees -characterized by concentrations in Sr>4.9 and Rb<2.5 µg.g -1 -from those of the other sites (Compreignac, Bujaleuf and Rochechouart). The other trace elements -i.e. barium (Ba), cadmium (Cd), cobalt (Co), chromium (Cr), copper (Cu), molybdenum (Mo), niobium (Nb), lead (Pb) and lanthanum (La) -were systematically detected in trees but without any significant site signatures. Regarding rare elements, the most striking feature is their absence in trees sampled at Compreignac. Fig. 5b illustrates the ratios of 87 Sr/ 86 Sr, pointing to lower concentrations and the most homogeneous signatures at HIL (0.7096-0.7122, σ=0.001) and ROC (0.7158-0.7177, σ= 0.0008). By contrast, trees from Bujaleuf and Compreignac have higher radiogenic signatures (0.7158-0.7177), but values are also more heterogeneous (σ=0.003 and 0.0013, respectively). The Wilcoxon rank sum test performed between pairs of sites showed that isotopic signatures at Saint-Hilaire-les-Places, Rochechouart and Bujaleuf/Compreignac are statistically different (p<0.01), whereas 87 Sr/ 86 Sr ratios did not differ statistically at Bujaleuf and Compreignac.

DISCUSSION

Most studies on dendroprovenancing have hitherto been based on correlation analyses between tree-ring width (TRW) series of trees to be provenanced and networks of reference chronologies. These studies were also often devoted to long-distance timber trade (e.g. [START_REF] Domínguez-Delmás | Long-distance oak supply in mid-2nd century AD revealed: The case of a Roman harbour (Voorburg-Arentsburg) in the Netherlands[END_REF]Fraiture, 2009;Bernabei et al., 2019;[START_REF] Daly | The sources of Baltic oak[END_REF], in which case growth patterns between regions may have differed enough to identify distinct growth patterns. In recent years, research on historic timber provenance has increasingly shifted from single-parameter studies to multiproxy approaches (Akhmetzyanov et al., 2019;Akhmetzyanov et al., 2020a;Akhmetzyanov et al. 2020b;Dominguez-Delmas et al., 2020b). In this explorative study, we combined TRW, quantitative wood anatomy and stable strontium isotopes to pinpoint the provenance of wood within central France. The innovative approach has delivered very promising results and has the potential to allow dendroprovenancing at spatial scales that could not so far be addressed with the more conventional approaches.

THE SIGNAL RETAINED IN TREE-RING WIDTH SERIES

TRW-climate relations computed at the four stands sampled around the city of Limoges (Haute-Vienne, France) are comparable to those reported by Bose et al. (2021) for oak trees in the Atlantic regions of Europe, especially regarding the positive response of trees to current (n) spring to early summer and, to a lesser extent, to previous (n-1) winter (January) precipitation. This suggests that a macro-climatic signal prevails in this part of Europe (Bose et al., 2021), thereby paving the way for the development of macro-regional chronologies of oak for dating purposes. Yet, such a macro-climatic signal should also limit the potential of TRW chronologies for provenancing purposes (Bridge, 2012). Indeed, the principal component gradient analysis performed on TRW at the four sites only allowed differentiation of the series sampled at the northernmost site (COM) where sensitivity to precipitation as well as drought in spring and early summer seems to be less marked as compared to the three other stands. Yet, the leave-one-out approach in which one tree from BUJ and two trees from HIL sites were erroneously assigned to the COM cluster highlights the limited robustness of TRW-based

CONTRIBUTION OF WOOD ANATOMICAL FEATURES TO DENDROPROVENANCING

Oak cell features (e.g. cell diameter or lumen area) have been demonstrated to differ between location or along climate gradients (Fonti and García-Gonzalez, 2004) and to record climatic information where TRW normally fails (for instance at non-marginal sites, where no particular limiting factor prevails, [START_REF] Davies | An evaluation of english oak earlywood vessel area as a climate proxy in the UK[END_REF]. Therefore, cell features should -at least theoretically -present a valuable alternative to TRW as they could help to increase the precision of dendroprovenancing studies. Yet, at our sites, the common signal of mean lumen area (MLA) is lower than that of TRW and cell diameter (CD). The Rbar values obtained at HIL and ROC are comparable to those reported for Quercus robur L. in Spain (Garcia-Gonzalez and Eckstein, 2003), Quercus rubra L. and Quercus alba L. in Canada (Tardif et al, 2006), and higher than those obtained for Castanea sativa in the southern Swiss Alps (Fonti and Garcia, Gonzalez, 2004;Fonti et al., 2007). Furthermore, the MLA series are less affected by previous growth and consequently less autocorrelated than TRW (as shown in previous studies, for instance Fonti and Garcia-Gonzalez, 2004;Tardif et al., 2006). The MLA series show highly significant negative correlations with precipitation between current (n) March and June and positively correlate with March temperatures. Similar responses of oak trees to spring temperature and precipitation are reported by Fonti and Garcia-Gonzalez (2008) at mesic sites in the Swiss Alps. Despite the agreement with existing studies, PCGA and LOA approaches performed on MLA series successfully isolate trees from COM, more sensitive to winter precipitation (Feb-Mar) and spring (May) drought, but fail to discriminate trees originating from BUJ, HIL and ROC. Contrasted responses of oak vessel series -and thus their potential as a proxy for dendroprovenancing -have hitherto only been documented in regions with strongly contrasting climatic regimes. In Switzerland, Fonti and García-Gonzalez ( 2004) showed different responses of mean vessel lumen area to climate in oaks growing close to Locarno (1860 mm of annual precipitation), Zurich (1135 mm) and Sion (604 mm). Similarly, in Spain, Akhmetzyanov et al. ( 2019) used variation in latewood width (LW) and earlywood vessel size to differentiate oak trees growing in the Basque Country (189 mm of precipitation on average) from those living in Cantabrian (650 mm). At our sites, by contrast, the total difference between the wettest (BUJ, 1078 mm) and the driest (ROC, 914 mm) sites is negligible with only 164 mm, i.e. ~15% of total precipitation. This very small difference in precipitation totals probably explains the lack of similar clear differences in vessel parameters, thereby preventing a clear discrimination of wood anatomical features between sites. Finally, we obtained the most robust and promising results using cell density (CD) series. To our knowledge, this composite index has not been tested so far in dendroprovenancing studies. Computed as the ratio between number of cells and the xylem area, CD series allowed discrimination of three clusters, composed of BUJ, HIL and COM/ROC trees respectively, based on differential correlations with spring/summer drought conditions. Therefore, this parameter has revealed itself as a key tool for the discrimination between sites and we recommend further studies to test it.

GEOCHEMICAL SIGNATURE AS WOOD PROVENANCE MARKER

Unlike variables dependent of climatic conditions, such as TRW, wood anatomical features and stable oxygen or carbon isotopes, inorganic constituents present in wood are controlled by geological and pedological processes. Through the weathering of rocks, they become available in the soil from where they are taken up by trees (Hajj et al., 2017). In particular, the analysis of strontium (Sr) isotopes in wood offers an interesting, climate-independent alternative to source the origin of wood (Hajj et al, 2017;Dominguez-Delmas et al., 2020b). In Chaco Canyon (New Mexico), for instance, English et al. (2001) and Reynolds et al. (2005) used the 87 Sr/ 86 Sr ratio to trace the provenance of archeological wood samples from six Puebloan houses. In the Eastern Mediterranean region, Rich et al. (2012) showed distinct Sr signatures in cedar wood (Cedrus sp.) from different forests in Lebanon, Cyprus, and Turkey. Yet, this very promising approach to identify wood provenance is not readily applicable everywhere (Bridge, 2012), and it is supposed to be applied to trees that have been sampled at sites with distinct isotopic signatures.

At a given location, 87 Sr/ 86 Sr signature in trees depends on weathering fluxes from soils and bedrocks and on atmospheric inputs. In this study, all trees were sampled on old plutonic rocks which are supposed to be more radiogenic than atmospheric fluxes (~0. 71, Haji et al., 2017) as they contain minerals with high Sr isotopic ratios. Although the rocks have the same origin and are of the same family, our results show that three of the four sites (BUJ-COM, HIL and ROC) are significantly discriminated using the 87 Sr/ 86 Sr signatures of living trees.

We hypothesize that this discrimination could be explained, on the one hand, by different richness in radiogenic alterable minerals between the different sites, and on the other hand, by a quite homogeneous signature within a given site. This assumption is further supported by field observations (Tab. 2). At COM and BUJ, Sr signatures in trees probably reflect the signatures of soils developed from rocks rich in ferro-magnesian minerals (biotite and/or phlogopite) known to have high Sr isotopic ratios (see Table 1 in Hajj et al. 2017).

Conversely, at HIL and ROC, soils and trees developed on soils with low K and radiogenic weatherable minerals.

The limited intra-site variability also explains the discrimination we find in this study. Indeed, the most homogeneous intra-site signature, observed at ROC, probably reflects the relative vicinity of the five sampled trees (on average within 48 meters of each other) and the flat topography which in turn limits geological and edaphic variations. By contrast, the highest (albeit also small) variability observed at BUJ probably results from the larger spread of sampled trees (120 m on average between the sampled trees). At this site, the two trees (BUJ 12 and BUJ 14) with higher 87 Sr/ 86 Sr ratios were indeed sampled on a hilltop characterized by different lithology. At COM, trees were sampled at a site characterized by thick soils as well as comparable elevation and slope aspect. We hypothesize that the small intra-site variability observed in this case may result from a Sr isotopic gradient across the soil, with lower ratios resulting from atmospheric deposition at the soil surface and higher signatures explained by increasing weathering contribution closer to the bedrock. In such a setting, trees with deeper root systems will uptake water and nutrients with higher Sr isotopic ratios, and may thus have different isotopic signatures [START_REF] Dambrine | Localisation of mineral uptake by roots using Sr isotopes[END_REF]Poszwa et al. 2002). Yet, we do not have any information on the root system of the sampled trees, and therefore checked for potential relationships between Sr isotopic ratios, tree age (Fig. S6a) and diameter (Fig. S6b), and annual radial increment, with the latter being considered to indirectly reflect the dominance status of a tree (Fig. S6c). However, this analysis did not yield any clear trend that would support our assumption.

Finally, as 87 Sr/ 86 Sr ratios failed to discriminate trees from BUJ and COM, we tested Ca and K concentrations as potential geochemical tracers. Our results show that Ca concentrations differ significantly between BUJ and COM (Fig. 5a). When combined with Sr ratios (Fig. 5b), we argue that a multi-proxy approach combining Sr and Ca concentration ratios in historical woods represents a very valuable, additional tracer to increase the precision of dendroprovenancing. In that respect, we encourage future studies to couple isotopic and major trace elements analyses more systematically.

CONCLUSION

Over the last decade, the increasing need to identify the origin of wood from temperate and tropical forests with high geographical resolution has propelled the development of novel proxies for wood provenancing and implementation of combined scientific approaches. Here, we coupled tree-ring width measurements, quantitative wood anatomy and geochemical signatures to increase the precision of dendroprovenancing at the local scale, as this would inform science on the utilization of domestic forests as well as on historical management practices over the past millennium and beyond. We demonstrate that the coupling of cell density -a wood anatomical index introduced to dendroprovenancing in this study -with geochemical signatures (i.e. the 87 Sr/ 86 Sr isotopic and Sr/Ca element ratios) allows pinpointing to the origin of oak timbers originating from four stands sampled around the city of Limoges. This is a remarkable outcome in view of the small geographic scale of the research area, with very limited differences in elevation, temperature and rainfall between sites, and where complacent tree growth is only interrupted by signals that can be attributed to forest management (e.g., coppicing). The findings of this study are therefore considered to have great implications on studies focusing on historical timbers from domestic forests, as any determination of their origin with high geographical resolution will represent a crucial step forward in our understanding of the success or failure of forest management practices in past centuries; the lessons learnt can in turn serve to inform current policies in European forests. This study therefore also calls for replication in other regions and the inclusion of other species and tree-ring variables so as to ensure repeatability and reproducibility of the approach developed here. Although diffuse porous species are characterized by an early to latewood transition more difficult to identify, we believe that the approach used in this study could be adopted for such species as well. As regards conifers, maximum latewood density (MXD) and maximum latewood radial cell wall thickness (CWTrad) would be good variables to use for dendroprovenancing studies, as it was demonstrated that they are reliable proxies for past climate variability reconstruction (Björklund et al., 2020;Lopez-Saez et al., 2023). Nevertheless, it has
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One public-owned lot located on a southfacing slope.

Dense and narrowspaced beech and chestnut coppice stools.

Not managed nowadays, intense past exploitation for fuel wood production.

Compreignac (COM)

45.99° N, 1.27° E, 20 km N, Ambrazac Mounts.

Valley bottom.

Oak, beech and chestnut coppice stools of varying characteristics.

Heavily exploited until 1930, regenerating ever since.

Saint-Hilaire-les-Places (HIL)

45.66° N, 1.16° E, 20 km S, Perigord-Limousin Regional Park.

Three private lots located in a flat area.

Oak and chestnut standard trees and coppice stools.

Still exploited for timber production.

Rochechouart (ROC)

45.82° N, 0.82 ° E, 30 km W, Perigord-Limousin Regional Park.

One private lot located in a flat area. Presence of wet areas.

Standard oak trees mixed with oak and chestnut coppice stools.

Absence of management for decades, charcoal production in the past At mid slope (20%), all trees at the same altitude of about 370 m asl.

Trees on the top part of a gentle slope (420-425 m asl).

Trees in the middle of a gentle slope (between 265-270 m asl), not far from a wetland.

Geology

Colluvial weathered deposits. Dominant granite, very rich in biotite, almost gneissic.

Colluvial weathered deposits. Granite with 2 micas, medium grained.

All sites are very similar and positioned parallel to the front of a fault. Weathered granite with 2 micas.

Colluvial weathered deposits. Dominant granite with 2 micas.

Depth of soils

From thin (40 cm) at the top, to thick sandy loam soils (80 cm) down the slope.

Thick soils developed on a sandy granitic arena (70-80 cm).

Very thin and stony superficial soils (20 cm) to more thick ones (40-50 cm)

Very thin and stony superficial soils (20 cm).

Soil water storage capacity

From low (for thin soils with stones below 40 cm) to medium or high (for deep soils with few stones).

Relatively deep soils without stones but sandy.

Very low to low water storage capacity depending on the soil depth.

Very low (very thin soils with lot of stones below 20 cm).

Soil acidity estimation

Few plants indicative of acidic conditions, thin humus: assumption that the soil is not very acidic.

Few plants indicative of acidic conditions, thin humus: assumption that the soil is not very acidic.

Some plants indicating acidic conditions, thick humus: hypothesis of a fairly acidic soil.

Plants indicating acidic conditions and thick humus observed: hypothesis of a rather acidic soil.

Tab. 2. Description of site topography, geology and soils.
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 2 Fig.2. Ring-width spline detrended chronologies (lower panel) and Express Population Signal (EPS, upper panel) computed across a 30-year moving window with a 29-year overlap for the Bujaleuf (a), Compreignac (b), Saint-Hilaire-les-Places (c) and Rochechouart (d) sites.
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 3 Fig. 3. Principal Component Gradient analysis (upper panel), Wilcoxon rank-sum test matrixes (central panel) and leave-one-out approaches computed for ring width (RW, left panel), cell density (CD, central panel) and mean lumen area (MLA, right) series of Bujaleuf (BUJ), Compreignac (COM), Rochechouart (ROC) and Saint-Hilaire-les-Places (HIL) sites.
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 4 Fig. 4. Relationships between monthly climate variables and the principal component gradient analyses (PCGA)rank (upper panel) derived from ring width (RW), cell density (CD) and mean lumen area (MLA) time series of Bujaleuf (BUJ), Compreignac (COM), Rochechouart (ROC) and Saint-Hilaire-les-Places (HIL). Correlations between individual TRW, CD and MLA series and August temperature (left lower panel), May-August SPEI (central lower panel) and May SPEI (right lower panel). Boxplots in the lower panel show the distributions of correlations of individual series with August temperature, May-August and May SPEI.
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 5 Fig.5. Geochemical and isotope analyses. Calcium concentrations (a) and strontium isotopic ratios (b) in the wood from trees sampled at Bujaleuf (BUJ), Compreignac (COM), Saint-Hilaire-les-Places (HIL) and Rochechouart (ROC) sites.
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