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The effect of forest management practices on carbon quality is poorly documented.

To assess changes in the quality and stability of soil organic carbon (SOC) of a temperate forest upon human activities, we investigated soil from forests (i) developed following natural regeneration after clearcutting 20 and 40 years ago, (ii) developed following afforestation on an abandoned crop area 40 years ago and (iii) in an area where regular clear-cut (with wood residues input) was conducted 40 years ago. Topsoil and subsoil layers were collected (0-20 cm and 50-80 cm). Soil organic matter (OM) was characterized by elemental analysis (total carbon and total nitrogen), thermal analysis (Rock-Eval®) and thermochemolysis (i.e., Py-GC/MS in the presence of tetramethylammonium hydroxide (TMAH)). In addition, a size fractionation to separate the labile coarse fraction (50-2000 μm) from the fine fraction (<50 µm) was performed. These fractions were analyzed by thermal analysis.

Despite no measurable differences in carbon and nitrogen contents, the characterization of the OM by thermal analysis, and the relative quantification of OM compounds revealed differences in the composition in OM for the topsoil layers. The thermal analysis clearly distinguished sites with inputs of woody residues (higher HI) with a higher relative contribution of lignin and cutin/suberin compounds. However, the OM thermal stability seems mainly controlled by the organo-mineral interactions rather than chemical composition. Combination of Rock-Eval® thermal analysis and Py-GC/MS suggests that thermal stability cannot be used as an indicator of stability in specific contexts where pedogenetic processes are deeply modified by regular and extensive anthropogenic inputs of woody residues.

Introduction

Forest ecosystems cover about 4 billion hectares and account for 31% of the global land area [START_REF] Keenan | Dynamics of global forest area: Results from the FAO Global Forest Resources Assessment[END_REF][START_REF] Bastin | The extent of forest in dryland biomes[END_REF]. They store around 861 Pg C, 44% in soil and 5% in litter) [START_REF] Janzen | Carbon cycling in earth systems-a soil science perspective[END_REF][START_REF] Heimann | Terrestrial ecosystem carbon dynamics and climate feedbacks[END_REF][START_REF] Pan | A Large and Persistent Carbon Sink in the World's Forests[END_REF] and are considered crucial in global change mitigation as a potential carbon sink [START_REF] Janssens Ivan | Europe's Terrestrial Biosphere Absorbs 7 to 12% of European Anthropogenic CO2 Emissions[END_REF]. However, human activitiessuch as deforestationconstitute a threat to forest ecosystems, and lead to large loss of organic carbon stored into the soils [START_REF] Guo | Soil carbon stocks and land use change: a meta analysis[END_REF][START_REF] Stockmann | The knowns, known unknowns and unknowns of sequestration of soil organic carbon[END_REF][START_REF] Lal | Feeding 11 billion on 0.5 billion hectare of area under cereal crops[END_REF][START_REF] Mayer | Tamm Review: Influence of forest management activities on soil organic carbon stocks: A knowledge synthesis[END_REF]. Depending on these activities, forest soils could represent either a C source or a C sink for atmospheric CO 2 [START_REF] Jandl | How strongly can forest management influence soil carbon sequestration?[END_REF][START_REF] Adamczyk | Plant roots increase both decomposition and stable organic matter formation in boreal forest soil[END_REF][START_REF] Mayer | Tamm Review: Influence of forest management activities on soil organic carbon stocks: A knowledge synthesis[END_REF]. For example, forest management practices can positively or negatively impact soil organic carbon (SOC).

Conservation of old forest and afforestation are some examples of practices able to modify SOC stocks [START_REF] Mayer | Tamm Review: Influence of forest management activities on soil organic carbon stocks: A knowledge synthesis[END_REF]. For example, [START_REF] Ameray | Forest Carbon Management: a Review of Silvicultural Practices and Management Strategies Across Boreal, Temperate and Tropical Forests[END_REF] have reported different management strategies to maintain or increase carbon in forest soil, from conservation of old forest to afforestation. Clear-cut harvesting is another common management of forest. Depending on intensity, it can influence SOC stocks for up to 100 years [START_REF] Jandl | How strongly can forest management influence soil carbon sequestration?[END_REF]. Clear-cut induces a SOC stocks decrease mainly through the drastic decrease in litter input and faster SOC decomposition due to higher insolation and warmer soil temperature [START_REF] Kulmala | Changes in biogeochemistry and carbon fluxes in a boreal forest after the clear-cutting and partial burning of slash[END_REF][START_REF] Mayer | Increase in heterotrophic soil respiration by temperature drives decline in soil organic carbon stocks after forest windthrow in a mountainous ecosystem[END_REF] and compaction effect on microbiome and soil function [START_REF] Hartmann | Resistance and resilience of the forest soil microbiome to logging-associated compaction[END_REF].

In a meta-analysis study with a database of 945 responses to harvest from 112 publications, [START_REF] James | The Effect of Harvest on Forest Soil Carbon: A Meta-Analysis[END_REF] evidenced different magnitudes in C loss depending on the considered soil depth. Conversely, reforestation and afforestation, also in areas relatively resilient to clear-cut, SOC recover over one to seven decades depending on the soil taxonomic order [START_REF] Poeplau | Temporal dynamics of soil organic carbon after land-use change in the temperate zonecarbon response functions as a model approach[END_REF][START_REF] Bárcena | Soil carbon stock change following afforestation in Northern Europe: a meta-analysis[END_REF][START_REF] James | The Effect of Harvest on Forest Soil Carbon: A Meta-Analysis[END_REF]. Although SOC concentration has been measured to reach similar or even higher level than before the imposed management practice, few studies have investigated the chemical composition and the biogeochemical stability, i.e., bioavailability or bioaccessibility to decomposition by microorganisms as well as chemical stability, of this SOC [START_REF] Angst | Tracing the sources and spatial distribution of organic carbon in subsoils using a multibiomarker approach[END_REF][START_REF] Mustafa | Stability of soil organic carbon under long-term fertilization: Results from 13C NMR analysis and laboratory incubation[END_REF]. Indeed, SOC before clear-cut and after recovery could have different stabilities, and finally, the recovery at decennial to centennial time scale would not balance the carbon losts due to reduced residence time [START_REF] Hamburg | Losses of mineral soil carbon largely offset biomass accumulation 15 years after whole-tree harvest in a northern hardwood forest[END_REF]. The changes in residence time can be interpreted as a consequence of SOC stabilization mechanisms driven by changes in SOC chemical composition and through greater reactivity with minerals (organomineral adsorption) and physical protection by incorporation into aggregates [START_REF] Lehmann | The contentious nature of soil organic matter[END_REF]. Thus, evaluation of the quality and stability of SOC is required to integrate the intrinsic stability of OM (i.e., the energy input to break down organic molecules) and the stabilization of SOM through interactions with soil minerals (i.e., the energy required to break the bonds between SOM and mineral particles).

A common approach to study the quality and stability of SOC is based on a relative estimation of pools with different stability and their respective responses to land use [START_REF] Sahoo | Active and passive soil organic carbon pools as affected by different land use types in Mizoram, Northeast India[END_REF][START_REF] Liu | Changes in soil labile and recalcitrant carbon pools after land-use change in a semi-arid agro-pastoral ecotone in Central Asia[END_REF]. However, the quantification of the C from these different pools is challenging and different methods are used. A method widely applied is soil physical fractionation [START_REF] Von Lützow | SOM fractionation methods: Relevance to functional pools and to stabilization mechanisms[END_REF] which provides insights into SOM bioaccessibility [START_REF] Rovira | Active and passive organic matter fractions in Mediterranean forest soils[END_REF][START_REF] Moni | Density fractions versus size separates: does physical fractionation isolate functional soil compartments?[END_REF]. The coarse fraction mainly contains particulate organic matter and plant residues, with fast turnover times, whereas organic matter from fine fraction is intimately associated to mineral phases and exhibit lower turnover. A less time consuming method, that could be applied is thermal analysis. Indeed, more recently, thermal analysis of forest litter or topsoil samples revealed that OC with higher stability will combust at higher temperatures and provide less energy than labile OM [START_REF] Plante | Application of thermal analysis techniques in soil science[END_REF][START_REF] Barré | The energetic and chemical signatures of persistent soil organic matter[END_REF]. As underlined by extensive litterature [START_REF] Disnar | Soil organic matter (SOM) characterization by Rock-Eval pyrolysis: scope and limitations[END_REF][START_REF] Plante | Biological, chemical and thermal indices of soil organic matter stability in four grassland soils[END_REF][START_REF] Derenne | Analytical pyrolysis as a tool to probe soil organic matter[END_REF][START_REF] Sebag | Dynamics of soil organic matter based on new Rock-Eval indices[END_REF], thermal analyses appear promising in the evaluation of SOC stability. Several thermal analysis approaches have been used to estimate the stability of carbon pools in soils from various environments [START_REF] Disnar | Soil organic matter (SOM) characterization by Rock-Eval pyrolysis: scope and limitations[END_REF][START_REF] Gregorich | Evaluating biodegradability of soil organic matter by its thermal stability and chemical composition[END_REF][START_REF] Sebag | Dynamics of soil organic matter based on new Rock-Eval indices[END_REF][START_REF] Cécillon | A model based on Rock-Eval thermal analysis to quantify the size of the centennially persistent organic carbon pool in temperate soils[END_REF][START_REF] Cécillon | Partitioning soil organic carbon into its centennially stable and active fractions with machine-learning models based on Rock-Eval® thermal analysis (PARTYSOCv2.0 and PARTYSOCv2.0EU)[END_REF][START_REF] Thoumazeau | A new in-field indicator to assess the impact of land management on soil carbon dynamics[END_REF]. Among them, Rock-Eval® thermal analysis, has been used to characterize soil organic matter (SOM) [START_REF] Disnar | Soil organic matter (SOM) characterization by Rock-Eval pyrolysis: scope and limitations[END_REF] and its dynamics [START_REF] Sebag | Dynamics of soil organic matter based on new Rock-Eval indices[END_REF]. Several Rock-Eval® parameters were also defined to reflect the SOM stability [START_REF] Saenger | Soil organic carbon quantity, chemistry and thermal stability in a mountainous landscape: A Rock-Eval pyrolysis survey[END_REF][START_REF] Soucémarianadin | Is Rock-Eval 6 thermal analysis a good indicator of soil organic carbon lability? -A method-comparison study in forest soils[END_REF]. Hence, [START_REF] Saenger | Surveying the carbon pools of mountain soils: A comparison of physical fractionation and Rock-Eval pyrolysis[END_REF], [START_REF] Soucémarianadin | Is Rock-Eval 6 thermal analysis a good indicator of soil organic carbon lability? -A method-comparison study in forest soils[END_REF] and [START_REF] Sebag | Size fractions of organic matter pools influence their stability: Application of the Rock-Eval® analysis to beech forest soils[END_REF] studied different soil size fractions and compared results to assess the efficiency of Rock-Eval® to evaluate the thermal stability of SOM. Whatever the soil studied, the thermal stability was lower for coarse fractions. Forest managements influences SOC however generally only its quantitative impact is considered. In this study, we compared the effect of afforestation, natural reforestation and regular clear-cut on SOC concentration and also their effect on organic matter quality thermochemolysis analyses and on stability by Rock Eval® analysis.

Materials and methods

Study site

Soil samples were collected from different sites located in Ferrières forest (3000 ha) (France, (48°48'36.9"N 2°39'57.7"E)) in January 2021. The dominant species are deciduous trees, oak (Quercus spp) (>80%) and chestnut (Castanea sp).

In this study area, the soils developed on loess plateau, on carbonate rock, and are acidic silty loam. The soil is classified as Alfisols by USDA soil taxonomy. Five replicates were sampled in five different sites in the forest selected to reflect differences in human activities (Table 1):

-A control site (control) where tree growth was unmanaged for more than 80 years; the tree density is around 1000 per ha.

-Two sites where the forest has been subjected to clearcut and harvest prior to the natural regeneration of the forest started 20 (C20) and 40 (C40) years ago, respectively. The tree density is around 10000 per ha.

-A former cropland site which was afforested 40 years ago (A40). The tree density is around 2500 per ha.

-The last site (B40) was regularly cleared for 40 years. Every three years, the trees were cut, crushed and wood residues left on the topsoil, thereafter trees regrowth naturally. The last clear-cut was in autumn 2020, so there were no trees when the samples were collected

The soil samples were collected on topsoil (0-20cm) and subsoil layers (50-80 cm), oven-dried at 40 ℃ and sieved at 2 mm. The annual carbon input was estimated after sampling of the litter on the different sites, weighting of leaves and branches. Then carbon was calculated after mean C content in oak leaves and branches data from [START_REF] Lajtha | Forest harvest legacies control dissolved organic carbon export in small watersheds, western Oregon[END_REF].

Soil physico-chemical properties

Dissolved organic carbon (DOC) content and pH were measured on fresh samples.

Soil pH was measured with a pH meter at a ratio of 1:5 soil: water (w:v; g:ml).

Deionized water was used to extract soil DOC at a ratio of 1:5 soil: water (w:v). The mixture was shaken for two hours before centrifugation and filtered using a 0.45 μm filter. Dissolved carbon content was measured with a Shimadzu TOC-TN analyzer (Shimadzu Corp., Kyoto, Japan).

Several analyses were performed by the Soil Analysis Laboratory of Arras, (LAS, INRA, Arras, France) on air-dried samples after sieving at 2 mm. Soil texture was obtained after sieving (according to AFNOR X31 107 standard), CEC by Metson method (NF X 31-130 (1993)), whereas carbon (according to ISO 1423) and total nitrogen (according to ISO 13878) were obtained by dry combustion and quantification by GC equipped with a catharometer.

Soil size fractionation

A 15g aliquot of each sample was size fractionated to separate coarse (50 μm-2 mm) and fine (<50 µm) fractions. Soil was disaggregated in 100 ml of deionized water into a spin rotator for 12h with 10 4 mm-diameters glass beads [START_REF] Rovira | Active and passive organic matter fractions in Mediterranean forest soils[END_REF]. The dispersed mixture was passed through a 50 μm sieve with water flowing, thus isolating the coarse and fine fractions. Both size fractions finally were dried at 40 ℃, weighed, and ground. The total mass recovery of both fractions was 98.02±0.09%.

Rock-Eval® thermal analysis

Crushed (100 mg) sample was analyzed by Rock-Eval® 7S analyser (Vinci Technologies). The samples were first pyrolyzed in an inert N 2 atmosphere at temperatures from 200 to 650 °C with a heating rate of 25 °C min -1 . Then the remaining samples was combusted in N 2 /O 2 (80/20) atmosphere from 200 to 850 ℃ at 20 °C min -1 . The resulting thermograms were used to calculate the standard parameters (including Total Organic Carbon (TOC in wt%) and Mineral Carbon (MINC in wt%) by integrating the amounts of HC, CO, and CO 2 within the defined temperature limits [START_REF] Lafargue | Rock-Eval 6 Applications in Hydrocarbon Exploration, Production, and Soil Contamination Studies[END_REF][START_REF] Behar | Rock-Eval 6 technology: performances and developments[END_REF]. Because carbonates were not present in studied soils, the SOC measurements were equal to the sum TOC + MINC. Those values were positively correlated (R² = 0.99) to TOC measured with a CHN analyzer. The Hydrogen Index (HI in mg HC g -1 SOC) corresponds to the amount of HC released during pyrolysis relative to SOC. In soil samples, decrease in HI along soil profiles is related to the dehydrogenation of organic compounds during pedogenesis [START_REF] Disnar | Soil organic matter (SOM) characterization by Rock-Eval pyrolysis: scope and limitations[END_REF][START_REF] Barré | The energetic and chemical signatures of persistent soil organic matter[END_REF]. The Oxygen Index (OI in mg CO 2 g -1 SOC) corresponds to the amount of CO 2 released during pyrolysis relative to SOC. In soil samples, increase in OI along soil profiles is related to relative oxygenation [START_REF] Disnar | Soil organic matter (SOM) characterization by Rock-Eval pyrolysis: scope and limitations[END_REF].

In addition to these standard parameters, previous studies have proposed using the shape of thermograms to obtain additional information about SOM quality. In the present study, we used R-index derived from the integrated S2 areas above 400 °C, usually interpreted as specific threshold of the thermal stability of organic compounds, separating the thermolabile, and thermoresistant C pools [START_REF] Disnar | Soil organic matter (SOM) characterization by Rock-Eval pyrolysis: scope and limitations[END_REF][START_REF] Sebag | Monitoring organic matter dynamics in soil profiles by 'Rock-Eval pyrolysis': bulk characterization and quantification of degradation[END_REF][START_REF] Saenger | Soil organic carbon quantity, chemistry and thermal stability in a mountainous landscape: A Rock-Eval pyrolysis survey[END_REF][START_REF] Saenger | Surveying the carbon pools of mountain soils: A comparison of physical fractionation and Rock-Eval pyrolysis[END_REF]. Thus, R-index measures the contribution of the thermoresistant pool of the most reactive fraction of SOM (i.e., richer in H bonds), which is directly involved in short-term changes in soil C dynamics. However, as highlighted by [START_REF] Schiedung | Thermal oxidation does not fractionate soil organic carbon with differing biological stabilities[END_REF], this thermal index does not consider the various labile pools. As such, it does not reflect biological stability, but focus on SOM biogeochemical stability in the studied environmental context.

Thermochemolyis

Thermochemolyses were carried out with a pyrolyzer (Pyroprobe 6250, CDS) coupled to a gas chromatograph (7890B, Agilent) and to a mass spectrometer (5977B, Agilent).

Samples were pyrolyzed at 650 °C for 15 s under a helium flow of 1 mL/mn, in the presence of tetramethylammonium hydroxide (TMAH 25 % methanol) (Quénéa et al., 2005a). This thermochemolysis resulted in thermal cleavage concurrent with the chemical cleavage of ester and ether bonds of the OM, and simultaneously to the alkylation of acidic functional groups improving detection of polar compounds. The released pyrolysis products were separated using a non-polar GC column Rxi5Sil MS (30m*0.25mm*0.5µm, Restek) and an oven ramp (initial temperature of 50 °C maintained 10min, raised at 2 °C/min until 320 °C, the final temperature, maintained 13min). The mass spectrometer was operated in electron impact and SCAN modes.

The molecules were ionized and fragmented in an electron impact source (70 eV; 230 °C), and analyzed with a quadrupole mass spectrometer, working at 2 scans/s from 35 to 650 m/z.

Each compound was identified based on literature and using the NIST library, and classified into one of seven categories [START_REF] Grandy | Carbon structure and enzyme activities in alpine and forest ecosystems[END_REF][START_REF] Kaal | Evaluating pyrolysis-GC/MS and 13C CPMAS NMR in conjunction with a molecular mixing model of the Penido Vello peat deposit, NW Spain[END_REF] comprising: 1) aromatics compounds (e.g. benzene, xylene and alkylbenzenes); 2) cutin and suberin compounds (alkanes, alkenes, fatty acids and methyl ketones); 3) lignin compounds (known products of coniferyl, syringyl, and coumaryl moieties); 4) phenolic compounds (e.g. phenol and methyl phenols); 5) nitrogen-containing compounds; 6) polyaromatic (PAH) compounds; and 7) polysaccharide products (mainly furans and levoglucosan) (Table S2). The relative contribution of each category was calculated as the sum of the area of each compound in the category, divided by the total area of identified compounds.

Statistical analysis

One-way analysis of variance (ANOVA) was used to test if the means calculated for the differences between treatments are equal. Differences were considered significant at p < 0.05 by the Duncan test. A Pearson correlation was performed to identify the relationship of the chemical properties in all soil samples. Statistical analyses were conducted using the SPSS 25.0 (IBM SPSS Statistics 20) software package. The figures were drawn using GraphPad Prism 9.3.

Results

Bulk soil analyses

Soil organic carbon and total nitrogen content

In the different sites, the TOC contents ranged from 14.25±5.03 to 31.24±5.33 g kg -1 in topsoil layers and from 4.11±1.71 to 7.15±0.62 g kg -1 in subsoil layers (Table 2).

As expected, the TOC contents were higher in the topsoil layers than in subsoil layers.

Site A40 and B40 had significantly higher TOC content than the other sites in the topsoil layer. In the subsoil layer, A40 had a higher TOC content than other sites.

The TN contents were highest in topsoil soils. They ranged from 0.79±0.23 to 2.26±0.33 g kg -1 in topsoil layers. Sites A40 and B40 had a significantly higher TN content than the other sites in topsoil layers. Total nitrogen concentrations were low and closer in subsoil soil, around 0.30 g kg -1 , except for the A40 site which contained twice the other sites (0.73 g kg -1 ) (Table 2).

The C/N ratio ranged from 11.76±0.31 to 20.67±1.94 in the topsoil layers, which is higher than subsoil layers which ranged from 9.82±0.17 to 13.77±2.88. Site B40 had a highest C/N ratio in both topsoil and subsoil layers. A40 had a significantly lower C/N ratio (11.76) compared with the other sites in both topsoil and subsoil layers.

Rock-Eval® parameters

The HI were higher in topsoil layers than in subsoil layers, with all HI values in the topsoil layers higher than 100 mg HC g -1 TOC and all HI lower than 100 mg HC g -1 TOC in the subsoil layers (Fig. 1). The HI ranged from 119±14 to 264± and 22 ±19 to 72±7 mg HC g -1 TOC in topsoil and subsoil layers, respectively. In the topsoil layers, the HI of B40 was significantly higher (p<0.05) than in the other sites. The mean HI of C20 and C40 were close and slightly lower than the soil control, though some C20 replicates presented HI closer to the values of the control soil. The HI in C40 and A40 showed no differences (p>0.05) and both of them were lower than C20 (p<0.05). In the subsoil layers, no significant differences (p>0.05) in HI index between C20, C40, B40 and control could be evidenced but A40 exhibited higher value of HI.

The OI were below 250 mg CO 2 g -1 TOC in topsoil layers (from 148±4 to 188±10 mg CO 2 g -1 TOC) and comprised between 335±23 to 448±87 mg CO 2 g -1 TOC with no significant differences in subsoil layers (Fig. 1). In the topsoil layers, the OI of B40 was significantly lower than the other sites.

The R-index ranged from 0.61±0.04 to 0.69±0.008 and 0.66±0.03 to 0.79±0.01 in the topsoil and subsoil layers, respectively (Fig. 2). In the topsoil layers, the R-index in C20, C40 and A40 showed no differences (p>0.05) from natural forest, and the Rindex in B40 was significantly lower. In the subsoil layer, only the R-index in A40 was significantly lower than in natural forest (p<0.05).

Soil fraction analyses

The range of the HI indices in the different fractions did not differ from the range in the bulk soils and followed the same trend between topsoil and subsoil layers (Supplementary table 1). In topsoil layers, the HI indices ranged from 126±21 to 272±25 mg HC g -1 TOC in coarse fraction and from 129±10to 305±39 mg HC g -1 TOC in fine fraction. In subsoil layers, the HI indices ranged from 40±18to 81±24 mg HC g -1 TOC in coarse fraction and 44±8to 85±1 mg HC g -1 TOC in fine fraction.

There was higher OI in subsoil layer than in topsoil layers, the OI indicated no differences between sites and between fractions (Supplementary table 1). The O-index ranged in coarse fractions from 117.0±3.7 to 126.0±12.4 mg CO 2 g -1 TOC and from 153.4±15.5 to 192.3±20.6 mg CO 2 g -1 TOC in the topsoil and subsoil layers, respectively. In the fine fractions, the O-index ranged from 110.6±10.0 to 140.0±9.8 and 158.0±12.1 to 285.4±68.4 mg CO 2 g -1 TOC in the topsoil and subsoil layers, respectively.

In the topsoil layers, the R-indices of the coarse fractions were lower (from 0.61±0.06 to 0.71±0.015 in coarse fraction and 0.66±0.06 to 0.77±0.02 in fine fractions (Fig. 3).

In the subsoil layers, the R-indices were very close between coarse and fine fractions, which were 0.66±0.04 to 0.71±0.07 and 0.66±0.06 to 0.748±0.01, respectively.

Molecular characterization of SOM

The soil organic matter was characterized by Py GC/MS in the presence of TMAH, a process commonly referred to as thermochemolysis. The list of the identified compounds and an assignated structural category are displayed in the supplementary table 2. The relative quantification of each category was calculated (Fig. 4) and statistical analyses were performed to compare the relative contribution of each group between the different sites (supplementary tables 3 and 4). In the topsoil layer, the pyrochromatograms are dominated by aromatic compounds for each site, except B40 which was dominated by cutin and suberin compounds. The A40 sites exhibited a more specific molecular composition with lower cutin and suberin, lignin compounds and a higher contribution of N-containing and polysaccharide compounds (p < 0.05).

The molecular composition of the subsoil OM was more similar. The pyrochromatograms were again dominated by aromatic compounds but also by Ncontaining compounds.

Discussion

Effect of forest management on soil carbon and nitrogen in soil layers

Clear-cut is a common disturbance in managed forests. Clear-cut leads to a decrease in leaf and wood litter fall input and also to higher rate of OM decomposition resulting from higher temperature, lower moisture content, light promotion, and decreasing nutrient levels [START_REF] Achat | Forest soil carbon is threatened by intensive biomass harvesting[END_REF][START_REF] Baker | Ultraviolet photodegradation facilitates microbial litter decomposition in a Mediterranean climate[END_REF][START_REF] Wang | The interaction between abiotic photodegradation and microbial decomposition under ultraviolet radiation[END_REF][START_REF] Taylor | Temperature and rainfall interact to control carbon cycling in tropical forests[END_REF][START_REF] Yan | The temperature sensitivity of soil organic carbon decomposition is greater in subsoil than in topsoil during laboratory incubation[END_REF]. Hence, clear-cut has often been shown to decrease total SOC of up to 8% in topsoil and subsoil layers of hardwood forests [START_REF] Johnson | Effects of forest management on soil C and N storage: meta analysis[END_REF][START_REF] Nave | Harvest impacts on soil carbon storage in temperate forests[END_REF]. It is worth mentioning that logically, the topsoil of soils is more affected by clear-cut as illustrated by the decrease in SOC of ca. 20% and of ca. 3% in organic layer and topsoil, respectively (0-15 cm; James and Harrison (2016); [START_REF] Achat | Forest soil carbon is threatened by intensive biomass harvesting[END_REF]). After an initial short term loss of SOC following forest clearance, SOC tend to increase and could recover initial carbon stock within 20 to 100 years depending on the soil taxonomy [START_REF] Nave | Harvest impacts on soil carbon storage in temperate forests[END_REF][START_REF] James | The Effect of Harvest on Forest Soil Carbon: A Meta-Analysis[END_REF]. In the present study, sites that were subjected to clear-cut 20 and 40 years ago (C20 and C40) did not display any significant difference in their SOC and N content (Table 2). This could indicate that the forest development after clear-cut did not change SOC or alternatively, has already enabled the full recovery of the SOC after 20 years.

Contrary to the negligible SOC impact observed in the regenerated forest (C40), areas afforested 40 years ago (A40) and regularly cleared for 40 years (B40) both showed an increase in SOC, of 55.8% and 83.2%, respectively (Table 1). In the B40 site, regular clear-cut with wood residues restitution is likely implying an accumulation of C in the soil top layer. The high SOC of A40 is in line with results showing that the conversion of cropland to forests can yield a SOC increase [START_REF] Post | Soil carbon sequestration and land-use change: processes and potential[END_REF][START_REF] Schulp | Long-term landscapeland use interactions as explaining factor for soil organic matter variability in Dutch agricultural landscapes[END_REF] of up to 48% after 40 years of afforestation [START_REF] Poeplau | Temporal dynamics of soil organic carbon after land-use change in the temperate zonecarbon response functions as a model approach[END_REF]. Here, the high SOC cannot be explained by higher carbon inputs through leaf and branch falling compared to the other studied sites (Table 1). But high water content in A40 was recorded and may highlight seasonal water-logging conditions implying a lower decomposition rate of SOC compared to other studied soils.

In contrast to SOC, the effects of forest management practices on the modifications of total nitrogen (TN) remain poorly documented [START_REF] Chang | Soil Carbon and Nitrogen Changes following Afforestation of Marginal Cropland across a Precipitation Gradient in Loess Plateau of China[END_REF]. As with SOC, the TN means do not distinguish the soils from control and regenerated forest area (Table 1). In comparison to them, A40 and B40 topsoil layers exhibit higher TN (2.23 and 1.53 g kg -1 , respectively; Table 2). Nonetheless, A40 and B40 are unlikely sharing a similar N source in their respective topsoil layers. As illustrated by Py-GC/MS (Fig. 7), the A40 topsoil layer is relatively enriched in N organic compounds in comparison to all other studied areas. This suggests that the high TN measured in A40 is mostly driven by organic N (N org ). A direct legacy of former agriculture practices is unlikely as N inputs mainly would consist in inorganic N fertilizer in conventional agriculture [START_REF] Van Meter | The nitrogen legacy: emerging evidence of nitrogen accumulation in anthropogenic landscapes[END_REF]. Moreover, afforestation has been demonstrated to enhance N org [START_REF] Xu | Carbon: nitrogen stoichiometry following afforestation: a global synthesis[END_REF] as a consequence of the rise in bacterial diversity and abundance [START_REF] Ren | Responsiveness of soil nitrogen fractions and bacterial communities to afforestation in the Loess Hilly Region (LHR) of China[END_REF][START_REF] Turley | Agricultural landuse history and restoration impact soil microbial biodiversity[END_REF]. In this study, N-containing compounds such as pyrrole, benzonitrile and pyridine are the pyrolysis product of amino acids or other polypeptides [START_REF] Buurman | Selective depletion of organic matter in mottled podzol horizons[END_REF]2009;[START_REF] Buurman | Different chemical composition of free light, occluded light and extractable SOM fractions in soils of Cerrado and tilled and untilled fields, Minas Gerais, Brazil: a pyrolysis-GC/MS study[END_REF] and other Ncontaining pyrolysis products such as indole and diketodipyrrole have been associated

with relatively fresh organic matter [START_REF] Buurman | Different chemical composition of free light, occluded light and extractable SOM fractions in soils of Cerrado and tilled and untilled fields, Minas Gerais, Brazil: a pyrolysis-GC/MS study[END_REF]. In addition, the higher polysaccharide pyrolysis products in A40 associated to high contribution of nitrogen organic compounds point to a larger contribution of microorganisms to SOM [START_REF] Huang | monitoring Biomacromolecular degradation of Calluna Vulgaris in a 23year field experiment using solid state 13C-NMR and pyrolysis-GC/MS[END_REF]. These results suggest a larger contribution of microbial biomass in the topsoil of A40.

It is worth mentioning that a rise in SOC is usually associated with the accumulation of soil N due to a stoichiometric relationship [START_REF] Kirkby | Carbon-nutrient stoichiometry to increase soil carbon sequestration[END_REF]. Here, C/N ratios were similar across all studied sites with the notable exception of A40 (Table 2). The similar C/N ratio and N-containing compounds of the top soils in B40 and the cleared (C20 and C40) and control samples indicating regular clear-cut with wood residues favors the accumulation of C and N without modifying their stoichiometric relationship, more in line with litter residues. The significant difference in C/N ratio of A40 suggests that afforestation has deeply modified the stoichiometric relationship between C and N according to N org accumulation.

In contrast to topsoil layers, SOC in subsoil layers is far less sensitive to forest management and mainly depends on soil taxonomy [START_REF] Nave | Harvest impacts on soil carbon storage in temperate forests[END_REF]. The A40 subsoil had the highest SOC and TN (Table 1). Nonetheless, in sharp contrast to topsoil layers, A40 exhibit a lower C/N ratioca. 9.8 (Table 1) -compared to other sites. Such low C/N ratio is in line with those usually assigned to French arable soils [START_REF] Nicolardot | Simulation of C and N mineralisation during crop residue decomposition: A simple dynamic model based on the C:N ratio of the residues[END_REF] and may therefore still reflect former agriculture practices although they ceased 40 years ago.

Impact on SOC quality and thermal stability

Hydrogen Index values are related to the contribution of hydrocarbon compounds to theSOC. This compositional index presents the highest values in organic layers rich in fresh plant debris and decreases during OM decomposition in the topsoils [START_REF] Disnar | Soil organic matter (SOM) characterization by Rock-Eval pyrolysis: scope and limitations[END_REF][START_REF] Sebag | Dynamics of soil organic matter based on new Rock-Eval indices[END_REF] and in carbon-rich samples like peats [START_REF] Delarue | Can Rock-Eval pyrolysis assess the biogeochemical composition of organic matter during peatification?[END_REF]. This gradual decrease appears to be linked to the mineralization of the most chemically labile and bioavailable organic compounds [START_REF] Barré | The energetic and chemical signatures of persistent soil organic matter[END_REF][START_REF] Poeplau | Changes in the Rock-Eval signature of soil organic carbon upon extreme soil warming and chemical oxidation -A comparison[END_REF]. In this study, HI values were highly heterogeneous between sites in the topsoil layers consistent with those reported by [START_REF] Soucémarianadin | Heterogeneity of the chemical composition and thermal stability of particulate organic matter in French forest soils[END_REF] for other forest topsoils (Fig. 1). This heterogeneity can be due to differences in composition or quantity of fresh organic inputs. SOM composition is a major influence on OM quality in forest organic layers [START_REF] Marschner | How relevant is recalcitrance for the stabilization of organic matter in soils?[END_REF][START_REF] Angst | Soil texture affects the coupling of litter decomposition and soil organic matter formation[END_REF]. However, as oak is the main tree species in all studied areas, distinct chemical compositions in leaf and branches are unlikely. Therefore, these differences in quality/HI can be partially explained by differences in early decomposition of fresh inputs related to soil environmental conditions and to quantities of inputs driven by forest management practices (light, moisture, temperature). Alternatively, the source of OM can also explain the discrepancies in HI. As illustrated in B40, higher HI values are correlated with the relative abundance of cutin and suberin (r= 0.60; p < 0.05; n=25; Fig. 5), known as highly aliphatic (Quénéa et al., 2005b) and provided by regular clear-cut and wood residues inputs, including bark and cork rich in suberin, in the B40 topsoil layers. This interpretation is congruent with low R-index values in B40 topsoil layers indicating a weak thermal stability related to poorly decomposed SOM [START_REF] Sebag | Dynamics of soil organic matter based on new Rock-Eval indices[END_REF][START_REF] Sebag | Size fractions of organic matter pools influence their stability: Application of the Rock-Eval® analysis to beech forest soils[END_REF].

Cutin and suberin are known to be chemically stable in litter [START_REF] Feng | Increased cuticular carbon sequestration and lignin oxidation in response to soil warming[END_REF] and in bark and cork. The relative higher proportion of cutin, suberin and lignin in B40 samples likely reflects an accumulation of these compounds, and playis a key role in the stability of OM from B40. The low R index therefore reflects the chemical composition of studied OM inputs and/or preferential decomposition of more biodegradable biochemicals such as polysaccharides [START_REF] Melillo | Nitrogen and Lignin Control of Hardwood Leaf Litter Decomposition Dynamics[END_REF][START_REF] Feng | Turnover rates of hydrolysable aliphatic lipids in Duke Forest soils determined by compound specific 13C isotopic analysis[END_REF]Córdova et al., 2018). Despite having a high proportion of lignin, cutin and suberin, B40 presented a low R-index, reflecting low OM thermal stability [START_REF] Sebag | Dynamics of soil organic matter based on new Rock-Eval indices[END_REF]. This apparently contradictory result between low R-index and abundance of chemically stable compounds could indicate that thermal stability is not only related to chemical stability is also also dependent on organo-mineral interactions.

The processes involved in the SOM quality and stability are different in the subsoil layers. Whereas amino acids and proteins considered highly labile, the contribution of N-containing compounds to OM is more important than in topsoils and R-index values were higher than topsoil ones. However, amino groups can be preferentially stabilized by mineral association [START_REF] Kleber | Chapter One -Mineral-Organic Associations: Formation, Properties, and Relevance in Soil Environments[END_REF]; i.e.organo-mineral interaction could modify the thermal stability of SOM [START_REF] Saenger | Soil organic carbon quantity, chemistry and thermal stability in a mountainous landscape: A Rock-Eval pyrolysis survey[END_REF]. In addition, lower C/N ratios and a high contribution of N-containing compounds in subsoil layers suggests increasing microbial inputs, as well as increased stabilisation by organomineral interaction [START_REF] Kallenbach | Direct evidence for microbialderived soil organic matter formation and its ecophysiological controls[END_REF].

In consequence, the high SOC content observed with continuous input from plant residues in B40 could be only significant on a short term basis and would disappear when the input stopped. In A40, the microbial contribution was higher than other sites in topsoil layers and similar to subsoil layers and could reflect past activities. Indeed, agricultural management effects on microbial communities could last for decades [START_REF] Turley | Agricultural landuse history and restoration impact soil microbial biodiversity[END_REF]. The R-index did not vary between topsoil and subsoil layers for this site. This could be evidence that the microbial necromass induced higher organomineral interaction even in topsoil layers, which would underline the role of chemical composition in this interaction and its consequences on OM stability [START_REF] Kallenbach | Direct evidence for microbialderived soil organic matter formation and its ecophysiological controls[END_REF]. Finally, afforestation can improve SOC content and control SOM quality by fresh labile organic inputs, but stability and residence-times could be more directly related to interactions with minerals. To assess the fate of SOC in sites having undergone different human activities, not only the quantity of SOC, but also its stability should be taken into account [START_REF] Córdova | Soil carbon storage informed by particulate and mineral-associated organic matter[END_REF].

The evaluation of physically separated fractionations can help to better distinguish the respective effects of the preferential decomposition of the most labile organic compounds and of organo-mineral interactions. The coarse fraction (>50µm) is enriched in particulate OM and is considered a more labile fraction mainly constituted of plant residues [START_REF] Córdova | Soil carbon storage informed by particulate and mineral-associated organic matter[END_REF], while the fine fraction (<50µm) has more enriched mineral associated OM and is considered as the more stable fraction through physical protection and organo-mineral interaction [START_REF] Christensen | Physical fractionation of soil and structural and functional complexity in organic matter turnover[END_REF][START_REF] Jastrow | Mechanisms controlling soil carbon turnover and their potential application for enhancing carbon sequestration[END_REF][START_REF] Kögel-Knabner | Organo-mineral associations in temperate soils: Integrating biology, mineralogy, and organic matter chemistry[END_REF]. Coupled to thermal analyses, the grain-size fractions were already used to distinguish labile and stable C pools related to environmental drivers [START_REF] Saenger | Surveying the carbon pools of mountain soils: A comparison of physical fractionation and Rock-Eval pyrolysis[END_REF].

In the present study, lower thermal stability (R-index values) in coarse fractions (Fig.

3) are in line with results from [START_REF] Sebag | Size fractions of organic matter pools influence their stability: Application of the Rock-Eval® analysis to beech forest soils[END_REF] that demonstrated the ability of fractionation to isolate weakly decomposed and more degradable OM. The samples B40 and A40 exhibited lowest thermal stability despite very different HI values. This confirms that quality and thermal stability are not always related in samples enriched in plant debris. On the other hand, no significant differences were observed in the fine fractions. This suggests that the composition of SOM is more homogeneous in the fine fraction of subsoil layers. Thus, in the presence of mineral rich soil matrix, the organo-mineral interactions play a more important role on the stability of the SOM independently of its quality. The source of SOM in subsoil layers and fine fractions is often attributed to more processed OM and microbial residues prone to organomineral interaction [START_REF] Miltner | SOM genesis: microbial biomass as a significant source[END_REF][START_REF] Rumpel | Contrasting composition of free and mineralbound organic matter in top-and subsoil horizons of Andosols[END_REF][START_REF] Cotrufo | The Microbial Efficiency-Matrix Stabilization (MEMS) framework integrates plant litter decomposition with soil organic matter stabilization: do labile plant inputs form stable soil organic matter?[END_REF].

Thus, the chemical composition from thermal analysis reflects this more homogeneous [START_REF] Grandy | Molecular C dynamics downstream: The biochemical decomposition sequence and its impact on soil organic matter structure and function[END_REF] and more stable source of carbon and could explain the close values of the fine fractions. Similar results obtained by [START_REF] Sebag | Size fractions of organic matter pools influence their stability: Application of the Rock-Eval® analysis to beech forest soils[END_REF] in different size fractions have been attributed to the plant-microbe-soil continuum concept, and evidenced the role of interaction with the mineral matrix.

Conclusions

The quantification of soil carbon and nitrogen at sites having experienced different forest management regimes (from natural regeneration, afforestation to continuous clear-cut) showed two distinct patterns. In topsoil, the regenerated sites presented This suggests a limitation in assessing OM stability based on Rock-Eval® thermal analysis: when stability of OM is governed by its chemical stability, thermal stability is not a comparable proxy to evaluate OM stability. These results imply that caution is required when assessing OM stabilitybased solely on thermal stabilityin soils where pedogenetic processes can be deeply modified by regular and extensive inputs of OM. Whereas, the afforested site and the site with continuous OM input displayed higher SOC in topsoil layers, this increase could be offset by a lower stability of the SOC from the residue input. In consequence this study reinforces the necessity to separately assess both SOC chemical composition and stability to estimate the longterm effect of forest management. 2) cutin and suberin compounds; 3) lignin compounds; 4) phenolic compounds; 5) Ncontaining compounds; 6) polyaromatic hydrocarbon (PAH) compounds; and 7) polysaccharide compounds (PS). 

  similar C and N content to the control site indicative of C recovery after clear-cut as described for other temperate forests. Conversely, the afforested site and the site with regular OM input had larger C and N contents. The molecular characterization of the OM reflected different sources of OM: in the afforested site, the N-containing compounds were abundant, pointing to a higher microbial source whereas in site with continuous input, the composition was clearly dominated by lignin, cutin and suberin compounds. R-indices from Rock-Eval® analyses show relatively lower thermal stability of the OM from continuous residue input despite a high contribution of chemically resistant lignin compounds. In contrast, high R-indices were determined when amino acids and proteins are stabilized owing to organo-mineral interactions.
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	Site description		Layer	Mean annual carbon	CEC		Texture	Water content (%)
					input (kg ha -1 )	(cmol kg -1 )	
					Litter	Branch		Clay% Silt%	Sand%
	Unmanaged forest	Topsoil			6.48	12.5	65.4	22.1	21.2 (2.4)
					3362	1478		
	(control)			Subsoil			7.20	17.5	60.6	21.9	20.9 (0.7)
	Natural reforestation	Topsoil			5.35	12.3	65.8	21.9	23 (2.2)
					2737	358		
	since 20 years (C20)	Subsoil			10.54	22.5	55.6	21.9	21.3 (0.9)
	Natural reforestation	Topsoil			7.43	13.3	59.4	27.3	22.7 (2.6)
					2143	694		
	since 40 years (C40)	Subsoil			11.95	22.8	54.3	22.9	22.1 (1.1)
	Afforestation	40	Topsoil			23.10	31.0	48.8	20.2	25.1 (4.2)
					1623	306		
	years ago (A40)		Subsoil			15.01	26.1	52.3	21.6	20.9 (1.0)
	Regular	clearing	Topsoil			7.68	13.6	62.2	24.2	31.4 (4.9)
					4652			
	since 40 years (B40)	Subsoil			12.18	25.5	56.2	18.3	29.1 (3.8)
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