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Introduction

Forests form one of the most important ecosystems since they cover about 30% of the Earth's land surface [START_REF] Cambi | The impact of heavy traffic on forest soils: A review[END_REF]. Regardless of their geographical importance, forests are carbon sinks, oxygen producers, biodiversity hotspots, and soil erosion hindrances [START_REF] Perry | Forest ecosystem, second[END_REF]. Hence, sustainable forest management strategies emphasize on developing technical approaches that contribute to the protection of the forest against damage [START_REF] Balmford | Economic Reasons for Conserving Wild Nature[END_REF][START_REF] Cambi | Compaction by a forest machine affects soil quality and Quercus robur L. seedling performance in an experimental field[END_REF][START_REF] Marchi | Impact of[END_REF][START_REF] Sist | Reduced-impact logging in Indonesian Borneo: Some results confirming the need for new silvicultural prescriptions[END_REF]. Forest soil is a key component to provide ecosystem productivity and consequently to maintain sustainability of the ecosystem services [START_REF] Toivio | Impacts of timber forwarding on physical properties of forest soils in southern Finland[END_REF]. Soils are the fundamental source that provide productivity of trees in forests, including nutrients, carbon stocking, water cycling, gas exchange and supporting medium; therefore, soil preservation is taking more attention in world environmental policy [START_REF] Binkley | Ecology and management of forest soils, Ecology and management of forest soils[END_REF]. Soil disturbance contributes to an ecosystem production loss and leads to losses of supporting, provisioning and regulating forest ecosystem services [START_REF] Perry | Forest ecosystem, second[END_REF][START_REF] Toivio | Impacts of timber forwarding on physical properties of forest soils in southern Finland[END_REF].

In the last fifty years, the machines used in forestry changed considerably. Traditional ways such as skidding with animals or small tractors were progressively replaced by increasingly heavy forwarders associated with skidders to transport wood logs. Many studies evidenced the main impact of logging operations on forests by soil compaction [START_REF] Ampoorter | Assessing the effects of initial soil characteristics, machine mass and traffic intensity on forest soil compaction[END_REF][START_REF] Batey | Soil compaction and soil management -A review[END_REF][START_REF] Horn | Modern forestry vehicles and their impacts on soil physical properties[END_REF] and the importance of the technical choices on the degree of soil disturbance [START_REF] Cambi | The impact of heavy traffic on forest soils: A review[END_REF][START_REF] Marchi | Impact of[END_REF][START_REF] Picchio | Strip clear-cutting application and logging typologies for renaturalization of pine afforestation-A case study[END_REF]. Soil compaction appears on the surface by the formation of ruts due to horizontal and vertical displacement of soil [START_REF] Haas | Using photogrammetry to assess rutting caused by a forwarder-A comparison of different tires and bogie tracks[END_REF]. Under the frequent skidding of the machines, soil particles are rearranged and densified, leading to a severe reduction of porosity and pore connectivity (Bottinelli et al., 2014b;[START_REF] Cambi | The impact of heavy traffic on forest soils: A review[END_REF][START_REF] Frey | Compaction of forest soils with heavy logging machinery affects soil bacterial community structure[END_REF][START_REF] Hamza | Soil compaction in cropping systems: A review of the nature, causes and possible solutions[END_REF][START_REF] Hemmat | Sensor systems for measuring soil compaction: Review and analysis[END_REF]. Through porosity reduction, soil compaction increases soil strength and leads to a reduction in fluid infiltration and gas exchange [START_REF] Ampoorter | Assessing the effects of initial soil characteristics, machine mass and traffic intensity on forest soil compaction[END_REF]Cambi et al., 2016a[START_REF] Cambi | The impact of heavy traffic on forest soils: A review[END_REF][START_REF] Frey | Heavy-machinery traffic impacts methane emissions as well as methanogen abundance and community structure in oxic forest soils[END_REF][START_REF] Servadio | Effects on some clay soil qualities following the passage of rubber-tracked and wheeled tractors in central Italy[END_REF]. Moreover, soil biota is directly affected, such as reducing abundance and activity of earthworms, as well as biodiversity and abundance of microarthropods [START_REF] Blasi | Soil microarthropod communities from Mediterranean forest ecosystems in Central Italy under different disturbances[END_REF]Bottinelli et al., 2014a;[START_REF] Menta | Soil Fauna Diversity -Function, Soil Degradation, Biological Indices, Soil Restoration[END_REF]. Likewise, several studies evidenced the reduction of growth and development of root systems and physiology of seedlings [START_REF] Ampoorter | Assessing the effects of initial soil characteristics, machine mass and traffic intensity on forest soil compaction[END_REF][START_REF] Cambi | Early response of Quercus robur seedlings to soil compaction following germination[END_REF][START_REF] Ezzati | Long-Term Impact Evaluation of Ground-Base Skidding on Residual Damaged Trees in the Hyrcanian Forest, Iran[END_REF], while [START_REF] Mancilla-Leytón | Soil compaction and water availability affect growth and survival of Quercus ilex subsp. ballota seedlings under different light environments[END_REF] observed no effect of soil compaction on the seedling emergence rate. Additionally, structural changes and reduction of soil aeration, induced by compaction, limit microbial biomass and diversity, and reduce biologically driven processes in the soil like respiration [START_REF] Beylich | Evaluation of soil compaction effects on soil biota and soil biological processes in soils[END_REF][START_REF] Mariani | Effects of tree harvesting, forest floor removal, and compaction on soil microbial biomass, microbial respiration, and N availability in a boreal aspen forest in British Columbia[END_REF]. In contrast, [START_REF] Busse | Microbial community responses in forest mineral soil to compaction, organic matter removal, and vegetation control[END_REF] found that microbial communities were generally tolerant to postharvest soil disturbance. Several soil properties and work characteristics affect vehicle-induced compaction, such as texture, moisture, machine type and weight, tire type and pressure, and skidding traffic frequency [START_REF] Ampoorter | Assessing the effects of initial soil characteristics, machine mass and traffic intensity on forest soil compaction[END_REF][START_REF] Arvidsson | Soil stress as affected by wheel load and tyre inflation pressure[END_REF]Cambi et al., 2016a[START_REF] Cambi | The impact of heavy traffic on forest soils: A review[END_REF].

Although fine textured soils are generally more susceptible to compaction than coarse-textured ones (Hillel, 2004a). A meta-analysis study reported an obvious compaction impact on both fine and coarse textured soils [START_REF] Ampoorter | Impact of mechanized harvesting on compaction of sandy and clayey forest soils: results of a metaanalysis[END_REF].

Compaction impact on soil physical properties is commonly described using bulk density (BD) [START_REF] Carter | Relative Measures of Soil Bulk Density To Characterize Compaction in Tillage Studies on Fine Sandy Loams[END_REF][START_REF] Håkansson | A review of the usefulness of relative bulk density values in studies of soil structure and compaction[END_REF] or soil penetration resistance (PR), which characterizes the vertical force required to introduce a cone into the soil, and thereby assessing soil strength and evaluating root penetrability (Vaz and Hopmans, 2001). A positive correlation was observed between BD and PR with a significant effect of soil moisture (Vaz et al., 2001).

However, [START_REF] Ampoorter | Assessing the effects of initial soil characteristics, machine mass and traffic intensity on forest soil compaction[END_REF] reported no clear correlation due to high variations in BD and PR. Several studies suggested that PR is more efficient to reveal the effect of compaction instead of BD [START_REF] Bécel | Soil penetration resistance, a suitable soil property to account for variations in root elongation and branching[END_REF]Cambi et al., 2016b;[START_REF] Marchi | Environmental impact assessment of different logging methods in pine forests thinning[END_REF][START_REF] Venanzi | Silvicultural and logging impact on soil characteristics in Chestnut (Castanea sativa Mill.) Mediterranean coppice[END_REF], especially in dry conditions [START_REF] Goutal | Modifications et restauration de propriétés physiques et chimiques de deux sols forestiers soumis au passage d'un engin d'exploitation[END_REF][START_REF] Smith | The effect of soil compaction and soil physical properties on the mechanical resistance of South African forestry soils[END_REF]. Some assessments of compaction effect used PR and shear resistance. Cambi et al. (2016b) suggested that with a higher slope, the major effect was on the shear resistance, while it was on the PR in other cases. Thus, PR is a relevant tool to describe soil compaction in lowland forests. In order to ensure comparable results of PR, penetrometer measurements should be performed in constant soil moisture conditions or be standardized as a function of soil moisture [START_REF] Goutal | Modifications et restauration de propriétés physiques et chimiques de deux sols forestiers soumis au passage d'un engin d'exploitation[END_REF][START_REF] Smith | The effect of soil compaction and soil physical properties on the mechanical resistance of South African forestry soils[END_REF]. Many studies focused on the effects of compaction on soil PR; however, the results are difficult to compare because of the strong variation of the experimental conditions, such as soil physical characteristics or equipment. For example, after five skidding cycles in dry conditions, [START_REF] Ampoorter | Assessing the effects of initial soil characteristics, machine mass and traffic intensity on forest soil compaction[END_REF] showed that PR increased up to 60-70% in coarse textured soils and 150% in fine textured soils, whilst these values were higher in wet conditions. Further, [START_REF] Abdi | Forest Science and Technology Soil hydrophysical degradation associated with forest operations Soil hydrophysical degradation associated with forest operations[END_REF] found an increase of PR up to 115% in fine textured soils in the upper layer (0-10 cm), and up to 60% in the following layer (10-20 cm). Moreover, the augmentation of PR increases with higher machine passes, regardless of type [START_REF] Ampoorter | Assessing the effects of initial soil characteristics, machine mass and traffic intensity on forest soil compaction[END_REF]Cambi et al., 2016b;[START_REF] Sakai | Soil Compaction on Forest Soils from Different Kinds of Tires and Tracks and Possibility of Accurate Estimate[END_REF].

Although soil compaction and its impact on soil health has been widely studied [START_REF] Brais | Soil compaction induced by careful logging in the claybelt region of northwestern Quebec (Canada)[END_REF]Cardenas et al., 2015;[START_REF] Frey | Compaction of forest soils with heavy logging machinery affects soil bacterial community structure[END_REF][START_REF] Herbauts | Influence of logging traffic on the hydromorphic degradation of acid forest soils developed on loessic loam in middle Belgium[END_REF][START_REF] Sands | Compaction of Sandy Soils in Radiata pine forests. I. A penetrometer study[END_REF], the time required for the soil to recover after compaction is mainly documented over short periods (between three and five years). The literature shows contrasting results; [START_REF] Croke | Soil recovery from track construction and harvesting changes in surface infiltration, erosion and delivery rates with time[END_REF] found no significant recovery in the superficial layer for variously textured soils after five years of compaction. [START_REF] Goutal | Le suivi de la restauration du fonctionnement de deux sols forestiers après tassement dans le Nord Est de la France[END_REF] reported no recovery of PR in loamy soils four years after compaction, while they showed significant recovery of soil air composition. In contrast, [START_REF] Marchi | Impact of[END_REF] found no physical or biological recovery of sandy loam soils after two years of compaction, even in the surface layers. [START_REF] Hartmann | Resistance and resilience of the forest soil microbiome to logging-associated compaction[END_REF] showed the recovery of microbial communities in an acidic loamy soil after four years of a light compaction, but no recovery was found for severe compaction. [START_REF] Page-Dumroese | Soil physical 30 property changes at the North American Long-Term Soil Productivity study sites: 1 and 5 years after compaction[END_REF] exhibited a slower progression of physical recovery for fine-textured soils, and an evident recovery of a coarsetextured soil. The recovery depends on the initial compaction severity, therefore used equipment and harvesting systems may control the recovery dynamic [START_REF] Mace | Recovery of Forest Soils from Compaction by Rubber-Tired Skidders[END_REF][START_REF] Picchio | Strip clear-cutting application and logging typologies for renaturalization of pine afforestation-A case study[END_REF]. Moreover, the recovery level seems to be relative to soil depth. For instance, three to four years after compaction, [START_REF] Goutal | Assessment of the Natural Recovery Rate of Soil Specific Volume following Forest Soil Compaction[END_REF] found a structural regeneration in the upper subsoil (0-10 cm) in two fine-textured soils and a partial regeneration in the following layer (10-20 cm) in a more clayey soil.

Soil recovery is first enhanced by contrasting climatic conditions, such as wetting-drying and freezing-thawing [START_REF] Sveistrup | Impact of land use and seasonal freezing on morphological and physical properties of silty Norwegian soils[END_REF]. In addition, plant roots play a powerful role to the reestablishment of porosity (Bottinelli et al., 2014b;[START_REF] Mace | Recovery of Forest Soils from Compaction by Rubber-Tired Skidders[END_REF][START_REF] Meyer | Recovery of forest soil from compaction in skid tracks planted with black alder (Alnus glutinosa (L.) Gaertn.)[END_REF], whereas faunal activities may promote later pore recovery [START_REF] Beylich | Evaluation of soil compaction effects on soil biota and soil biological processes in soils[END_REF][START_REF] Meyer | Recovery of forest soil from compaction in skid tracks planted with black alder (Alnus glutinosa (L.) Gaertn.)[END_REF].

After three to four years of assessment, [START_REF] Goutal | Assessment of the Natural Recovery Rate of Soil Specific Volume following Forest Soil Compaction[END_REF] emphasized the importance of large time scale studies to obtain more accurate results describing soil recovery. Some studies used space-for-time substitution approach to investigate recovery on multi-decadal scale. Thus, von [START_REF] Von Wilpert | Ecological effects of soil compaction and initial recovery dynamics: A preliminary study[END_REF] found no sign of restoration on soil aeration and rooting in loamy soils 14 years after the compaction, whereas restoration was achieved after twenty years in about 30 cm of depth. [START_REF] Ebeling | Structural recovery in three selected forest soils after compaction by forest machines in Lower Saxony, Germany[END_REF] also found a structural recovery of acidic loamy and silty soils after twenty years; in contrast, structural disturbance persisted sandy soil for few more decades, suggesting a very low ability of sandy soil to recover. These results are in disagreement with [START_REF] Page-Dumroese | Soil physical 30 property changes at the North American Long-Term Soil Productivity study sites: 1 and 5 years after compaction[END_REF], who have reported a recovery in the upper layer of a sandy soil after five years. Beyond the texture, soil pH influences the faunal bioturbation, especially the abundance and activity of earthworms, hence it influences the soil recovery rate [START_REF] Beylich | Evaluation of soil compaction effects on soil biota and soil biological processes in soils[END_REF][START_REF] Cambi | The impact of heavy traffic on forest soils: A review[END_REF]. The space-for-time substitution approach forms the most effective way to study a long-term recovery of soil, even though it is associated to several uncertainties, such as moisture conditions during the passage of machines, frequency of passage on the same ruts and the machine type and weight [START_REF] Ebeling | Structural recovery in three selected forest soils after compaction by forest machines in Lower Saxony, Germany[END_REF][START_REF] Walker | The use of chronosequences in studies of ecological succession and soil development[END_REF]. Further, in managed forests the assignment of a date to a rut is complicated, depending to the ruts longevity and the frequency of logging operation.

Based on previous studies, a large time scale is important to review soil recovery processes [START_REF] Goutal | Assessment of the Natural Recovery Rate of Soil Specific Volume following Forest Soil Compaction[END_REF][START_REF] Marchi | Impact of[END_REF]. In this study, the recovering of forest soils after compaction was examined on a multi-decadal scale using a space-for-time substitution approach supported by a robust dating between some months to 45 years. Two soil types were selected (i.e. Luvisol and Podzol) taking into account the possible effects of physicochemical properties of the soils. The evaluation of compaction and soil recovery were performed using the soil penetration resistance. Penetration resistance profiles were measured up to 30 cm depth in the trails of compaction, as a compacted soil, and beside the trails, in an undisturbed, as a control; this was done to firstly precise the depth influence and secondly to consider the natural evolution of compacted soils over time for both soil types. The soil recovery is expected to carry out from the surface to the deeper layers regardless of the soil type. In addition, it is expected to be faster in Luvisol than Podzol, depending on the difference in the magnitude of bioactivities between these soil types.

Materials and methods

Study site

The study was conducted in the Compiègne state forest (49°22' N; 2°54' E; 32-148 m altitude), which is located in Northern France and extends over ca. 14,000 ha (figure 1). The forest is under the management of the French National Office of Forests (ONF). The climate is suboceanic with average annual temperature of 10.5°C and annual precipitation of 619 mm (Climate-data.org). The geological substrate mainly consists of Cretaceous, Paleocene, Eocene sand and limestone, and it is locally covered by quaternary loess or drift sand (BRGM, 2000).

The current vegetation is a temperate deciduous forest dominated by common beech (Fagus sylvatica L.) and oak (Quercus robur L., Quercus petraea Liebl.), with several planted Scots pine (Pinus sylvestris L.) stands [START_REF] Onf | Révision d'aménagement forestier 2012-2031[END_REF]. The soils are mostly Cambisols, Luvisols and Podzols (FAO classification), and to a lesser extent waterlogged soils. Since Cambisols exhibit high variability of texture, thickness and chemical properties, only Luvisols and Podzols were investigated in this study. These two types extend over the entire massif of the forest (figure 1).

In order to limit heterogeneity, two patches were chosen: The Luvisols that are developed on loam to silt-loam loessic cover and located in the south of the forest massif, and the Podzols that are developed on Paleocene sands and located in the west part. : 1) po_a0, po_a2, po_a8, po_a13 andpo_a23 correspond to the Podzol skidding trails compacted 0, 2, 8, 13 and23 years ago, respectively, and2) lu_a0, lu_a10, lu_a24 andlu_a45 correspond to the Luvisol skidding trails compacted 0, 10, 24 and 45 years ago, respectively.

Forest management and equipment

Nowadays, the logging operations in the forest of Compiègne are carried out using eightwheeled machines with weight off-load between 10 and 15 tons (10 tons higher in cases of wood load). Tracks are exceptionally used in sensitive zones (less than 5%). Since the 1980s, permanent skid trails have been implemented. Wood skidding is performed with skidder passages into forest patches, even when skidders are equipped with cables or grapples. The frequency of forestry machine passages is around eight to ten years and it is globally unchanged since the 1970s. The logging operations performed during the 1970s used equipment with almost equivalent masses to those used nowadays; nonetheless, the former were six-and fourwheeled, which indicate the application of higher compaction magnitudes due to smaller surface contact between the machines' tires and the soils (Augoyard et al., 2017). In addition, precautions about soil damages were poorly recognized. Thereby, multiple and heavy traffic were practiced, soil type vulnerability, as well as soil moisture conditions were not taken into account.

Selection of the compaction chronosequence

The skidding trails were identified using DEM (Digital Elevation Model) from a LIDAR (Light Detection and Ranging) survey and aerial photographs. The LIDAR survey was performed in February 2014. The outcomes, 50 cm resolution DEMs, were used to perform Local Relief Modelling (LRM) spatial treatment. The LRM is a relevant technique that is used for visualizing the small-scale elevation differences and highlighting some features with very slight topographic variations such as ruts (figure 2b) [START_REF] Hesse | LiDAR-derived Local Relief Models -a new tool for archaeological prospection[END_REF]. Historical aerial photographs were consulted on the website of the French National Institute of Geographic and Forest Information (IGN) to identify the ruts following the forest thinning and clear-cutting. The skidding trails were dated using management plans of ONF and aerial photographs (figure 2a). The most recent trails (after to February 2014) were observed on the field, then dated based on the last forest operation in the management plans. Two multi-decadal scale chronosequences were implemented: 0, 10, 24 and 45 years trails for the Luvisols, termed lu_a0, lu_a10, lu_a24 and lu_a45, respectively, and 0, 2, 8, 13 and 23 years trails for the Podzols, termed po_a0, po_a2, po_a8, po_a13 and po_a23, respectively (figure 1). The trails aged zero year correspond to forest operations performed between January and mid-March 2017, so they were between one and three months when the measurements were performed. All the spatial and image analyses are performed using ArcGIS 10.4 (ESRI). Red dots are the measuring plots in the compaction trails and yellow dots are control plots located next to the ruts in undisturbed soils.

Data collection and analysis

The measurements were performed at the end of winter on March 16 th and 22 th , 2017, for the Luvisols and the Podzols, respectively. During this part of the year, local soil available water capacities are fulfilled and evapotranspiration is very reduced. The last strong rainy episode took place from March 5 th to 9 th , therefore, soils were unsaturated and soil water content was still near the field capacity to ensure comparable outcomes [START_REF] Smith | The effect of soil compaction and soil physical properties on the mechanical resistance of South African forestry soils[END_REF]. According to the available forest management unit (FMU) per age modality, 6 to 12 plots were sampled; only one FMU per age was found for the Podzols and lu_a0, then six plots were sampled. For lu_a10 and lu_a24, two FMUs per age were found, then 12 plots were sampled. For lu_a45, the skidding trails were sufficiently lengthy to take 12 plots (see supplementary data table S.1). Soil compaction was recorded by the measurement of soil penetration resistance using a penetrologger (Eijkelkamp Agrisearch Equipement, the Netherlands) and analyzed up to 30 cm of depth. Below this chosen depth, the penetrometer was blocked by a sever compaction (especially for some Luvisol measurements), and to a lesser extent by roots or stones. Therefore, the PR dataset got more lacunar for all the studied patches. In addition, this depth interval respects the range described in similar studies as the most compactible by logging machines, avoiding deeper natural compaction effect [START_REF] Ampoorter | Impact of mechanized logging on compaction status of sandy forest soils[END_REF]Godefroid and Koedam, 2004), and including of the most bioactive processes [START_REF] Ampoorter | Assessing the effects of initial soil characteristics, machine mass and traffic intensity on forest soil compaction[END_REF]Godefroid and Koedam, 2004). Three replicates were recorded per plot in the skidding trails (ruts) as compacted soil, as well as in the undisturbed soils located beside the ruts, as control (figure 2).

Samples were collected in control soils from 0-5 and 20-30 cm depths; the samples were then air-dried and sieved to 2 mm. The soil pH (in distilled water; ISO10390:2004) was recorded on the 0-5 cm samples and particle size distribution (NF X31-107) was performed on the 20-30 cm samples pooled by age modality.

The penetrometer provides measurements of PR at each centimeter of depth. The distribution of PR dataset showed a non-normal distribution. Consequently, non-parametric analyses were performed for the following analyses: Mean comparisons of PR were performed between compacted and undisturbed soil irrespective to the soil type, as well as between Podzol and Luvisol irrespective to the situation (compacted or undisturbed) using Wilcoxon test. Then, the means and standard deviations of the PR were calculated for the depth ranges at 0-10, 10-20, and 20-30 cm respectively. In addition, PR per depth, depth range, soil type and age modality were compared using Kruskal-Wallis test followed by a pairwise Wilcoxon test with Bonferroni correction to adjust the p-value and avoid the possibility of Type-I error.

Several statistical models were performed, testing the impact of compaction (the main explanatory variable) on PR (the response variable), controlling the potential confounding effect of depth, soil type and time elapsed after compaction (compaction age) as covariates. In addition, their potential interactions were tested. Soil PR, depth and compaction age were treated as continuous variables, while the variable representing the different modalities (compacted versus undisturbed) and soil type were treated as factor variables. First, as baseline or control, a null model (intercept) was tested without any explanatory variable using linear regression (lm0: PR~1). Using ordinary least square (OLS) regression and generalized additive model (GAM), two configurations of the candidate models were tested. The first one was a model which tests the effect of the different compaction ages controlling depth, soil type and situation (i.e. compacted versus undisturbed) (PR~ Depth + soil type + situation + compaction age); the second one was a model which tests the interaction effects (PR ~ Depth * soil type * situation * compaction age). The OLS regression approach assumes a linear relationship between PR and explanatory variables, while the GAM approach generates non-linear relationships. As an intermediate type of model, OLS regression models with a second-order polynomial relationship between soil PR and depth were performed. In total, seven different models were performed (Table 2), and the Akaike Information Criterion (AIC) was used to select the best candidate model, which is the one with the lowest AIC value (AICmin) [START_REF] Burnham | Model Selection and Multimodel Inference[END_REF]. The selected model was used to predict profile variation of PR with respect to the depth, and the deviation area between the curves of undisturbed and compacted soils was calculated to assess the predictive recovery over time. The relationship equation between the deviation area and the compaction age was used to predict the duration of complete recovery. Variance partitioning was carried out to describe how successful the explanatory variables explain the soil penetration resistance variation.

All statistical analyses were performed using the R software environment (R Development Core Team, 2016). "vegan", "gam", "tibble" and "riverbed" packages were used for statistical analyses. The first was used for variance partitioning, the second for model construction, and the last ones to calculate the deviation areas between curves. In addition, "ggplot2" package was used for graphical representations. All the regression and prediction models were associated to a 95% confidence interval. Residuals from the adopted model were checked out for the normality and the homoscedasticity (see supplementary Figures S.1 and S.2).

Results

Soil description

Despite the precautions taken in order to minimize soil heterogeneity (i.e. considering soil maps, selection of similar geological substrates, choosing short distance between FMUs of the same chronosequence), the pedological properties of plots were more or less variables. The Podzols exhibited similar particle sizes which were dominated by sands (91 to 96.1%) and contain some clays (2.2 to 2.9%) (table 1). Moreover, the Podzols showed a pH range between 4 to 5.02 for po_a0, po_a2, po_a8 and po_a13, according to what is expected in Podzol order, and a neutral pH (6.7) for po_a23. Moreover, the field examination of its soil profile showed a sandy soil poorly horizonated, without eluvial ash-colored nor illuvial dark-brown horizons.

The humus was rather active (mull type) and some limestone fragments appeared in the deeper layers and in the molehills. In fact, despite the mapping into Podzol on Paleocene sands, the latter revealed to be on the limit with the cretaceous chalk, which outcrops in the north of the study area. Therefore, the po_a23 of our "Podzol chronosequence" is not really a Podzol.

Consequently, po_a23 was separately treated as a sandy neutral soil.

The Luvisol chronosequence showed a pH range between 4.34 to 5.44, where the highest pH was recorded on the FMU located near the edge of the forest (lu_a0). By looking at the geological maps, lu_a0 shows the lower thickness of loam cover between the Luvisol FMUs.

Therefore, its high pH could be referred to either the lesser thickness of loam cover or a contamination from liming of the neighboring field crops. The particle size distribution of the Luvisol exhibited a gradient from east to west. The silts were clearly dominant in the east (lu_a0 and lu_a10), then the proportion of sands increases toward the west, reaching 45% and 52% in the soils of lu_a45 and lu_a24, respectively.

Table 1: summary statistics of soil properties based on the studied soil type (Luvisol and Podzol) and the compaction age of skidding trails. § Id of modality: The Id of modality described by the soil type (lu: Luvisol, and po: Podzol) and the compaction age of trails. § Compaction age: the time elapsed after the last compaction of the trails during a forest operation. § pH: Mean ± standard deviation of pH of the upper layer (0-5 cm) in the FMU. § Grain size distribution in the studied FMU (for the 20-30 cm layer) described by the percentage of clay, silt, and sand respectively. The values between parenthesis correspond to the percentage of fine sand in the sand grains. § Mean ± standard deviation of penetration resistance (PR) in the different soil depth ranges (0-10, 10-20, 20-30 cm), in the compacted trail as well as in the corresponded undisturbed soil. The letters represent the multiple mean comparisons, graded according to the soil type, using Wilcoxon post hoc test to follow up a Kruskal-Wallis one-way analysis of variance. PR means found in different group letter are significantly different at a level of significance of p ≤ 0.005. § Recovery depth: the depth at which the PR became significantly higher in the compacted trail than in the undisturbed soil, explored by a mean comparison at each cm of depth using Wilcoxon post hoc test following a Kruskal-Wallis one-way analysis of variance ("Not found" signifies that the PR was higher in the whole profile of 30 cm, and "whole profile" signifies that there was a significant difference between compacted and undisturbed soil in the whole profile of 30 cm).

The effect of compaction and factors on penetration resistance

On the global dataset, compacted soils showed higher PR than control soils (mean ± sd = 3.40 ± 2.04 vs 2.35 ± 1.27 MPa; Wilcoxon test: W=15324000, p < 0.001). Likewise, Luvisol evidenced higher PR value than Podzol (3.18±1.90 vs 2.44±1.49 MPa; W=25832000, p < 0.001). The best candidate models of soil penetration resistance included interaction effects between depth, soil type, situation (compacted versus undisturbed) and age of compaction. The lower AIC value was obtained with a second-order polynomial relationship between PR and depth (model pl2 in table 2) and explained 49% of the total variation in penetration resistance.

The model pl2 showed significant effects of depth, age of compaction, situation (compacted or undisturbed), soil and their interactions on PR (see supplementary data table S.2).

Table 2: The seven candidate models tested for the PR prediction and the comparison criteria: Akaike Information Criterion (AIC), coefficient of determination (R²) and the degree of freedom (Df). "X" corresponds to the variables included in the model and "-" corresponds to the excluded ones. "Interaction" signifies the interaction between all the explanatory variables.

With the exception of po_a0, a strong variation was found in the PR values between compacted and undisturbed soils with respect to the depth, irrespective to the soil type (table 1). Contrarily to what was expected, there was no significant difference between the PR of compacted and undisturbed soils for po_a0 (table 1). Thus, it was excluded from the analyses of Podzol recovery, and we have considered the recovery chronosequence between 2 and 13 years after compaction. The prediction model (pl2) showed a significant increase of PR with compaction which persisted even after 45 years in the deeper layer (20-30 cm) of the Luvisol (figure 3) and after 13 years in the Podzol (figure 4).

Among undisturbed Luvisols and among undisturbed sandy soils, the PR ranges showed that there was no significant difference , proving that they are valuable "control soils". Moreover, these results suggest that there was no significant effect of the grain size variability described previously within the Luvisols between the FMUs.

Recovery chronosequences

PR decreased with time over the Luvisol chronosequence (table 1 andfigure 3). The compacted soil had PR significantly higher than the undisturbed soil just after the compaction (lu_a0) throughout the whole profile. In lu_a10, lu_a24 and lu_a45, the PR became significantly higher in the compacted soil compared to the undisturbed soil starting from 4, 20, and 21 cm, respectively (table 1). There were no differences between compacted and undisturbed Luvisols in the upper layer (0-10 cm) after 10 years of compaction, as well as in the following depth range (10-20 cm) after 24 years. In contrast, the PR was significantly higher in the deeper one (20-30 cm) even after 45 years. Further, the deviation area between the curves generated by the model pl2 (compacted soil vs undisturbed soil) decreased over time. This area was 13.22 MPa.cm in lu_a0, then it decreased to 11.69, 8.52 and 1.55 MPa.cm in lu_a10, lu_a24 and lu_a45, respectively. Effectively, more time is needed to achieve recovery with increasing soil depth.

For the Podzol, considering the chronosequence from 2 to 13 years after the compaction, a decrease of PR with time was observed. The study of PR over depth ranges showed that PR was significantly higher in the compacted trail compared to the undisturbed soil on po_a2 and po_a8 in the upper depth range (0-10 cm) (table 1). In the underlying ranges (10-20 and 20-30 cm), PR was significantly higher in the compacted trails of po_a2, po_a8 and po_a13 than in their undisturbed soils (table 1). PR measurement on the sandy neutral soil (po_a23) showed that there was no significant difference between compacted trails and undisturbed soils in the whole profile of 30 cm (table 1). Unlike Luvisols, no distinct recovery depth was remarked over time on PR profiles. The complete recovery was achieved for the first 5 or 6 cm depth after 2, 8 and 13 years (table 1). On the other hand, the prediction model pl2 exhibited a recovery trend by the deviation areas between the curves (compacted vs undisturbed soil). The deviation areas were 11.45, 10.55 and 9.58 MPa.cm in po_a2, po_a8 and po_a13, respectively. Moreover, linear relations were found between the deviation area and the compaction age in both soil types (R²=0.99 and 0.97 for the Podzol and the Luvisol, respectively). Based on the equations of these relationships, the Luvisol should achieve a complete recovery up to 30 cm of depth after 53.5 years of compaction, while the Podzol would recover after 69.5 years. 

Discussion

PR and factor controlling

The adopted model (pl2; linear model with a second-order polynomial relationship), showing the effect of depth, soil type, situation (compacted versus undisturbed) and compaction age, explained 49% of the variance in soil PR. Based on the variance partitioning, the depth alone explained 27% of the total variance, while soil type, situation (compacted or undisturbed) and age of compaction explained 4%, 5% and 5% respectively. The shared representation of variance between the situation and the age of compaction was 6%, while the shared variance between age of compaction and soil type was 2%. The increase of soil compaction with depth irrespective to the vehicle traffic was typically observed by numerous authors [START_REF] Ampoorter | Assessing the effects of initial soil characteristics, machine mass and traffic intensity on forest soil compaction[END_REF][START_REF] Brais | Soil compaction induced by careful logging in the claybelt region of northwestern Quebec (Canada)[END_REF][START_REF] Page-Dumroese | Soil physical 30 property changes at the North American Long-Term Soil Productivity study sites: 1 and 5 years after compaction[END_REF]. The PR increases with depth, related to the soil compaction; unsurprisingly, depth was the main explanatory factor of the variance in the adopted model (pl2). Likewise, the soil type effect on penetration resistance was widely described due to the greater compressibility of fine particles compared to the coarse particles [START_REF] Ampoorter | Assessing the effects of initial soil characteristics, machine mass and traffic intensity on forest soil compaction[END_REF]Hillel, 2004a).

The field observations evidenced that the sandy soil compacted 23 years ago was not a Podzol, but a sparsely differentiated sandy soil. Its higher pH could enhance the biological activities.

Consequently, it may improve and accelerate soil recovering, compared with the other sandy soils. The absence of significant differences between compacted and undisturbed soils of po_a0 may be referred to soil moisture conditions before and during the forest operation or factors related to the equipment such as the machine type, the wheel pressure or the number of skidding cycles. Unfortunately, these pieces of information were not archived and this bias exhibits the important limitation of space-for-time substitution approach compared to the experimental ones. The compaction conditions, the logging operation systems and the equipment typologies are not all known in the present work. These uncontrolled variables and unavailable material knowledge may explain an important part of the residual deviance of our model (51%).

Dynamic of soil recovery

The present study shows a progressive physical recovery of soils from the surface toward deeper layers. For the Luvisol chronosequence, the PR decreased with time, firstly on the 0-10 cm depth range, then on the 10-20 cm and finally on the 20-30 cm (table 1). Despite the important decrease of PR in the last layer, the recovery was still partial 45 years after compaction.

However, recovery was completed up to 4, 20 and 21 cm for soils compacted 10, 24 and 45 years ago, respectively, suggesting a strong drop of recovery rate for the deepest layer. A spatial heterogeneity of this deep recovery may be deduced by the patchy very high PR on 20-30 cm range of some Luvisols compacted 24 and 45 years ago, which has impeded data acquisition. Furthermore, our model illustrates the soil recovery by the decrease over time of area between curves of compacted and undisturbed soils. So, the achievement of the complete recovery was evaluated after around 54 years.

Nowadays, the used machines are heavier than the machines used some decades ago [START_REF] Von Wilpert | Ecological effects of soil compaction and initial recovery dynamics: A preliminary study[END_REF], which result in a slower recovery of compacted soils. In the studied forest, this evolution of machines weight is weak and the machines currently used have comparable weights to the machines used 55 years ago. However, the logging operation systems used in the past may be considered as less ecofriendly. Indeed, the type of forest operation, the number of machine passes as well as the soil moisture conditions affect damage severity and contribute to control the recovery dynamic [START_REF] Bygdén | Rut depth, soil compaction and rolling resistance when using bogie tracks[END_REF]Cambi et al., 2016b;[START_REF] Picchio | Strip clear-cutting application and logging typologies for renaturalization of pine afforestation-A case study[END_REF]. In the past, very limited precautions, if any, were taken into account to limit soil compaction. Despite the lower machine weight, the damage could therefore be more severe than nowadays, which would mean that dynamic of soil recovery could be faster in the future.

The detection of a recovery rate for the Podzol using the chronosequence established in this study is not fully achieved as expected due to the restriction of the chronosequence between 2 and 13 years instead of 0 to 23 years. However, the prediction model pl2 suggested a recovery dynamic with a decrease over time of the deviation area between compacted and undisturbed soil PR curves. In addition, this model assumed a complete recovery of the 30 cm soil profile in about 70 years. A low initial degree of compaction on the sandy soil compacted 23 years ago is not an option, due to the distinct ruts identified on the aerial photographs. Therefore, the effect of soil pH, as a stimulator of the biological activities (emphasized here by the molehills), probably explains the faster recovery rate of this soil. Moreover, faunal communities are sensitive to the acidity, especially earthworms, which do not tolerate acidic soil [START_REF] Muys | Earthworms as bio-indicators of forest site quality[END_REF][START_REF] Potthoff | Earthworm communities in temperate beech wood forest soils affected by liming[END_REF]. This consideration is in agreement with the low ability of recovery of acidic sandy soils found by [START_REF] Ebeling | Structural recovery in three selected forest soils after compaction by forest machines in Lower Saxony, Germany[END_REF]. Our results highlight a faster recovery of neutral sandy soils (pH=6.7 ± 0.65) after 23 years than the fine textured acidic soil (pH=4.7 ± 0.5) after 24 years. Page-Dumroese et al. ( 2006) described a faster recovery of sandy soils, but, the physicochemical properties, which could better explain these results, were not been reported. The role of earthworms in the recovery of compacted soils is probably essential, although an inoculation experiments study yielded mitigated results [START_REF] Ampoorter | Experimental assessment of ecological restoration options for compacted forest soils[END_REF].

It is well known that the burrowing of earthworms result in a net increase of macroporosity [START_REF] Edwards | Earthworms ecology[END_REF]. A large number of studies reported that compaction has caused a decrease in earthworm abundance, whereas this negative effect depends on their ecological type [START_REF] Capowiez | The effect of tillage type and cropping system on earthworm communities, macroporosity and water infiltration[END_REF][START_REF] Jordan | The influence of soil compaction and the removal of organic matter on two native earthworms and soil properties in an oakhickory forest[END_REF]. Thus, the preservation of earthworm population after compaction, as well as their movement from undisturbed soils to compacted trails can be an effective pathway of recovery. However, after compaction, [START_REF] Buck | Influence of mulch and soil compaction on earthworm cast properties[END_REF] showed that the effort required for earthworms burrowing is seriously increased for severe compaction degrees, which reduces their activities. On the other hand, thinning activities lead to increase the brightness reaching the ground, which enhances the development of roots [START_REF] Mace | Recovery of Forest Soils from Compaction by Rubber-Tired Skidders[END_REF][START_REF] Perry | Forest ecosystem, second[END_REF] and favor their contribution to crack compacted soil and consequently to create suitable conditions for soil fauna [START_REF] Dorioz | The role of roots, fungi and bacteria on clay particle organization. An experimental approach[END_REF][START_REF] Meyer | Recovery of forest soil from compaction in skid tracks planted with black alder (Alnus glutinosa (L.) Gaertn.)[END_REF]. Furthermore, dead roots and plant detritus boost the growth of decomposers, stimulating faster recovery [START_REF] Meyer | Recovery of forest soil from compaction in skid tracks planted with black alder (Alnus glutinosa (L.) Gaertn.)[END_REF]. Finally, the infiltration rate of coarse textured soils, which may exceed five times the rate in fine textured soils, may prevent the accumulation of water in sandy soil ruts (Hillel, 2004b). Thus, for physicochemical properties suitable to earthworms, the coarse textured soils, which present lower compaction level, could be more encouraging for the return of earthworm communities after compaction than in fine textured soils. Accordingly, future studies on a chronosequence of sandy neutral soils could show a faster recovery than the current study.

Conclusion

The present work evidenced that compaction by heavy logging equipment has a long-term effect on the physical state of soils; indeed, compaction persisted in the fine textured soils that had been compacted 45 years ago. The decrease of PR over time in the Luvisol indicated a progressive dynamic of soil physical recovery from the surface toward deeper layers. Hence, the soil surface was easily recovered after compaction in comparison to the deep layers, where the recovery dynamic was mostly slowed down. A wide variability of recovery dynamic of the physical state of soils is remarked. The predicted full recovery is about 54 years for the acidic silty-loam and loamy soils (Luvisol), while it can reach about 70 years for the acidic sandy soil (Podzol). In contrast, the recovery probably could be achieved in less than twenty years for neutral sandy soils. The Luvisol chronosequence is suitable for further study on the main drivers (earthworms, etc.) of soil biological decompaction, whereas the Podzol chronosequence needs to be completed. Finally, a new chronosequence on neutral sandy soils would be relevant to confirm their faster ability to recover.

Natural soils recovery may be achieved in about twenty years in the optimal cases. Regarding the frequency of logging operations, which typically occur every eight to ten years in our study site, this time lapse is too short for the physical recovery of the upper soil layer. In agreement with the recommendations of guides of sustainable forest management and practices as "PRATICSOL" and "PROSOL" for France (Augoyard et al., 2017;[START_REF] Bartoli | PROSOL[END_REF], our study reemphasizes the importance of adapting skidding to the soil type and its hydric state, as well as to materialize regular and sustainable skidding trails throughout the life of the forest stand. 
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 1 Figure 1: Distribution of Luvisols and Podzols in Compiègne forest and locations of the study plots in the Forest Management Unit (FMU), showing the adopted compaction chronosequences: 1) po_a0, po_a2, po_a8, po_a13 and po_a23 correspond to

Figure 2 :

 2 Figure 2: Example of the study site lu_a45. a. 1971 aerial photograph to date the trails (IGN). b. LRM raster (50 cm resolution) obtained from LIDAR DEM: the ruts (skidding trails) appear as linear sunken path (in dark blue, red corresponds to the peaks).
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 3 Figure 3: Predicted variation in the soil penetration resistance (MPa) with respect to the depth (cm) in the Luvisol, following prediction model pl2, 95% confidence interval shown by the gray area.
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 4 Figure 4: Predicted variation in the soil penetration resistance (MPa) with respect to the depth (cm) in the Podzol, following prediction model pl2, 95% confidence interval shown by the gray area.
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 1 Figure 1: Distribution of Luvisol and Podzol in Compiègne forest and locations of the study plots in the Forest Management Unit FMU, showing the adopted compaction chronosequences: 1) po_a0, po_a2, po_a8, po_a13, and po_a23 correspond to the Podzol skidding trails compacted 0, 2, 8, 13, 23 years ago respectively, and 2) lu_a0, lu_a10, lu_a24, and lu_a45 correspond to the Luvisol skidding trails compacted 0, 10, 24, and 45 years ago respectively.

Figure 2 :

 2 Figure 2: Example of the study site lu_a45. a. 1971 aerial photograph to date the trails (IGN). b. LRM raster (50 cm resolution) obtained from LIDAR DEM: the ruts (skidding trails) appear as linear sunken path (in dark blue, red corresponds to the peaks). Red dots are the measuring plots in the compaction trails and yellow dots are control plots located next to the ruts in undisturbed soil.
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 3 Figure 3: Predicted variation in the soil penetration resistance (MPa) with respect to the depth (cm) in the Luvisol, based on the prediction model pl2, 95% confidence interval shown by the gray area.

Figure 4 :

 4 Figure 4: Predicted variation in the soil penetration resistance (MPa) with respect to the depth (cm) in the Podzol, based on the prediction model pl2, with 95% confidence interval shown by the gray area.
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Table 1: summary statistics of soil properties based on the studied soil type (Luvisol and Podzol) and the compaction age of skidding trails. § Id of modality: The Id of modality described by the soil type (lu: Luvisol, and po: Podzol) and the compaction age of trails. § Compaction age: the time elapsed after the last compaction of the trails during a forest operation. § pH: Mean ± standard deviation of pH of the upper layer (0-5 cm) in the studied FMU. § Grain size distribution in the studied FMU (for the 20-30 cm layer) described by the percentage of clay, silt, and sand respectively. The values between parenthesis corresponds to the percentage of fine sand in the sand grains. § Mean ± standard deviation of penetration resistance (PR) in the different soil depth ranges (0-10, 10-20, and 20-30 cm), in the compacted trail as well as in the corresponded undisturbed soil. The letters represent the multiple mean comparison, graded according to the soil type, using Wilcoxon post hoc test to follow up a Kruskal-Wallis one-way analysis of variance. PR means found in different group letter are significantly different at a level of significance of p ≤ 0.005.

§ Recovery depth: the depth at which the PR became significantly higher in the compacted trail than in the undisturbed soil, explored by a mean comparison at each cm of depth using Wilcoxon post hoc test following a Kruskal-Wallis one-way analysis of variance ("Not found" signifies that the PR was higher in the whole profile of 30 cm, and "whole profile" signifies that there was no significant difference between compacted and undisturbed soil in the whole profile of 30 cm).

Table 2: The seven candidate models tested for the PR prediction and the comparison criteria: Akaike Information Criterion (AIC), coefficient of determination (R²), and the degree of freedom (Df). "X" corresponds to the variables included in the model and "-" corresponds to the excluded ones. "Interaction" signifies the interaction between all the explanatory variables.