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Liming of acidified forests changes leaf litter traits but does not improve leaf litter decomposability in forest streams
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Introduction

During the last decades of the 20 th century, atmospheric acid deposition has strongly affected terrestrial and aquatic ecosystems over large areas in the northern hemisphere and consequently imperilled ecosystem functioning and related ecological services [START_REF] Driscoll | Acidic deposition in the northeastern United States: Sources and inputs, ecosystem effects, and management strategies[END_REF][START_REF] Lawrence | A new look at liming as an approach to accelerate recovery from acidic deposition effects[END_REF]. The unanimous acknowledgment of these deleterious impacts has led to the implementation of international and national agreements aiming at decreasing the emissions of SO2 and NOx. As a result, signs of spontaneous chemical recovery from acidification have been reported in many areas throughout Europe and North America [START_REF] Burns | Response of surface water chemistry to reduced levels of acid precipitation: comparison of trends in two regions of New York, USA[END_REF][START_REF] Driscoll | Long-term temporal trends and spatial patterns in the acid-base chemistry of lakes in the Adirondack region of New York in response to decreases in acidic deposition[END_REF]. However, natural recovery of soils and surface waters is a slow process [START_REF] Lawrence | A new look at liming as an approach to accelerate recovery from acidic deposition effects[END_REF]. Liming which represents an alternative to mitigate acidification and to restore acidified ecosystems has been extensively used in terrestrial and aquatic ecosystems [START_REF] Clair | Liming for the mitigation of acid rain effects in freshwaters: A review of recent results[END_REF][START_REF] Lawrence | A new look at liming as an approach to accelerate recovery from acidic deposition effects[END_REF]. Lime (e.g. calcite:

CaCO3 or dolomite: CaMg(CO3)2) can be spread on a whole watershed to improve the chemical quality of forest soil [START_REF] Forey | Liming impacts Fagus sylvatica leaf traits and litter decomposition 25 years after amendment[END_REF] and then water chemistry in freshwater ecosystems [START_REF] Clair | Liming for the mitigation of acid rain effects in freshwaters: A review of recent results[END_REF]. Such operations are expected to improve soil properties (increase of base cation contents, reduction of soil acidity) and therefore mineral nutrition and growth of trees [START_REF] Balland-Bolou-Bi | Effect of calco-magnesian amendment on the mineral weathering abilities of bacterial communities in acidic and silicate-rich soils[END_REF][START_REF] Cesarz | Effects of soil and leaf litter quality on the biomass of two endogeic earthworm species[END_REF][START_REF] De Wit | Dissolved Al reduces Mg uptake in Norway spruce forest: Results from a long-term field manipulation experiment in Norway[END_REF].

As a result, biological nutrient cycling may be enhanced by liming and many studies reported changes in measured traits on green and senescent leaves and on leaf litter [START_REF] Court | Long-term effects of forest liming on mineral soil, organic layer and foliage chemistry: Insights from multiple beech experimental sites in Northern France[END_REF][START_REF] Forey | Liming impacts Fagus sylvatica leaf traits and litter decomposition 25 years after amendment[END_REF].

In forest headwater streams, leaf litter input from terrestrial ecosystem is considered as the major source of organic carbon [START_REF] Fisher | Energy Flow in Bear Brook, New Hampshire: An Integrative Approach to Stream Ecosystem Metabolism[END_REF][START_REF] Vannote | The river continuum concept[END_REF][START_REF] Wallace | Multiple Trophic Levels of a Forest Stream Linked to Terrestrial Litter Inputs[END_REF]. It has been already demonstrated that leaf litter traits impact litter processing by detritivores and microbial decomposers [START_REF] Cornwell | Plant species traits are the predominant control on litter decomposition rates within biomes worldwide[END_REF][START_REF] García-Palacios | The importance of litter traits and decomposers for litter decomposition: a comparison of aquatic and terrestrial ecosystems within and across biomes[END_REF][START_REF] Zhang | Leaf litter traits predominantly control litter decomposition in streams worldwide[END_REF]. In particular, calcium (Ca) content was noted to be a major factor enhancing decomposition and impacting decomposer community composition in terrestrial ecosystems [START_REF] Cesarz | Effects of soil and leaf litter quality on the biomass of two endogeic earthworm species[END_REF][START_REF] Ohta | Calcium concentration in leaf litter alters the community composition of soil invertebrates in warm-temperate forests[END_REF][START_REF] Yue | Foliar litter decomposition in an alpine forest meta-ecosystem on the eastern Tibetan Plateau[END_REF]. Similarly, [START_REF] García-Palacios | The importance of litter traits and decomposers for litter decomposition: a comparison of aquatic and terrestrial ecosystems within and across biomes[END_REF] suggested that Ca and magnesium (Mg) contents are important drivers of decomposition in streams. Other traits, principally lignin and phosphorous (P) content have been pointed out as factors controlling inter-and intraspecific variation in leaf litter decomposition rate in terrestrial [START_REF] Aerts | Climate, leaf litter chemistry and leaf litter decomposition in terrestrial ecosystems: a triangular relationship[END_REF][START_REF] Enriquez | Patterns in Decomposition Rates Among Photosynthetic Organisms -the Importance of Detritus C-N-P Content[END_REF] and stream ecosystems [START_REF] Lecerf | Intraspecific variability in leaf traits strongly affects alder leaf decomposition in a stream[END_REF], by reducing (lignin) or increasing (P) the decomposition process.

While several studies have reported the indirect positive effect of liming on leaf litter breakdown through changes in water quality [START_REF] Mckie | Mitigation or disturbance? Effects of liming on macroinvertebrate assemblage structure and leaf-litter decomposition in the humic streams of northern Sweden[END_REF][START_REF] Merrix | The effects of low pH and palliative liming on beech litter decomposition in acid-sensitive streams[END_REF], potential indirect effects related to changes in leaf litter chemistry remain underinvestigated in aquatic ecosystems. In the present study, we aimed to determine to what extent acidic forests liming, performed 9 and 21 years ago, has induced changes in leaf litter quality and decomposability.

We hypothesized that i) liming leads to changes in key leaf litter traits, ii) liming enhances leaf litter decomposability and iii) higher leaf litter decomposability is related to changes in leaf litter traits (especially higher Ca and Mg contents). To test these hypotheses, we collected leaf litter of beech (Fagus sylvatica, L.) growing in three strongly acidified catchments and in three contiguous limed catchments. Beech leaf litter was also collected on two calcareous sites, used as positive controls in the study. Then, we measured several leaf litter traits selected as potentially important for determining leaf litter decomposition. Leaf litter decomposability (i.e. an integrative trait giving information on the potential for a leaf litter to be decomposed) was then evaluated in an oligotrophic circumneutral stream in order to only evaluate the effect of leaf litter traits on decomposition and fungal development, excluding potential confounding factors related to acidification effects on invertebrate organisms, fungal development, and decomposition rate [START_REF] Dangles | Structural and functional responses of benthic macroinvertebrates to acid precipitation in two forested headwater streams (Vosges Mountains, northeastern France)[END_REF][START_REF] Baudoin | Elevated aluminium concentration in acidified headwater streams lowers aquatic hyphomycete diversity and impairs leaf-litter breakdown[END_REF].

Material and methods

Leaf litter

Litter selection

The study was conducted in the Vosges Mountains (North-eastern France) where acid deposition has strongly impacted forest ecosystems during the last century (Landmann and Bonneau, 1995). Leaf litter of beech (Fagus sylvatica) was chosen as it is the dominant broadleaved species in the studied area. Senescent leaves were collected during fall every two weeks on a net placed in the understorey, 1-m above the soil surface, preventing any contact with the soil.

To test the effect of liming on leaf litter traits and decomposition by having a potential large litter trait gradient, leaf litters were collected on six sites grouped in three areas. One area is located on granite bedrock (named G) and two others on sandstone bedrock (named S1 and S2). In each area, one site was located in a stand that was limed with dolomite lime 9 years (for G and S1) or 21 years (S2) before the experiment. For each limed site (L: GL, S1L, S2L; table 1), a reference litter collection site, used as control, was selected in the vicinity on the same bedrock but without liming treatments (NL: GNL, S1NL, S2NL; table 1). In addition, leaf litters were also collected in a fourth area located on calcareous bedrock in Moselle (North East France) at two sites (named Calcareous1 and Calcareous2; table 1). This aimed to provide reference data for leaf litter traits found in non-acidified sites (positive control), when Ca and other mineral nutrients availability in soil is high.

After collection, litter was air dried and stored at room temperature during approximately two months in the dark in the laboratory before being used for analyses and the decomposition experiment.

Leaf litter traits

Nine leaf litter traits were selected to characterize the leaf contents in some major mineral elements (carbon, nitrogen, phosphorus, calcium, magnesium and potassium content), in some major organic macromolecules (lignin and cellulose), as well as structural parameters (leaf mass area and leaf toughness). All these traits were measured before decomposition of leaf litter.

Leaf carbon (C) and nitrogen (N) contents were measured with a CHN elemental analyzer (Carlo-Erba NA 2100). Total phosphorous (P) was measured after alkaline persulphate digestion and spectrophotometric measurements using an automated analyzer (Konelab 420-XTi, Thermofischer). Ca and Mg concentrations were measured at the SARM mineral analyse platform (Nancy, France) by atomic absorption spectroscopy after lithium metaborate alkaline fusion. Potassium (K) was measured by furnace atomic absorption spectroscopy after complete mineralisation at 525°C and resuspension of ashes with 50 µL of 67% HNO3 in 50 mL deionised water. Spinach (NIST 1570a, Sigma-Aldrich, France) was used as a standard for mineralization efficiency evaluation.

Lignin and cellulose contents in leaf litter were determined with the fibre forage method [START_REF] Van Soest | Methods for Dietary Fiber, Neutral Detergent Fiber, and Nonstarch Polysaccharides in Relation to Animal Nutrition[END_REF] as described in [START_REF] Gessner | Proximate lignin and cellulose[END_REF]. This method is based on the determination of residual weight after the removal of the different litter components. Firstly, soluble compounds were removed with boiling acid-detergent solution (cetyltrimethyl ammonium bromide 20 g.L--1 in a 0.5M sulphuric acid solution). In the second step of the analysis, cellulose was removed with 72% (w/w) sulphuric acid. Lignin was then removed with a muffle furnace at 500°C during 6 h. After each step the remaining dry mass was determined.

For each leaf origin, four replicates of ten leaves were randomly chosen. Leaves were oven dried at 65°C during two days and then weighted. Leaves were rewetted, flattened and photographed for the determination of leaf area using the image analysis software ImageJ [START_REF] Schneider | NIH Image to ImageJ: 25 years of image analysis[END_REF]. The leaf mass area was calculated as the ratio between leaf mass (g) and leaf area (m²).

Leaf toughness was measured as the strength needed to penetrate the leaf with a punch.

The measure was done with a custom-made penetrometer as described by [START_REF] Graça | Leaf Toughness, in: Methods to Study Litter Decomposition[END_REF]. The strength applied was progressively increased by adding water on a bottle fixed on the punch. The weight of the filled bottle and the punch was then recorded for each point and data were converted to pressure units with the equation toughness = m x g0 (with m the mass of the filled bottle and the punch and g0 the standard gravity).

Leaf-litter decomposability in stream 2.2.1. Study site

The study was conducted in La Maix stream (latitude 48°29'2.1″N, longitude 7°04'8.5″E), a second order stream draining a catchment lying on sandstone and located in the Vosges Mountain. This study site was selected due its proximity to sandstone leaf litter sampling sites and the fact that it is well known, frequently used as experimental site in many studies and has a diversified community of macroinvertebrate detritivores and microbial decomposers because it was not strongly impacted by acidification. The stream was surrounded by a mixed forest mainly composed of beech (Fagus sylvatica), silver fir (Abies alba) and norway spruce (Picea abies). Water samples were collected and analysed at the beginning of the experiment and then at each sampling date. During the 128 days-experiment (6 sampling dates: day 0, 21,44,70,99,128), La Maix water chemical characteristics were as follows: [Mean (±Sd);]: pH= 7.55 (± 0.12), conductivity = 79.2 (± 6.2) µS cm -1 , acid neutralizing capacity (ANC) = 497.8 (± 60.1) µeq L -1 , [Cl -] = 1.52 (±0.11) mg L -1 , [NO3 -] = 2.44 (±0.16) mg L -1 , [SO4 2-] = 5.52 (± 0.43) mg L -1 , [PO4 3-] < 0.02 mg L -1 , [Na + ] = 0.84 mg L -1 , [Ca 2+ ] = 6.34 (± 0.80) mg L -1 , [K + ] = 1.38 (± 0.08) mg L -1 and [Mg 2+ ] = 3.37 (± 0.29) mg L -1 . Mean temperature was 7.5°C and ranged from 4.0 °C to 12.8 °C during the course of the experiment.

Experimental design of the litter decomposability measurement

Three hundred and twenty litter bags [8 beech litter provenance × 5 incubation dates × 4 replicates × 2 mesh size] were filled with 3.5 (±0.005) g of air dried leaf litter. Two types of bags were used: coarse-mesh bags (5mm mesh size) allowing detritivore macroinvertebrates to colonize leaf litter and fine-mesh bags (0.5mm mesh size) preventing macroinvertebrate to colonise the litter but allowing microbial decomposers. Litter bags were immerged in La Maix stream on February in 20 blocks to integrate intra-site variation. In each block, 16 litter bags were immerged (8 beech litter provenances x 2 litterbag mesh sizes): litter bags of each block were thus considered as all condition replicate. Litter bags of four different blocks were randomly collected after 21, 44, 70, 99 and 128 days of incubation in the stream. Each bag was then placed individually in a bag filled with stream water, placed in a cooler and rapidly transported to the laboratory for further processing.

Litter bags were opened at the laboratory within 24 hours. Residual leaf litter was gently washed with stream water to eliminate particulate organic matter and sand. For each fine mesh bag, five leaves were randomly sampled and one 14 mm diameter disk was cut in each leaf and stored at -80°C before fungal biomass quantifications.

Measured endpoints

Remaining litter was dried at 65°C to constant mass (48 h), and then weighted (± 0.1 mg).

Ash free dry mass (AFDM) was determined after complete combustion of a sub-sample in a muffle furnace (at 500°C during 6 h).

For each beech litter provenance and each mesh size, the decomposition rate (k) in fine mesh (kFM) and in coarse mesh bags (kCM) was calculated by fitting an exponential model Mt = M0e -kt on the remaining AFDM data of the four replicates of each date, according to [START_REF] Bärlocher | Leaf mass loss estimated by litter bag technique[END_REF].

Fungal biomass was evaluated by the quantification of the fungal sterol, ergosterol. We used a conversion factor ergosterol-to-biomass of 5.5 mg g -1 [START_REF] Gessner | Ergosterol-to-biomass conversion factors for aquatic hyphomycetes[END_REF].

The five leaf discs cut for each fine mesh bag (see above), were freeze dried before to be precisely weighted (0.1 mg). Ergosterol was extracted in 5 ml methanol-KOH solution (8 g L - 1) overnight at 4°C and then at 80°C for 30 min. The ergosterol concentration of the leaf litter was then assessed using solid-phase extraction (Oasis HLB, 60mg; 3mL; Waters corporation, Milford, Massachusetts, USA) and reversed phase high performance liquid chromatography [START_REF] Gessner | Use of solid-phase extraction to determine ergosterol concentrations in plant tissue colonized by fungi[END_REF].

Statistics

We performed ANOVAs followed by Tukey HSD post-hoc tests to compare leaf-litter traits between the different provenance, and ANCOVA followed by Tukey post-hoc tests for the comparison of decomposition rates. Data were log transformed when necessary to meet the assumption (normality and homoscedasticity) for ANOVA. These assumptions were met for all analyses. A principal component analysis (PCA) was used to investigate relationships among leaf litter traits and among the different batch of litter from different sites and PERMANOVA was used to test for differences in leaf quality between limed and control. For the PERMANOVA, we used the betadisper function to check the equality of variance.

Effect sizes were used to determine specifically the potential effect of liming on leaf litter traits, litter decomposition and fungal biomass. Only the three couples of limed-control site were used (GL-GNL, S1L-S1NL and S2L-S2NL, table 2). Effect sizes were determined as described by [START_REF] Hedges | The Meta-Analysis of Response Ratios in Experimental Ecology[END_REF].

Partial least square regressions (PLS) have been used to determine the importance of each leaf litter trait on tested endpoints (kCM, kFM and fungal biomass at each time point). For each PLS model, traits with variable importance in the projection (VIP) <0.7 where excluded and VIP for other traits were recalculated. Model quality estimate by Q 2 and R² parameters based on leave-one-out cross-validation [START_REF] Lê Cao | A Sparse PLS for Variable Selection when Integrating Omics Data[END_REF]. Data analyses were implemented within the R statistical environment (R Core Team, 2013), using the {mixOmics}and {vegan} packages for multivariate analysis. The significance threshold was set at P <0.05.

Results

Leaf litter traits

Ca and Mg contents of leaf litter were significantly increased by liming (fig. 1) from 4.08 (±1.57) mg g -1 in not limed sites to 8.49 (±2.49) mg g -1 in limed sites (G: + 143 %; S1: + 19%; S2: +248%) and 0.47 (±0.06) mg g -1 in control sites to 0.93 (±0.37) mg g -1 in limed sites (G: + 198 %; S1: + 50%; S2: + 54%), respectively. Compared to their not limed counterpart, we also observed a significantly lower K content (G: -25 %; S1: -41 %; S2: -36 %) and a slightly higher P concentration in litter from limed site, but this difference was not significant.

None of the other measured leaf litter traits were affected by liming (fig. 1).

Leaf litter traits expressed a strong variability within litter from acid bedrock sites (granite and sandstone, limed and not limed), particularly for Ca, Mg, K and P content for which we observed 5-, 3-, 3-and 2-fold variation respectively (table 2). This variability in leaf litter traits was higher within limed sites than within control, non-limed acid-bedrock sites (fig. 2). C and N contents expressed only very low differences between sites as well as the C/N ratio.

Cellulose content was not significantly affected by litter sampling site. Lignin content was impacted by litter sampling site (table 2) but not by liming (fig. 1). No significant differences in leaf toughness were observed among the litter from different sites (table 2).

LMA values ranged from 36.1 g m -² for GL litter to 63.3 g m -² for GNL with significant differences among litter from different sites but these differences were not induced by liming (fig. 1). Litter from calcareous sites (Calcareous1 and Calcareous2) were characterised by high content of Ca (18.4 and 17.5 mg g -1 ), and Mg (1.31 and 1.49 mg g -1 ) but also significantly higher P content (1.20 and 2.47 mg g -1 ), a high K content (10.3 and 9.0 mg g -1 ) and lower fibre (lignin and cellulose) content (fig. 2, table 2). While liming led to higher Ca and Mg contents, these contents remained below those observed in the litter from the calcareous sites, except for Mg content in GL litter.

In the PCA, litter from limed and control sites cannot be distinguished by the leaf litter traits measured (fig. 2). This was confirmed using a PERMANOVA, indicating no significant differences between control and limed sites (p=0.3). The response to liming seemed different at each liming site. Litter from granite and sandstone sites were clearly separated on the first axis from litter from Calcareous1 and Calcareous2 sites (fig. 2). Only litter from the granite limed site had intermediate traits on axis 1 between litter from control sites and calcareous sites (fig. 2). However, contents of Mg and total C in leaf litter sampled in the two calcareous sites were relatively similar to those observed from the granite bedrock limed site (GL) (table 2, fig. 2). Leaves sampled in the GL site showed significantly higher Ca content and lower C:P ratio compared to those from the other sites on acid bedrock. As expected, litter Ca and Mg were strongly positively correlated. P and K contents were also positively correlated with Ca and Mg contents and negatively with lignin content. Toughness was strongly related to lignin content (fig. 2).

Leaf litter decomposability

Liming had no significant effect on the rate of microbial decomposition (fine mesh litter bags; kFM) but in CM litter bags, a negative effect of liming was observed (fig. 3).. Significantly different kFM between leaf origins were observed, but not linked to liming (fig.

3, 4a). Decomposition rates of leaf litter from limed and control sites expressed only a low variability. kFM ranged from 0.0025 day -1 to 0.0032 day -1 and kCM ranged from 0.0041 day -1 to 0.0064 day -1 .

In fine mesh (FM) litter bags litter from both calcareous sites had significantly higher kFM than any acid site (fig. 4a). In CM, the results were more contrasted. While Calcareous2 leaf litter has a significantly higher kCM (0.0112 day -1 ) than any other site, Calcareous1 leaf litter has not a significantly higher kCM than most of the leaf litter from acid bedrock sites (fig. 4b).

Notably, Calcareous2 expressed a significantly higher kCM than all the other sites, including Calcareous1 (fig. 4b). However, litter from the other calcareous site (Calcareous1) in CM litter bags did not decompose significantly faster than litter from acid sites (except GL and S1L, fig. 4b).

PLS regression was used to determine the importance of each trait for decomposition.

When the PLS regression was done only on acid sites data, decomposition rate was best explained by positive effect of K content, C content (and the C/N) and LMA but also by negative effect of Ca, Mg, N content and leaf toughness in CM bags. In FM bags, P content, C/P, and P/lignin ratio were all important variables, with a negative effect of P content and P/lignin ratio on decomposition (table 3). However, the models for both kCM and kFM explained only 13 and 14 % of variance, respectively. When including the calcareous sites, kCM was principally driven by high P content, low cellulose content and high P/lignin ratio (table 3), while kFM appears as positively related to Ca, K and P contents, P/lignin and N/lignin ratio and negatively to cellulose content (table 3). Note that more leaf traits significantly influenced kCM and kFM when considering calcareous sites.

Fungal biomass

Liming had no significant effect on fungal biomass at any sampling time (fig. 3). For most of the litters tested, the maximum fungal biomass was reached after 77 days while for litter from two sites (GL and S1L) the maximal biomass was reached after 44 days (fig. 5).

Both leaf litters from calcareous sites reached higher values than the others (fig. 3,5) but with different dynamics since leaf litter from Calcareous2 site had strongly higher fungal biomass than any other litter after 21 days while leaf litter from Calcareous1 site showed not more fungal biomass than the other sites at this date. In contrast, leaf litter from Calcareous1 site had more fungal biomass than Calcareous2 site after 99 days (fig. 5).

At each sampling date, PLS models have been used based on the traits measured on leaf litters (table 4). Considering only leaf litters from acid sites at 21 days, initial C/N, cellulose, P and Mg contents were positively associated with higher fungal biomass while N/lignin, toughness and C/P were negatively associated with it. After 44 days, fungal biomass was positively related to initial Ca and Mg content and C/N ratio while C and N contents, LMA, toughness and lignin content negatively affected it (table 4). At 77 and 99 days, fungal biomass was mainly negatively related to N content.

When adding data from litter from the calcareous sites, initial Ca, Mg, P, K contents and P/lignin ratio were associated with higher fungal biomass at all sampling dates. Toughness, cellulose and C/P ratio were negatively related to fungal biomass at all dates and lignin between 44 and 99 days. After 77 days, N content was also negatively associated with fungal biomass (table 4).

Discussion

Liming has a limited effect on leaf litter traits.

In our experiment, we observed that liming induced a strong increase in Ca and Mg contents in the collected leaf litter, supporting our first hypothesis. This is consistent with literature data since previous studies have shown that liming increases Ca and Mg contents (or Ca only in case of liming with calcite) of green leaves and leaf litters [START_REF] Court | Long-term effects of forest liming on mineral soil, organic layer and foliage chemistry: Insights from multiple beech experimental sites in Northern France[END_REF][START_REF] Forey | Liming impacts Fagus sylvatica leaf traits and litter decomposition 25 years after amendment[END_REF][START_REF] Long | Long-term impact of liming on growth and vigor of northern hardwoods[END_REF][START_REF] Moore | Soil and sugar maple response 15years after dolomitic lime application[END_REF]. For example, [START_REF] Forey | Liming impacts Fagus sylvatica leaf traits and litter decomposition 25 years after amendment[END_REF] reported an increased Ca concentration in beech litter even 25 years after the liming.

Intraspecific variability in leaf litter traits can be due to environmental and genetic factors [START_REF] Leroy | Within-species variation in foliar chemistry influences leaf-litter decomposition in a Utah river[END_REF][START_REF] Ordoñez | A global study of relationships between leaf traits, climate and soil measures of nutrient fertility[END_REF][START_REF] Silfver | Intrapopulation genotypic variation in leaf litter chemistry does not control microbial abundance and litter mass loss in silver birch, Betula pendula[END_REF]. Our sampling sites are geographically very close and we may hypothesize that traits differences between leaf litter from the different sites mainly reflect differences in sites characteristics even if some differences due to genetic variation cannot be excluded. Indeed, availability of soil mineral nutrients is known to influence leaf litter nutrient content through a reduced foliar remobilisation when nutrients are highly available in soil [START_REF] Achat | Nutrient remobilization in tree foliage as affected by soil nutrients and leaf life span[END_REF][START_REF] Vergutz | Global resorption efficiencies and concentrations of carbon and nutrients in leaves of terrestrial plants[END_REF].

Another important trait, lignin content, may be influenced by nutrient availability since nutrient limitation promote the production of carbon based secondary metabolites such as lignin [START_REF] Koricheva | Regulation of woody plant secondary metabolism by resource availability: hypothesis testing by means of metaanalysis[END_REF]. Changes in lignin content might affect structural traits such as toughness and several studies have reported relationships between LMA and soil nutrients [START_REF] Hidaka | Allocation of foliar phosphorus fractions and leaf traits of tropical tree species in response to decreased soil phosphorus availability on Mount Kinabalu[END_REF][START_REF] Poorter | Causes and consequences of variation in leaf mass per area (LMA): a meta-analysis[END_REF].

The effect of liming on soil is more complex than just an increase of available Ca and Mg [START_REF] Auclerc | Changes in soil macroinvertebrate communities following liming of acidified forested catchments in the Vosges Mountains (North-eastern France)[END_REF][START_REF] Balland-Bolou-Bi | Effect of calco-magnesian amendment on the mineral weathering abilities of bacterial communities in acidic and silicate-rich soils[END_REF][START_REF] Court | Long-term effects of forest liming on mineral soil, organic layer and foliage chemistry: Insights from multiple beech experimental sites in Northern France[END_REF][START_REF] Forey | Liming impacts Fagus sylvatica leaf traits and litter decomposition 25 years after amendment[END_REF] and we hypothesized that the improvement of tree mineral nutrition after liming might have affected other leaf litter traits. In the present study, we observed a significant decrease of leaf litter K content. Among the ten traits measured, Ca, Mg and K contents were the only three leaf litter traits that were significantly impacted by liming. Neither C, N, P contents nor nutrient ratios and structural traits were significantly affected by liming. A previous study has reported a decrease in litter N and K contents after liming possibly due to a dilution of these nutrients by the high amount of Ca [START_REF] Forey | Liming impacts Fagus sylvatica leaf traits and litter decomposition 25 years after amendment[END_REF]. We just observed such an effect of liming for K, but not for N content. However, N and P generally show strong resorption by plants, so that little changes in nutrient availability would not strongly affect nutrient content in litter [START_REF] Vergutz | Global resorption efficiencies and concentrations of carbon and nutrients in leaves of terrestrial plants[END_REF]. In contrast, Ca is nearly not resorpted and Mg resorption is low (30%, decreasing with increasing soil Mg; [START_REF] Vergutz | Global resorption efficiencies and concentrations of carbon and nutrients in leaves of terrestrial plants[END_REF]) so these traits in leaf litter could be more affected by changes in soil nutrient availability. Some studies have found changes in leaves lignin or cellulose contents due to liming [START_REF] Forey | Liming impacts Fagus sylvatica leaf traits and litter decomposition 25 years after amendment[END_REF][START_REF] Melvin | Forest liming increases forest floor carbon and nitrogen stocks in a mixed hardwood forest[END_REF] but very few studies have considered morphological parameters of green or senescent leaves [START_REF] Forey | Liming impacts Fagus sylvatica leaf traits and litter decomposition 25 years after amendment[END_REF]. Yet, such traits can strongly affect leaf litter decomposability [START_REF] Pérez-Harguindeguy | Chemistry and toughness predict leaf litter decomposition rates over a wide spectrum of functional types and taxa in central Argentina[END_REF][START_REF] Quinn | Influences of leaf toughness and nitrogen content on in-stream processing and nutrient uptake by litter in a Waikato, New Zealand, pasture stream and streamside channels[END_REF] and to our knowledge, none have reported changes after liming.

Leaf litter traits were also measured on litters from two calcareous (Calcareous1 and Calcareous2) sites used as high Ca-Mg references. These reference sites reveal a large phenotypic plasticity of most of the measured traits (except cellulose and toughness, table 2).

Since liming aims to improve soil fertility, we expected that liming would induce changes in leaf litter traits toward trait values close to those of calcareous sites. While the Mg content of litter collected in the GL site approached the Mg content of litters collected on calcareous sites, the Ca content in litters collected on limed sites remained 2 to 3 times lower than the Ca content of litters collected on calcareous sites. The change was even in the opposite direction for K content. For the other traits, leaf litter from limed sites did not exhibit intermediate values between control and calcareous sites, except at the GL sites for some traits (e.g. significantly higher C/P ratio in the limed plot compared to the control plot). This suggests that the response to liming can be different depending on initial site characteristics, which has been clearly illustrated by [START_REF] Rizvi | Calciummagnesium liming of acidified forested catchments: Effects on humus morphology and functioning[END_REF] that reported opposite changes in humus thickness at granite vs. sandstone sites after liming. The nature of soil thus largely affects the importance of liming effects on leaf litter traits.

Liming had no positive effect on leaf decomposability in the studied stream

Liming aims, among others, to improve ecological functions in streams flowing in acidified forests [START_REF] Lawrence | A new look at liming as an approach to accelerate recovery from acidic deposition effects[END_REF]. Liming is generally considered to affect aquatic ecosystem through changes in water chemistry and in biological community composition that will, in turn, modify ecosystem processes such as leaf litter decomposition [START_REF] Merrix | The effects of low pH and palliative liming on beech litter decomposition in acid-sensitive streams[END_REF]. Our hypothesis was that it could also affect ecosystem functions through enhanced litter decomposability. In our experiment, microbial decomposition (in FM litter bags) as well as fungal biomass remained unaffected by liming, while we observed a slight negative effect of liming on total decomposition rate (in CM litter bags). When considering all sites, including calcareous ones, we observed large differences in leaf litter decomposability, confirming the sensitivity of the method used in this study to discriminate leaf litter qualities. However, higher leaf litter decomposability was not related to liming. Our second hypothesis is therefore rejected. To date, liming experiments carried out in terrestrial environments have led to contrasting results. For example, in a study conducted by [START_REF] Mccay | Rate of litter decay and litter macroinvertebrates in limed and unlimed forests of the Adirondack Mountains[END_REF], liming increased leaf litter decomposability while in two other studies [START_REF] Lovett | Effects of Calcium on the Rate and Extent of Litter Decomposition in a Northern Hardwood Forest[END_REF][START_REF] Perkiömäki | A reciprocal decomposition experiment of Scots pine needles 19 yr after wood ash fertilization[END_REF], liming did not significantly impact leaf litter decomposability. In aquatic ecosystems, while some studies have investigated the effect of liming on decomposition in limed vs. not limed streams, and shown a positive effect on microbial decomposition [START_REF] Mckie | Mitigation or disturbance? Effects of liming on macroinvertebrate assemblage structure and leaf-litter decomposition in the humic streams of northern Sweden[END_REF][START_REF] Merrix | The effects of low pH and palliative liming on beech litter decomposition in acid-sensitive streams[END_REF], none have investigated if liming induced changes in leaf litter decomposability. We therefore investigated the links between traits and decomposability to explain why we did not observe the expected changes.

Links between leaf litter traits and litter decomposability

We hypothesised that liming can indirectly improve leaf litter decomposability through changes in key leaf litter traits (hypothesis iii). Since liming did not increase leaf litter decomposition in our study but significantly modified some leaf litter traits (increase in Ca, Mg content; decrease in K content), hypothesis iii was rejected. However, in the literature, some leaf litter traits are known to affect its decomposability, and intraspecific variations in leaf litter traits have been shown to affect decomposition process (e.g. [START_REF] Jackrel | Local adaptation of stream communities to intraspecific variation in a terrestrial ecosystem subsidy[END_REF][START_REF] Lecerf | Intraspecific variability in leaf traits strongly affects alder leaf decomposition in a stream[END_REF].

If some leaf litter traits are often pointed out as major drivers of leaf litter decomposition in aquatic ecosystem (e.g., P, lignin: [START_REF] Lecerf | Intraspecific variability in leaf traits strongly affects alder leaf decomposition in a stream[END_REF][START_REF] Migliorini | Leaf litter traits drive community structure and functioning in a natural aquatic microcosm[END_REF], none of these studies have investigated the impact of leaf Ca and Mg contents. However, Ca is an element of primary importance for aquatic invertebrates such as crustaceans (e.g. Gammarus fossarum, which is the main detritivore macroinvertebrate in the headwater streams of the studied area; [START_REF] Dangles | Structural and functional responses of benthic macroinvertebrates to acid precipitation in two forested headwater streams (Vosges Mountains, northeastern France)[END_REF][START_REF] Rollin | Additive effect of calcium depletion and low resource quality on Gammarus fossarum (Crustacea, Amphipoda) life history traits[END_REF] and for microbial decomposers [START_REF] Rosset | Aquatic hyphomycetes: Influence of pH, Ca2+ and HCO3-on growth in vitro[END_REF]. A positive effect of higher Ca and Mg could also have been mitigated by the observed reduction of litter K content with liming, a covariation that had already been observed by [START_REF] Forey | Liming impacts Fagus sylvatica leaf traits and litter decomposition 25 years after amendment[END_REF].

The fact that other traits, such as lignin and P content, known for their effects on litter decomposition in coarse mesh and fine mesh litter bags in aquatic ecosystem [START_REF] Lecerf | Intraspecific variability in leaf traits strongly affects alder leaf decomposition in a stream[END_REF], remained unaffected by liming. This observation may also help explaining our results. Here we used partial least square regression to identify leaf litter traits that drive microbial decomposition (i.e. kFM), total decomposition (i.e. kCM) and fungal biomass at each time based on litter traits. This approach showed that Ca and Mg content appeared as important drivers of decomposition and fungal growth. However, this might be due only to the litters from the calcareous sites where decomposition rate and fungal biomass were very high, with litter traits characterised by high Ca and Mg but also high P and low lignin. GL litter that has the highest Ca and Mg contents for sites underlaid by acid bedrock (table 2), has relatively low kFM and kCM. When we focussed on acid sites, considering only litter from acid bedrock sites (granite and sandstone, limed or not), Ca or Mg were associated with higher fungal biomass until 44 days but did not appear to favour microbial decomposition. Moreover, we observed a negative correlation between Ca content and kCM.

These results are contrasting with some results observed in terrestrial ecosystems where Ca and, in a lesser extent, Mg contents in the litter have been often pointed out as important factors driving decomposition [START_REF] Hobbie | Tree Species Effects on Decomposition and Forest Floor Dynamics in a Common Garden[END_REF][START_REF] Makkonen | Highly consistent effects of plant litter identity and functional traits on decomposition across a latitudinal gradient[END_REF][START_REF] Mccay | Rate of litter decay and litter macroinvertebrates in limed and unlimed forests of the Adirondack Mountains[END_REF][START_REF] Yue | Foliar litter decomposition in an alpine forest meta-ecosystem on the eastern Tibetan Plateau[END_REF]. However, this positive effect of litter Ca content has been suggested to be mainly linked to the high Ca demand of a major taxonomic group of leaf litter consumers, earthworms [START_REF] Hobbie | Tree Species Effects on Decomposition and Forest Floor Dynamics in a Common Garden[END_REF], and therefore this could be specific to the terrestrial environment.

As illustrated by the contrasting results of similar experiments carried out in terrestrial environments, result of in stream decomposition can be highly dependent on environmental factors. In our study, we used a circumneutral stream (pH = 7.55) with relatively high concentration of Ca (6.34 mg L -1 ) and Mg (3.37 mg L -1 ) to determine the decomposability of the leaf litters, without limitation due to the exclusion of acid sensitive microbial decomposers and detritivores [START_REF] Baudoin | Elevated aluminium concentration in acidified headwater streams lowers aquatic hyphomycete diversity and impairs leaf-litter breakdown[END_REF][START_REF] Clivot | Leaf-associated fungal diversity in acidified streams: insights from combining traditional and molecular approaches[END_REF]. We cannot exclude that, in an acidified stream with very low Ca, the increased content of Ca and Mg measured in the litter from limed sites could have played a role in leaf litter decomposition dynamics. However this remains to be investigated in further research. Furthermore, in acidified stream, numerous acid sensitive detritivores such as G. fossarum that are generally favoured by high concentrations of Ca in water [START_REF] Rollin | Additive effect of calcium depletion and low resource quality on Gammarus fossarum (Crustacea, Amphipoda) life history traits[END_REF], are generally missing, potentially precluding any stimulatory effect of higher Ca contents in leaf litter on overall litter decomposition [START_REF] Clivot | Leaf-associated fungal diversity in acidified streams: insights from combining traditional and molecular approaches[END_REF].

Finally, K content appeared as associated with higher decomposition rate. Such association of higher K content with faster decomposition have already been suggested [START_REF] Yue | Foliar litter decomposition in an alpine forest meta-ecosystem on the eastern Tibetan Plateau[END_REF]. This indicates that there is no positive effect of Ca or Mg when there is a reduction of K, low P and a high amount of poorly labile forms of carbon such as lignin (that are mostly related to nutrient poor sites; [START_REF] Hidaka | Allocation of foliar phosphorus fractions and leaf traits of tropical tree species in response to decreased soil phosphorus availability on Mount Kinabalu[END_REF][START_REF] Koricheva | Regulation of woody plant secondary metabolism by resource availability: hypothesis testing by means of metaanalysis[END_REF].

Therefore, liming forest stand where leaf litter are already poor in P, K and labile carbon will certainly not lead to an improved decomposability of leaf litters in stream. In some liming experiments, N, P and K additions are combined with the liming (Court et al., 2015). Further research is needed to determine whether adding N, P and/or K along with the calcareous material can improve leaf litter decomposition rate compared to the simple liming.

Conclusion

In this study, we have shown that liming (done 9 and 21 years before the present study) led to changes in leaf litter traits by increasing Ca and Mg content, and by a significant decrease in K content. Leaf litter decomposability, however, was not improved. A slightly negative effect was observed in coarse mesh litter bags, and microbially mediated leaf litter decomposability was not affected. The other tested leaf litter traits remained unchanged. Our experiment thus suggests that leaf litter Ca and Mg content were not the main drivers of decomposition in our experimental conditions. The low P content, the reduced K content and the high amount of poorly labile forms of carbon such as lignin and cellulose in the litter from limed sites could have been important factors explaining their reduced decomposition. Our results do not support our initial hypothesis that the liming of sites impacted by acidification will systematically improve the quality of leaf litter for decomposers. Further research should be conducted on factors that can potentially affect leaf litter response to liming (initial soil properties especially P content, genetic factors, lime composition and applied amounts of products) and its decomposability in aquatic ecosystems.

Table 2: Mean (±sd) leaf litter traits (Mg, Ca, P, C, N, lignin and cellulose content, toughness and LMA). C/N, C/P and N/P are molar ratio. For the labels, GL and GNL represent leaf litter sampled on granite watershed limed site and his no limed control, SL and SNL represent leaf litter sampled on sandstone watershed limed sites (S1L, S2L) and these no limed controls (S1NL, S2NL) whereas leaves coming from calcareous bedrock (without liming) were annotated Calcareous1 and Calcareous2. The same letter indicates no significant differences for a litter trait between beech litter provenance (α=0,05). (log) indicates traits for which data where log transformed before ANOVA. N/P (log) 22.0 ab (±0.3) 13.9 bc (±1.4) 26.9 a (±0.7) 21.0 ab (±0.7) 12.2 cd (±3.9) 20.0 ab (±2.1) 5.1 de (±1.5) 3.8 e (±0.5) Toughness (10 3 kPa) 
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 2 Fig. 2: Variable (litter traits) and origin sites ordination from PCA. Litter origins are in black open rectangles. a: with all the sites; b: without the two calcareous sites.

Fig. 5 :

 5 Fig. 5: Fungal biomass for each litter origin between 21 days and 99 days in the stream. Dashed lines and open symbols represent sites with no liming, continuous lines and closed symbols represent sites with liming. Grey lines represent sites on calcareous bedrock, black lines sites on acid bedrock. Squares represent granite site, triangle sandstone sites, circle calcareous sites.

  

Table 3 :

 3 Results from the Partial Least Square (PLS) regression of leaf litter traits on decomposition rate in coarse mesh (CM) or in fine mesh (FM) litter bags. Only traits with a variable importance in the projection (VIP) > 0.7 were kept. For each trait with VIP > 0.7, correlation coefficient (R) is shown. R² indicated the R² of the PLS model for each date. Q² indicates the R² of the model applied to the test set.

		Litter from acid sites		Litter from acid and calcareous
							sites	
		CM		FM		CM		FM
		Q² = 0.17 R²= 0.13	Q²=0.26, R²= 0.14	Q²= 0.53, R²= 0.34	Q²= 0.72 R²= 0.66
		VIP	R	VIP	R	VIP	R	VIP	R
	P/lignin ratio			0.791	-0.585	1.173	0.906	1.154	0.875
	Cellulose					1.201	-0.929	1.093	-0.829
	P			1.078	-0.797	1.223	0.944	1.061	0.805
	Ca	1.305	-0.696			0.800	0.618	1.161	0.880
	C	0.772	0.380			0.841	-0.651	0.931	-0.706
	C/P ratio			1.101	0.814	0.924	-0.714	0.862	-0.654
	Mg	1.052	-0.561			0.713	0.551	0.873	0.662
	N/lignin ratio							1.016	0.770
	Lignin							0.951	-0.721
	Toughness							0.706	-0.536
	C/N ratio	0.714	0.381					
	LMA							
	N							
	K	1.082	0.577			0.986	0.762	1.075	0.814

Table 4 :

 4 Results from the Partial Least Square (PLS) regression of leaf litter traits on fungal biomass at each sampling date. Only traits with a variable importance in the projection (VIP) > 0.7 were kept. For each trait with VIP > 0.7, correlation coefficient (R) is shown. R² indicated the R² of the PLS model for each date. Q² indicates the R² of the model applied to the test set.

					Litter from acid sites			
		21 d	44 d	77 d	99 d
		Q²= 0.68	R²=0.52	Q²= 0.83	R²=0.78	Q²= 0.48	R²=0.13	Q²= 0.87	R²=0.88
		VIP	R	VIP	R	VIP	R	VIP	R
	Mg	0.715	0.447	0.908	0.658				
	Ca			1.044	0.757				
	P	0.763	0.477						
	C			1.113	-0.807				
	N			1.134	-0.823	0.974	-0.798	0.969	-0.700
	K								
	Toughness	0.873	-0.546	1.015	-0.736				
	LMA			0.837	-0.607			0.767	0.554
	Cellulose	1.041	0.650						
	Lignin			1.040	-0.754				
	C/N	1.182	0.739	0.863	0.626	1.025	0.839	1.236	0.892
	C/P	0.709	-0.443						
	P/lignin								
	N/lignin	1.354	-0.846					0.973	-0.703
				Litter from acid and calcareous sites		
		21 d	44 d	77 d	99 d
		Q²= 0.08	R²=0.02	Q²= 0.91	R²=0.91	Q²= 0.64	R²=0.50	Q²= 0.46	R²=0.20
		VIP	R	VIP	R	VIP	R	VIP	R
	Mg	0.941	0.627	1.025	0.858	0.869	0.610	0.893	0.511
	Ca	0.799	0.532	1.128	0.944	1.134	0.797	1.204	0.689
	P	1.315	0.875	1.033	0.862	0.963	0.677	0.795	0.455
	C	0.973	-0.648	1.077	-0.898	0.906	-0.637		
	N					0.778	-0.547	1.164	-0.665
	K	0.755	0.502	0.796	0.666	1.067	0.747	1.024	0.585
	Toughness	0.738	-0.491	0.954	-0.795	1.050	-0.738	0.970	-0.554
	LMA							0.971	0.555
	Cellulose	1.113	-0.741	0.987	-0.823	1.010	-0.710	0.807	-0.461
	Lignin			0.918	-0.765	1.122	-0.789	1.155	-0.660
	C/N							0.977	0.558
	C/P	1.026	-0.683	0.959	-0.800	0.900	-0.633	0.997	-0.569
	P/lignin	1.181	0.786	1.106	0.922	1.110	0.780	1.023	0.585
	N/lignin			0.862	0.719	0.988	0.695	0.932	0.532
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