Laetitia Herrmann 
email: laetitiaherrman@gmail.com
  
Didier Lesueur 
  
Agnès Robin 
  
Henri Robain 
  
Wanpen Wiriyakitnateekul 
  
Lambert Bräu 
  
  
Impact of biochar application dose on soil microbial communities associated with rubber trees in North East Thailand

Keywords: Biochar, bacterial communities, fungal communities, rubber tree, North East Thailand

Biochar is a potential tool to mitigate climate change by enhancing C sequestration in soils, but its use as a soil amendment to improve soil fertility and crop yields is still a contentious subject. In North East (NE) Thailand, biochar has been promoted to restore soil fertility in rubber tree plantations. Despite this, there is scarce information on the impact of biochar application on the soil biota, particularly on microbial communities associated with rubber trees. The effects of increasing doses of biochar on microbial communities were investigated in a rubber tree plantation in NE Thailand, 28 months after application. Biochar application resulted in increases of soil pH and nutrient contents and also had an impact on both bacterial and fungal communities. Changes in microbial composition and structure were observed although fungal communities were more markedly affected than bacterial communities. The nature and magnitude of the observed changes were strongly related to soil properties (pH, soil moisture and P content), while biochar dose (5, 10 or 20 tons/ha) effect was not significant. Our results highlight the need for additional research for a better understanding of the impact of biochar application on soil microbial communities and further cascading effects on ecosystem functions.

Introduction

Biochar is the product of the pyrolysis of C-based biomass under low or zero oxygen conditions. It is a fine-grained, porous, highly aromatic, and a very stable substance, with soil residence times estimated from hundreds to thousands of years. It has received increasing attention in recent years as an efficient tool to mitigate climate change by enhancing C sequestration after addition to soils [START_REF] Lehmann | Bio-char sequestration in terrestrial ecosystems -a review[END_REF]Sohi et al., 2010) while concurrently producing secondary agronomic benefits and improving soil function [START_REF] Lehmann | Biochar effects on soil biota -a review[END_REF]. However, biochar effectiveness as a soil amendment has been a contentious subject and both negative and positive results have been reported [START_REF] Amini | Salt-affected soils, reclamation, carbon dynamics, and biochar: a review[END_REF][START_REF] Brassard | Soil biochar amendment as a climate change mitigation tool: Key parameters and mechanisms involved[END_REF]Ding et al., 2016;Sohi et al., 2010;Verheijen et al., 2009). A metaanalysis by Verheijen et al. (2009) showed that, globally, biochar application resulted in a small but significant positive effect on plant growth, soil nutrient status and crop productivity, although the intensity of this effect was dependent on the biochar type, the nature of the soils and the crop type, and the management practices. Improvement of physical properties of the soils, as well as changes in pH, soil organic matter (OM) and nutrient content have been reported to be responsible of significant changes in microbial communities' structure, diversity and functions, consequently leading to enhanced environmental performances [START_REF] Biederman | Biochar and its effects on plant productivity and nutrient cycling: a meta-analysis[END_REF][START_REF] Bruun | Biochar amendment to coarse sandy subsoil improves root growth and increases water retention[END_REF]Dai et al., 2017;Ding et al., 2016;Downie et al., 2009;Li et al., 2018a;Obia et al., 2016). Studies focusing on the changes in soil microbial communities following biochar application have recently emerged and have highlighted the roles of the complex interactions between biochar and soil characteristics [START_REF] Imparato | Gasification biochar has limited effects on functional and structural diversity of soil microbial communities in a temperate agroecosystem[END_REF][START_REF] Jenkins | Biochar alters the soil microbiome and soil function: results of next-generation amplicon sequencing across Europe[END_REF][START_REF] Kolton | Biochar-stimulated plant performance is strongly linked to microbial diversity and metabolic potential in the rhizosphere[END_REF]Yao et al., 2017a;Yao et al., 2017b;Zheng et al., 2016). However, the mechanisms involved and their ecological consequences have not been fully resolved. Moreover, these studies have mainly focused on Comment citer ce document : Herrman, L., Lesueur, D., Robin, A., Robain, H., Wiriyakitnateekul, W., Bräu (2019). Impact of biochar application dose on soil microbial communities associated with rubber trees in North East Thailand. Science of the Total Environment, 689, 970-979. , DOI : 10.1016/j.scitotenv.2019.06.441
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agricultural ecosystems over a short term (less than 1 year) and less research has been conducted on forest or perennial crops such as rubber tree.

The use of biochar is currently promoted as a tool for the improvement of soil quality and crop yields in Thailand, in particular in the North East (NE) provinces where soils are mainly sandy and very poor in nutrients [START_REF] Herrmann | Diversity of root-associated arbuscular mycorrhizal fungal communities in a rubber tree plantation chronosequence in Northeast Thailand[END_REF][START_REF] Le Guen | Relevance of taking into account the fine scale soil variability to assess the effects of agricultural inputs on soil characteristics and soil microbial communities: A case study of biochar application in a rubber plantation in North East Thailand[END_REF].

Thailand is the world leading producer of natural rubber, and rubber tree plantations are expanding in areas previously considered unsuitable, such as the NE regions. Biochar application to soils is being promoted as a means of enhancing rubber tree growth and productivity while reducing the negative impacts of extensive mineral fertilizer application.

There is, however, scarce scientific evidence to support this, and the impact of biochar application on the soil microbial community associated with rubber trees in Thailand has only been recently investigated. A recent study by Le [START_REF] Le Guen | Relevance of taking into account the fine scale soil variability to assess the effects of agricultural inputs on soil characteristics and soil microbial communities: A case study of biochar application in a rubber plantation in North East Thailand[END_REF] showed that fungal communities were more strongly affected by the application of biochar than soil bacterial communities, 18 months after application. However, these preliminary results were based on a DNA fingerprinting technique (DGGE) and more research is needed on the nature and intensity of these effects, particularly in relation with microbial communities' composition, structure and diversity.

Due to the variability of effects of biochar addition, which depend on factors including the biochar used, the soil type and the targeted cropa case-by-case evaluation of each biochar type prior to its incorporation in a particular cropping system is mandatory. Interest in biochar research is still in its relative infancy and, as such, more data are required to draw robust conclusions regarding its effects across a range of soil, environmental and agronomic situations. Additionally, the irreversibility of biochar application and its long residence time in soils is crucial to consider before policies are developed and large scale usage is promoted.

A better understanding of the interactions of biochar with rubber trees in poor soils is of
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primary importance if it is to be considered for the development of effective alternatives for rubber tree plantation management and soil health restoration.

Material and methods

Site description, experimental design and sampling

The trial was set up in a 7 year-old rubber tree plantation located in Phu Wiang, Khon Kaen district, in NE Thailand (N16°38.544' and E102°16.864') in May 2013. The plantation was composed of 25 rows with a row spacing of 6.5-7.0 m. Tree spacing within a row was about 3 m, and all trees were of similar height. The average tree diameter (measured at 1.2 m height) was 27.8 ± 8.4 cm. The trial consisted of 4 doses of biochar: No biochar (T1), 5 tons/ha (T2), 10 tons/ha (T3) and 20 tons/ha (T4). Biochar was produced from bamboo biomass following a slow pyrolysis process (350 to 400°C for 8 h) and was applied in the top soil (0-30 cm) around each tree, 40 cm from the trunk [START_REF] Le Guen | Relevance of taking into account the fine scale soil variability to assess the effects of agricultural inputs on soil characteristics and soil microbial communities: A case study of biochar application in a rubber plantation in North East Thailand[END_REF]. Biochar pH was 9.5 with an ash content of 6.4% and its carbon and nitrogen contents were 76.9% and 0.38%, respectively.

Detailed biochar physicochemical characteristics are presented in Table S1.

An Electrical Resistivity Tomography (ERT) survey was carried out in July 2014 and indicated the presence of two main soil classes (C3 and C4) distributed along the four biochar dose treatments (see Le [START_REF] Le Guen | Relevance of taking into account the fine scale soil variability to assess the effects of agricultural inputs on soil characteristics and soil microbial communities: A case study of biochar application in a rubber plantation in North East Thailand[END_REF] for details). In order to include the impact of soil classes on the effect of increasing doses of biochar on the microbial communities, trees belonging to these two soil classes were sampled and included for analysis. Six trees were sampled per treatment (dose-soil class combination) following the protocol described in Le [START_REF] Le Guen | Relevance of taking into account the fine scale soil variability to assess the effects of agricultural inputs on soil characteristics and soil microbial communities: A case study of biochar application in a rubber plantation in North East Thailand[END_REF]. Briefly, a total of 48 soil and root samples were collected in August 2016

(28 months after application) within the area where the biochar was applied, from 0-30 cm deep. Soils were sieved to pass a 2 mm mesh and stored at -20°C for molecular analyses or

Comment citer ce document : Herrman, L., Lesueur, D., Robin, A., Robain, H., Wiriyakitnateekul, W., Bräu (2019). Impact of biochar application dose on soil microbial communities associated with rubber trees in North East Thailand. Science of the Total Environment, 689, 970-979. , DOI : 10.1016/j.scitotenv.2019.06.441

A C C E P T E D
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Soil analysis

Soil analyses were performed on 5 samples per treatment/soil class combination and included pH (in H 2 O), organic matter (Walkley and Black, 1934), available P (Bray II) [START_REF] Bray | Determination of total, organic, and available forms of phosphorus in soils[END_REF], total N [START_REF] Bremner | Total Nitrogen[END_REF] and texture [START_REF] Kilmer | Methods of making mechanical analyses of soils[END_REF]. Soil water content was assessed after drying at 100°C for 48 hours.

DNA extraction and sequencing

DNA was extracted from 0.5 g of soils using the MP116004-500 Fast DNA Spin kit for soil, MP Biomedical, Santa Anna, CA) according to Tournier et al. (2015).

Fragments of the V4 variable region of the16S rRNA gene and of the ITS region were amplified by PCR using the primer pairs 341F (5'-CCTACGGGNGGCWGCAG -3')/785R

(5'-GACTACHVGGGTATCTAATCC -3') and ITS1F (5'-CTTGGTCATTTAGAGGAAGTAA -3')/ITS2 (5'-GCTGCGTTCTTCATCGATGC -3') for the bacterial and fungal communities, respectively, and a barcode was included on the forward primers. Samples were pooled together in equal DNA concentrations and purified using calibrated Ampure XP beads. Purified DNA was used for the preparation of the DNA 
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Sequencing data processing

Sequences (5'-3' and 3'-5') were joined and barcodes were removed. Sequences were retained only if they carried the correct primer sequences and were >200 bp. Sequences with ambiguous bases and homopolymers exceeding 6 bp were also removed from the dataset.

Operational taxonomic units (OTU) were defined by clustering at 97% similarity, and singletons and chimeras were eliminated (Dowd et al., 2008). Final OTUs were taxonomically assigned using BLASTn against a curated database derived from GreenGenes, RDPII and NCBI (www.ncbi.nlm.nih.gov, http://rdp.cme.msu.edu).

Sampling efficacy was assessed with rarefaction analysis using the functions rarefy from the R package Vegan (Oksanen et al., 2012). For subsequent analyses, sequencing depth per sample was standardized by retaining a random selection of reads in each sample, where the number retained corresponded to the minimum read count across all samples (52061 and 40784 reads for bacterial and fungal datasets, respectively).

AMF colonization assessment

AMF presence and colonization intensity were determined on fine roots (less than 1 mm in diameter) and AMF staining in root tissue was performed using the ink and vinegar technique (Vierheilig et al., 1998) with an additional tissue bleaching step as described by [START_REF] Koske | A modified procedure for staining roots to detect VA mycorrhizas[END_REF]. Fifteen roots fragments of 1 cm were observed per sample (x40) and the presence and the intensity (scored from 0 to 5) of colonization in each fragment were recorded to assess the frequency (F%) and the intensity (M%) of AMF colonization (Trouvelot, 1986).
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Statistical analyses

Linear mixed-effects models (LME) were used to test for differences in richness and diversity indices (Shannon, Simpson and Evenness) in the different treatments (Pinheiro et al., 2013).

The Shannon index (H') was exponentially transformed, resulting in a variable (expH') that, in contrast to the untransformed index, satisfies the replication principle and can be considered a linear representation of diversity [START_REF] Jost | Entropy and diversity[END_REF].

Analysis of bacterial and fungal community structure was performed using quantitative data, where proportions of reads representing different species were used as a proxy for the relative abundance of the species in a sample (Moora et al., 2014). Differences in communities associated with different treatments were tested using a PERMANOVA, with the adonis function from R package Vegan. Two dimensional NMDS (function metaMDS from R package Vegan, 50 iterations) was used to explore variation in community composition. Ellipses representing standard deviations around group centroids were defined using the ordiellipse function from the R package Vegan.

Soil chemical and physical variables were ln-transformed before they were included in linear mixed-effects models (LME) to test for differences between the different doses and soil classes.

Results

Soil characteristics

General soil texture was similar across all the treatments, being mainly sandy (>80%), although some small differences were observed in the different biochar doses (Table 1). Soil chemical characteristics were significantly affected by the biochar application in the two soil classes. Soil pH tended to increase with the application of biochar regardless of the soil class,
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M A N U S C R I P T but the increase was significant in C3 soils only (P = 0.019). Soil OM showed inconsistent results in the two soil classes: it tended to increase in C3 soils and to decrease in the C4 soils after biochar application. Soil N content significantly decreased after biochar application in C3 soils only, regardless of the dose (P < 0.0001). Biochar application resulted in an increase of soil P content in both C3 and C4 soils, but the results were significant in C4 soils only (P = 0.027) and depended on the biochar dose. Other nutrient levels (Ca, Mg, K) all showed a tendency to increase with the application of biochar in both soil classes (Table 1).

Soils from class C3 had a significantly higher water content than soils from class C4 (P < 0.0001), regardless of the biochar application treatment. Soil water content was affected by the biochar application in C3 soils (P = 0.082) but not in C4 soils (P = 0.632). Surprisingly, the soil water content was decreased after the addition of biochar, in particular for the smallest dose (T2, 5 ton/ha, P = 0.054, Table 1).

Bacterial and fungal sequencing data

A total of 3,401,226 and 4,490,456 quality filtered reads were retained for the bacterial and fungal datasets, respectively. Bacterial sequences were classified into 32,742 OTU, in 239 families and 29 phyla, while fungal sequences were classified into 10,709 OTU, in 562 families and 31 phyla.

Bacterial community composition, richness and diversity

Bacterial community was dominated by Proteobacteria (> 30%), followed by Acidobacteria (> 20%), Actinobacteria (> 14%) and Firmicutes (> 10%) in all biochar dose-soil class combinations. The most abundant class was Alphaproteobacteria, which represented about 17% of the sequences regardless of the treatment and soil class (Figure 1).
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Most of the bacterial phyla and classes detected in the different samples (8 of the 9 phyla and 12 out of the 15 classes) were affected by the soil class, regardless of the biochar dose. However, when soil classes were studied separately, biochar application had a limited and variable effect on the abundance of the main phyla and classes (Figure 1). In C3 soils, Planctomycetes decreased with the application of biochar (P = 0.027), while an opposite trend was observed for Gemmatimonadetes (P = 0.036). In C4 soils, Acidobacteria were significantly decreased after application of biochar dose above 10 tons/ha (P = 0.003) while

Chloroflexi and Verrumicrobia abundances increased and decreased after application of 5 tons/ha (T2), respectively (Figure 1). Proteobacteria classes were strongly affected by biochar application in C3 but not C4 soils. Alphaproteobacteria and Betaproteobacteria, respectively, increased and decreased after application of biochar, regardless of the dose (P = 0.001 and 0.020, respectively).

Species richness was affected by the soil class (P = 0.002) but not by the biochar dose (P = 0.523). Biochar application did not affect the diversity indices (expH' and 1/D), regardless of the dose and soil class (Table 2), however it is interesting to note that both richness and diversity were positively correlated with soil water content (P < 0.001 and P = 0.021, respectively) and pH (P < 0.001).

PERMANOVA indicated that both biochar dose and soil class significantly affected the bacterial communities, but the effect of the soil class was stronger than that of biochar dose (P = 0.001 and 0.015, respectively). Results of the ADONIS test showed that the effect of biochar application was only significant for C4 soils, but no significant difference was found between the different biochar rates. The NMDS analysis confirmed that the bacterial community composition was affected in C4 soils only; the samples from the control plots (T1) clustered separately suggesting a shift in the composition of the bacterial community after application of biochar in these soils, even at the smallest rate (5 tons/ha, Figure 2).
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Fungal community composition, richness and diversity

Fungal communities were dominated by Ascomycota and Basiodiomycota (means of 50% and 42% respectively, across the treatments, Figure 3). The most abundant classes were

Agaricomycetes and Dothideomycetes which represented more than 40% and 20% of the sequences from all treatment combinations, respectively.

Both Ascomycota and Basidiomycota were affected by the soil class (P = 0.005 and 0.008, respectively), but none of the detected fungal phyla were affected by the addition of biochar, regardless of the dose (Figure 3). At the class taxonomic level, however, fungal communities were differently affected by biochar application in C3 and C4 soils.

Kickxellomycotina and Eurotiomycetes greatly increased in abundance after the application of a biochar dose of 5 tons/ha (T2) in C3 (P = 0.0002) and C4 soils (P = 0.017), respectively.

Richness and diversity indices of fungal communities were differently affected in C3

and C4 soils (Table 2). In C4 soils, biochar application tended to increase the fungal species richness (P = 0.191) and diversity (P = 0.058 for the 1/D index) in comparison to the controls although, surprisingly, there was no effect in the T3 treatment (10 tons/ha, Table 2). An opposite trend was observed in C3 soils: both richness and diversity indices tended to be negatively affected by the application of biochar, in particular for the highest dose of biochar (T4, 20 tons/ha, Table 2).

The PERMANOVA results showed that both soil class and biochar application had a significant effect on the fungal community (P = 0.001 and 0.019, respectively). ADONIS results showed that the fungal communities were significantly affected by the rate of biochar, regardless of the soil class. Application of 10 tons/ha and 20 tons/ha had the strongest effect
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as compared to the control in both C3 (P = 0.051 and 0.022 for T3 and T4, respectively) and C4 soils (P = 0.047 and 0.020 for T3 and T4, respectively).

The clustering of the different samples on the NMDS plot showed that the fungal communities associated to different soil classes differed strongly. Samples from T1 (controls, receiving no biochar) formed separate clusters from other biochar treatments, particularly in C3 soils. However, there was no clear differences between the communities after application of the different doses of biochar, although the biochar dose effect was more evident in C3 than in C4 soils (Figure 4).

AMF colonization

Roots collected in all treatments were highly colonized regardless of biochar dose and soil class (M ≥ 53%) and no root fragment was found without colonization (F = 100%). Biochar application tended to increase the intensity of mycorrhization in both soil classes (P = 0.160 and 0.122 in C3 and C4 soils, respectively), particularly for rates above 10 tons/ha (T3 and T4, Table 2).

Discussion

The effects of biochar application were strongly related to the nature of the soil class, both in terms of impact (positive or negative) and intensity. These findings support the preliminary results previously obtained 18 months after biochar application on the soil characteristics and microbial structure and confirms the importance of performing the analysis of C3 and C4 soil classes separately [START_REF] Le Guen | Relevance of taking into account the fine scale soil variability to assess the effects of agricultural inputs on soil characteristics and soil microbial communities: A case study of biochar application in a rubber plantation in North East Thailand[END_REF].
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Biochar and soil characteristics

It is generally acknowledged that biochar application results in a decrease in soil bulk density, while increasing soil porosity, water holding capacity and aggregate stability [START_REF] Burrell | Long-term effects of biochar on soil physical properties[END_REF][START_REF] A C C E P T E D M A N U S C R I P T Glab | Effect of biochar application on soil hydrological properties and physical quality of sandy soil[END_REF]Li et al., 2018a). In our study, biochar did not improve the water content in C4 soils which was quite low (< 7%) and surprisingly had a negative effect on the soil water content in C3 soils. A similar decrease was observed in a study conducted in a north temperate forest, 2 years after application of 5 tons/ha of biochar (Noyce et al., 2015).

Neutral results on soil moisture characteristics have also been reported in agricultural soils (Domene et al., 2014). Studies reporting increases in water holding capacity often used higher rates of biochar (up to 200 tons/ha), and it is possible that the doses tested in this study were not sufficient to induce such an effect [START_REF] Ameloot | C mineralization and microbial activity in four biochar field experiments several years after incorporation[END_REF]Luo et al., 2017;Yao et al., 2017a;Zheng et al., 2016). Additionally, the responses of soil hydrological properties to biochar amendments have been shown to be both biochar-and soil-specific, and the associated mechanisms are yet to be fully understood, particularly in forest ecosystems (Li et al., 2018a).

Increases in soil pH following biochar application have been frequently reported, especially in acidic soils [START_REF] Biederman | Biochar and its effects on plant productivity and nutrient cycling: a meta-analysis[END_REF]Ding et al., 2016;Li et al., 2018a), and our results are in accordance with those findings. However, biochar application resulted in a limited pH increase, and the results were significant in C3 soils only. Limited and variable effects of biochar application on soil pH have been reported elsewhere and have been mainly attributed to differences in both biochar and soil characteristics (Dai et al., 2017;Noyce et al., 2015;Sackett et al., 2015). Other factors, including biochar dose and time since application were also shown to affect soil pH changes (Domene et al., 2014;[START_REF] A C C E P T E D M A N U S C R I P T Jones | Biochar-mediated changes in soil quality and plant growth in a three year field trial[END_REF]Quilliam et al., 2012).
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Nutrient content (apart from N) tended to increase with the biochar rate, regardless of the soil class. Biochar-induced changes in soil nutrient content (including P, N, K, Ca, Mg and Na) have previously been reported [START_REF] Biederman | Biochar and its effects on plant productivity and nutrient cycling: a meta-analysis[END_REF][START_REF] A C C E P T E D M A N U S C R I P T Jones | Biochar-mediated changes in soil quality and plant growth in a three year field trial[END_REF]Noyce et al., 2015;Wang et al., 2014) but neutral effects were also found (Ding et al., 2016;Noyce et al., 2015). Various mechanisms may explain the observed changes. Nutrients may be introduced to the soils through labile organic compounds associated with biochar and become available as these compounds weather (Sohi et al., 2010), however, these effects are presumed to be short-lived (less than 1 year) and, thus, are unlikely to explain the soil nutrient increase observed in our study [START_REF] Ameloot | C mineralization and microbial activity in four biochar field experiments several years after incorporation[END_REF][START_REF] Biederman | Biochar and its effects on plant productivity and nutrient cycling: a meta-analysis[END_REF]Zheng et al., 2016). Long-term effects of biochar addition may be related to changes in soil pH.

Increase of soil pH can change the form of some nutrients (and of P in particular) and make them more available for plants or microorganisms (Ding et al., 2016). In low pH soils, P can be adsorbed onto iron oxides thus reducing plant availability. Biochar liming effects reduce the concentration of iron and aluminum in soils, releasing P which then becomes available to plants or microorganisms [START_REF] Biederman | Biochar and its effects on plant productivity and nutrient cycling: a meta-analysis[END_REF]. Reduction of nutrient leaching due to biochar's physicochemical properties (porous structure, large surface area, and negative surface charge) may affect soil nutrients long-term through an increased adsorption to biochar's surface [START_REF] Biederman | Biochar and its effects on plant productivity and nutrient cycling: a meta-analysis[END_REF][START_REF] Laird | Impact of biochar amendments on the quality of a typical Midwestern agricultural soil[END_REF]. In contrast to the other nutrients, N content decreased with the application of biochar, in both soil classes. It has been suggested that N compounds could be retained on biochar due to its sorption properties, thereby affecting soil N content [START_REF] Brassard | Soil biochar amendment as a climate change mitigation tool: Key parameters and mechanisms involved[END_REF]. The effects of soil type, biochar's characteristics, as well as biochar's age have all been shown to have impacts on soil nutrient availability [START_REF] Brassard | Soil biochar amendment as a climate change mitigation tool: Key parameters and mechanisms involved[END_REF]. For example, the aging of biochar changes its physiochemical properties, and these changes may have significant consequences for the Soil OM content tended to increase and decrease in C3 and C4 soils, respectively.

Biochar has been shown to interact with soil OM and both increases and decreases in mineralization of native soil OM have been reported [START_REF] Brassard | Soil biochar amendment as a climate change mitigation tool: Key parameters and mechanisms involved[END_REF][START_REF] Gul | Physico-chemical properties and microbial responses in biochar-amended soils: Mechanisms and future directions[END_REF]Maestrini et al., 2014;Zimmerman et al., 2011;Zimmermann et al., 2012). Priming direction (C mineralization stimulation or suppression) and magnitude are related to soil type and biochar characteristics (Zimmerman et al., 2011). One of the most cited hypotheses for the negative priming effect is that OM is absorbed on the biochar surface and pores (Zimmermann et al., 2012). However, changes in soil OM may also be directly and indirectly associated to changes in microbial communities. Li et al. (2018b) found that biochar application resulted in a decrease in heterotrophic soil respiration (which originates from microbial decomposition of soil OM) through changes in soil microbial community composition and activity of C-degrading enzymes. In a 3 year experiment in a forest ecosystem, Mitchell et al. (2016) found that the composition of the soil OM pool was altered by biochar application. These authors proposed that the observed compositional shifts were related to changes in microbial communities, and to stimulated fungal activity in particular.

Similarly, increases in pH after biochar application may also affect the soil OM dynamics through an impact on microbial enzyme activities and microbial biomass [START_REF] Brassard | Soil biochar amendment as a climate change mitigation tool: Key parameters and mechanisms involved[END_REF]Maestrini et al., 2014). Our results showed that pH and microbial communities were differently affected by biochar application in the two soil classes, and this could have affected the soil OM in the two soil classes differently. [START_REF] Gul | Physico-chemical properties and microbial responses in biochar-amended soils: Mechanisms and future directions[END_REF][START_REF] Imparato | Gasification biochar has limited effects on functional and structural diversity of soil microbial communities in a temperate agroecosystem[END_REF][START_REF] Kolton | Biochar-stimulated plant performance is strongly linked to microbial diversity and metabolic potential in the rhizosphere[END_REF][START_REF] Bruun | Biochar amendment to coarse sandy subsoil improves root growth and increases water retention[END_REF]Yao et al., 2017a;Yao et al., 2017b;Zheng et al., 2016).

In the present study, the bacterial community was dominated by Proteobacteria (Alphaproteobacteria in particular) followed by Acidobacteria, Actinobacteria and Firmicutes, regardless of the treatment and soil class. However, differences in community composition were found and abundances of phyla and classes were differently affected in C3 and C4 soils. [START_REF] Grossman | Amazonian anthrosols support similar microbial communities that differ distinctly from those extant in adjacent, unmodified soils of the same mineralogy[END_REF] showed that the structure of the bacterial community in Brazilian anthrosol soils (naturally containing a high proportion of biochar) differed from that of adjacent soils containing no biochar but having similar mineralogy. Proteobacteria were negatively affected by the presence of biochar while Verrucomicrobia were more specifically found in the anthrosol soils. Similar differences in community composition were found in other experiments with soils amended with biochar, and differences were related to various phyla including Proteobacteria, Planctomycetes, Verrucomicrobia, Bacteroidetes and Acidobacteria (Chen et al., 2013;[START_REF] Imparato | Gasification biochar has limited effects on functional and structural diversity of soil microbial communities in a temperate agroecosystem[END_REF][START_REF] Jenkins | Biochar alters the soil microbiome and soil function: results of next-generation amplicon sequencing across Europe[END_REF][START_REF] Kolton | Biochar-stimulated plant performance is strongly linked to microbial diversity and metabolic potential in the rhizosphere[END_REF]Luo et al., 2016;[START_REF] Bruun | Biochar amendment to coarse sandy subsoil improves root growth and increases water retention[END_REF]Noyce et al., 2015;Su et al., 2017;Yao et al., 2017b). This is in accordance with our results since we found that biochar addition mainly 

Role of biochar characteristics on microbial communities

Several mechanisms have been proposed to explain the effect of biochar on microbial communities and include i) a better protection against predators or competitors by exploring the pores of biochar, thus creating an expanded niche for both bacteria and fungi, ii) the initial addition of soluble nutrients contained in the biochar and an initial pulse in C and
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mineralization of the labile fraction of biochar itself, associated with the release of numerous volatile and biologically active compounds, iii) reduced nutrient leaching and adsorption of toxic compounds and iv) the improvement of the water status of the soils through changes in soil aggregation and porosity [START_REF] Biederman | Biochar and its effects on plant productivity and nutrient cycling: a meta-analysis[END_REF]Ding et al., 2016;Domene et al., 2014;[START_REF] Gul | Biochemical cycling of nitrogen and phosphorus in biochar-amended soils[END_REF][START_REF] Laird | Impact of biochar amendments on the quality of a typical Midwestern agricultural soil[END_REF]Sohi et al., 2010). The initial status of the soils may affect the direction and the magnitude of each of the mechanisms [START_REF] Gul | Physico-chemical properties and microbial responses in biochar-amended soils: Mechanisms and future directions[END_REF][START_REF] Jenkins | Biochar alters the soil microbiome and soil function: results of next-generation amplicon sequencing across Europe[END_REF]Li et al., 2018a), which may partly explain the different observations in the two soil classes identified in our study site.

Biochar pores may offer a protective habitat for microorganisms. Because of their larger size, fungi are mainly able to colonize biochar macropores while bacteria can access smaller pores and therefore may be better protected from grazing [START_REF] Gul | Physico-chemical properties and microbial responses in biochar-amended soils: Mechanisms and future directions[END_REF]. However, Quilliam et al. ( 2013) argued that this is unlikely to occur in the short or medium term (less than 3 years after biochar application), and suggested that changes in soil physicochemical properties are more likely to alter the microbial communities, both directly and indirectly. Our results support this hypothesis. In particular, changes in soil pH and nutrient availability are likely to dictate major changes in microbial communities. pH is widely recognized to cause changes in microbial community composition and the increases in pH observed in our study may have positively affected bacteria while reducing growth of fungi as found elsewhere (Domene et al., 2014;Noyce et al., 2015;Prayogo et al., 2014;Rousk et al., 2010). Bacteria classified as Acidobacteria usually dominate oligotrophic and low pH soils and the decrease in their abundance is probably a response to the liming effect of biochar [START_REF] Jenkins | Biochar alters the soil microbiome and soil function: results of next-generation amplicon sequencing across Europe[END_REF]Zheng et al., 2016).

As previously mentioned, modification of nutrient availability, and of P and N in particular, may be related to the retention effects of biochar and may enhance or limit growth and activity of specific groups of microorganisms, such as P-solubilizing bacteria, AMF or
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bacteria involved in the N cycle process such as nitrification or denitrification process [START_REF] Biederman | Biochar and its effects on plant productivity and nutrient cycling: a meta-analysis[END_REF][START_REF] Brassard | Soil biochar amendment as a climate change mitigation tool: Key parameters and mechanisms involved[END_REF]Ding et al., 2016). Consequently, the changes in the activity of soil organisms can potentially translate to changes in nutrient availability and cause further cascading effects on other microbial groups and trophic relationships.

Response to time since application and biochar dose

It is important to note that time since application may have a significant role in the nature and magnitude of any observed effects. The residence time of biochar in soils ranges from hundreds to thousands of years, thus the biochar aging effect should not be ignored. A majority of studies were conducted over a short-term period of time (≤ 1 year) and only a few studies reported on the medium to long term impacts of biochar application (Qin et al., 2016;Yao et al., 2017a;Yao et al., 2017b). The properties of biochar, and as consequence its effects, change with time [START_REF] Gul | Physico-chemical properties and microbial responses in biochar-amended soils: Mechanisms and future directions[END_REF]Mia et al., 2017;Yao et al., 2017a;Yao et al., 2017b). Sackett et al. (2015) found that most nutrient effects observed within 2 to 6 weeks after addition were no longer present by the end of the first year, and suggested that biochar may still impact the ecosystem several years after application although the effects may not be similar to that of the short term. [START_REF] Jenkins | Biochar alters the soil microbiome and soil function: results of next-generation amplicon sequencing across Europe[END_REF] reported that the effect of biochar on microbial communities changed over the first year and hypothesized that physical weathering may result in recalcitrant portions of the biochar becoming available, thus favoring copiotrophic groups of microorganisms over more specialized oligotrophic communities. In an experiment conducted on rice paddy soils, persistent changes in soil characteristics were still found 4 years after a single application, indirectly affecting microbial community structure and functioning (Zheng et al., 2016). As found in our study, several authors have reported that fungal communities were more severely affected than bacterial communities,
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several years after biochar amendment (Luo et al., 2017;Yao et al., 2017a;Zheng et al., 2016). This supports the hypothesis that bacteria usually react quickly to environmental changes while fungi may struggle to adapt as rapidly. Moreover, changes in bacterial community composition, structure or functions may be transient due to the higher resilience of bacteria. As a result, short-term shifts in bacteria, followed by longer term shifts in fungi, may be expected [START_REF] Gul | Physico-chemical properties and microbial responses in biochar-amended soils: Mechanisms and future directions[END_REF]Noyce et al., 2015).

While changes were observed in both bacterial and fungal communities after biochar application, they did not seem to be correlated to the applied biochar dose. As previously mentioned, one of the possible reasons for the lack of dose effect may be that the amount of biochar application was less than that of other studies. The recommended rate for biochar application in rubber tree plantations in Thailand is currently of 8 tons/ha, and this is why the doses tested in our experiment ranged from 5 to 20 tons/ha. Other studies reported that the magnitude of the effect was related to the biochar dose, but the rates ranged from 20 to 200 tons/ha in these [START_REF] Ameloot | C mineralization and microbial activity in four biochar field experiments several years after incorporation[END_REF]Luo et al., 2017;Yao et al., 2017a;Zheng et al., 2016).

Lower application rates (3 to 12 tons/ha) had a limited impact on soil parameters including pH (Domene et al., 2014). Similarly, a meta-analysis conducted on 371 biochar studies highlighted the absence of an obvious threshold or trend with increasing application rates [START_REF] Biederman | Biochar and its effects on plant productivity and nutrient cycling: a meta-analysis[END_REF].

Conclusions

This field study showed that biochar had a significant effect on soil characteristics and on bacterial and fungal communities associated with the rubber trees, 28 months after application. Fungal communities were more strongly affected than bacterial communities, even at the lowest applied dose. The effect of the soil class was generally stronger than the effect of the biochar dose. This highlights the importance of soil variability interacting with
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the underlying mechanisms of biochar that are still poorly understood, especially over the long-term. Given the key roles of microorganisms in all biogeochemical cycles, complex interactions between biochar, soil biota and soil physical and chemical properties may have strong implications for soil functions and ecosystem services. More research is critical to assess the long-term effect of biochar application on perennial plantations, including its potential impact on ecosystem functions and plant productivity. Comment citer ce document : Herrman, L., Lesueur, D., Robin, A., Robain, H., Wiriyakitnateekul, W., Bräu (2019). Impact of biochar application dose on soil microbial communities associated with rubber trees in North East Thailand. Science of the Total Environment, 689, 970-979. , DOI : 10.1016/j.scitotenv.2019.06.441
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Table 2 .

 2 Richness and diversity indices for bacterial and fungal communities after application of different rates of biochar in two soil classes.

				Bacterial communities		Fungal communities	Arbuscular Mycorrhizal Fungi (AMF)
	Soil class	Biochar dose	Richness expH' 1/D	Evenness	Richness expH' 1/D	Evenness	Intensity of colonization (M%)
		T1	1083	148.18 57.46 0.71	648	34.79 11.81 0.53	71.51
	C3	T2 T3	1047 1074	129.61 48.45 0.70 143.12 55.33 0.71	609 616	24.65 8.62 23.17 8.15	0.45 0.44	81.04 80.03
		T4	1087	139.64 50.40 0.70	584	14.74 5.05	0.40	83.18
		T1	1015	123.50 46.76 0.69	605	20.64 6.70	0.47	81.20
	C4	T2 T3	1011 1022	116.83 43.26 0.69 127.16 48.67 0.70	635 597	30.38 10.97 0.52 20.94 7.31 0.47	74.97 84.22
		T4	1037	133.90 53.20 0.70	654	26.78 7.61	0.50	86.14
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