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Summary  26 

Key message: Methane accumulates in the heartwood of two tree species independently of 27 

the presence of wetwood. Moisture or density drives anoxia, while species-specific microbial 28 

communities and early decay stages might promote methanogenesis. 29 

Methane (CH₄) accounts for approximately 20% of global warming. Recent evidence suggests 30 

that CH₄ accumulating in living tree trunks of some species can be produced internally by 31 

methanogenic archaea, yet the factors governing microbial community composition and 32 

activity within trunks remain poorly understood. This study characterises the 33 

microenvironment conducive to methanogenesis within the heartwood of two contrasting 34 

species: Cryptomeria japonica, prone to wetwood formation, and Fagus crenata, in which this 35 

phenomenon remains rare. In-situ CH₄ molar fractions, ex-situ potential production rates, 36 

physical and biochemical properties, and bacterial community composition were assessed. 37 

Elevated CH₄ molar fractions were consistently observed in the heartwood of both species, 38 

regardless the presence of wetwood. Anoxic conditions were driven by high moisture content 39 

in C. japonica, whereas high bulk density promoted oxygen limitation in F. crenata. Microbial 40 

communities differed markedly between species and among individuals, reflecting variations 41 

in methanogenic activity and internal decay state. Temporal dynamics of microbial 42 

communities emerged as key drivers of CH₄ production. A non-linear pattern was identified: 43 

early-stage wood degradation promotes CH₄ accumulation, whereas advanced degradation 44 

limits production. 45 

 46 
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Introduction  49 

Trees represent a significant source of uncertainty in global methane (CH₄) budgets, as they 50 

can act either as sources or sinks of atmospheric CH₄ (Saunois et al. 2020; Gauci et al. 2024; 51 

Epron et al. 2026). Understanding the processes governing CH₄ fluxes from trees in forest 52 

ecosytrunks is therefore essential, as their contribution to the global CH₄ budget should not 53 

be overlooked.  54 

Trees in wetland forests emit methane produced in flooded, anoxic soils (Pangala et al. 2013, 55 

2015; Terazawa et al. 2015; Jeffrey et al. 2020; Sakabe et al. 2021). Although methane 56 

production can also occur in soils of upland forests, particularly in deep, moist soil layers, with 57 

emission at the base of trunks (Pitz et al. 2018; Welch et al. 2019; Plain et al. 2019), the 58 

methane that accumulates in large, living tree trunks can also be produced within the trunks 59 

themselves (Wang et al. 2017; Epron et al. 2023; Mochidome et al. 2025). Methanogens have 60 

been detected in the wood of several tree species, where they produce methane through 61 

hydrogenotrophic (main pathway), acetoclastic, or methylotrophic pathways under anaerobic 62 

conditions (Zeikus and Henning 1975; Yip et al. 2018; Flanagan et al. 2021; Feng et al. 2022; 63 

Smits et al. 2022; Harada et al. 2024; Gewirtzman et al. 2025; Arnold et al. 2025; Mochidome 64 

et al. 2025). Methane produced in the trunk can accumulate to remarkably high molar 65 

fractions, reaching up to 50% of the total gas content in some cases (Wang et al. 2017; 66 

Gewirtzman et al. 2025; Mochidome et al. 2025; Epron and Mochidome 2026).  67 

Favourable conditions for methanogenesis and CH₄ production may occur in wetwood-68 

bearing species but potentially in all tree species where oxygen diffusion to the heartwood is 69 

limited. Such limitation may arise from low wood porosity associated with high wood density 70 

and/or water content (Wang et al. 2017, 2021; Epron et al. 2023). However, the dominant 71 

metabolic pathways leading to the production of substrates that fuel methanogenesis remain 72 

poorly constrained but could partly explain the large interspecific and intraspecific variability 73 

in CH₄ molar fractions that have been measured. This variability suggests that local 74 

physicochemical and microenvironmental conditions within the wood may play a determinant 75 

role. Indeed, methanogenesis is a highly sensitive process, known to be regulated by a range 76 

of environmental parameters including pH, temperature, moisture, and the availability of both 77 

substrates and inhibitory compounds (Le Mer and Roger 2001). In living tree trunks, these 78 

parameters may vary considerably, both radially and vertically, generating heterogeneous 79 
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conditions, for example wood moisture (Nakada, 2006; Nakada et al., 2003), impacting 80 

methanogenic activity. 81 

Critical uncertainties remain; it is still unclear which substrates primarily fuel methanogenesis 82 

in the wood of living trees; where they come from; and how their availability varies depending 83 

on the microenvironment inside the trunk. Although a recent study highlighted a strong 84 

correlation between trunk CH₄ fluxes and wood decay severity (Senevirathne et al. 2026), 85 

intraspecific variability in CH₄ molar fraction and production has often shown no clear 86 

relationship with the presence of rotten wood (Covey et al. 2012; Wang et al. 2017; Barba et 87 

al. 2021; Epron and Mochidome 2026). While advanced wood rot can lead to oxygen invasion 88 

into woody tissues, thereby inhibiting methanogenesis (Covey et al. 2012; Epron et al. 2023), 89 

the onset of wood degradation may be a source of substrates fuelling methanogenesis 90 

(Mukhin and Voronin 2007; Epron and Mochidome 2026). 91 

The widespread presence of methanogenic microorganisms within the trunks of living trees 92 

further underscores the need to understand how microbial community structure is shaped by 93 

local environmental conditions (Arnold et al. 2025). Methanogenic archaea do not operate in 94 

isolation but are embedded within complex microbial communities involving syntrophic or 95 

symbiotic interactions with fermentative bacteria (Schink and Ward 1984; Demirel and 96 

Scherer 2008) whose composition reflects local oxygen availability and substrate pools. Fungal 97 

decomposition of wood is another putative source of substrates, and this activity can also alter 98 

the oxygenation conditions of wood tissues (Mukhin et al., 2006; Mukhin & Voronin, 2007; 99 

Senevirathne et al., 2026). The feedbacks of bacteria and fungi on their environment, through 100 

which microbial activity modifies local chemical conditions and in turn shapes community 101 

structure, may therefore play an important role in regulating methanogenic activity in tree 102 

trunks. 103 

In this study, we aimed to characterise the microenvironment that favours CH₄ production in 104 

tree heartwood and to identify the physicochemical and microbial drivers of methanogenic 105 

activity. We hypothesised that (i) methane production in wood is primarily localised in the 106 

heartwood, where anoxic conditions prevail, independently of wet heartwood presence, but 107 

that the level of methanogenic activity is not determined solely by radial localization. Rather, 108 

it is further modulated by local physicochemical conditions, including pH, substrate and 109 

inhibitor availability, moisture and wood density, that vary independently of the 110 
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sapwood/heartwood distinction. We further hypothesised that (ii) variation in methanogenic 111 

activity among heartwood wood segments reflects differences in the structure of bacterial 112 

and fungal communities, shaped by oxygen availability and reinforced by microbial–113 

environmental feedbacks operating through substrate production. 114 

To test these hypotheses, we measured the molar fractions of CH₄ and CO₂, as well as the 115 

potential CH₄ production rates, in the trunks of two contrasting tree species: Cryptomeria 116 

japonica (Japanese cedar), which frequently exhibits wetwood (moisture content > 100%), and 117 

Fagus crenata (Japanese beech), which generally does not. We further characterised the 118 

physicochemical properties of the wood, and after confirming that methane production was 119 

the highest in the heartwood, we analysed the bacterial and fungal communities inhabiting 120 

the inner heartwood. 121 

 122 
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Materials and methods 123 

Study site and trees 124 

The evergreen conifer Cryptomeria japonica D. Don and the deciduous broadleaf species 125 

Fagus crenata Blume were chosen because preliminary experiments identified methanogenic 126 

archaea in their trunk (Harada et al. 2024; Mochidome et al. 2025). The sampling was 127 

conducted at the Ashiu Forest Research Station of the Field Science Education and Research 128 

Centre (Kyoto University) in the northern part of Kyoto prefecture, Japan (35.34 N, 135.76 E) 129 

at an altitude of 650 m for C. japonica and 745m for F. crenata, with a mean annual 130 

temperature of 10.3 ºC and annual precipitation of 2,732 mm between 2011 and 2020. The 131 

well-drained, slightly acidic soil (pH = 4.5) with a sandy loam texture (68% sand, 22% silt, and 132 

10% clay) acts as a net sink for CH4 (-0.66 g CH4 ha−1 h−1, Paul et al., 2026). The selected trees 133 

had a mean diameter of 65 cm ± 1.7 cm (n=8) for C. japonica and 46 cm ± 1.1 cm (n=6) for F. 134 

crenata (Table S1). 135 

Measurement of in-situ molar fraction of CH4 and CO2 136 

Each tree trunk was cored at a height of 1.3 m using an increment borer (12 mm internal 137 

diameter, Haglöf Sweden) at three different depths to reach the inner heartwood (pith), outer 138 

heartwood and sapwood in May 2024. The materials were disinfected before collecting a 139 

sample. The wood cores were cut into three segments: sapwood (“sw”), outer heartwood 140 

(“o”) from nearby the sapwood to the middle of the heartwood and inner heartwood (“i”), 141 

from the middle of the heartwood to the pith. It should be noted that for each tree, three 142 

samples of sapwood were taken, two samples of outer heartwood, while only one segment of 143 

inner heartwood was taken. Each segment was then enclosed in a polyethene bag, from which 144 

air was removed as much as possible by hand compression before closure and stored in a 145 

cooler box for a maximum of 24 hours. After removing the wood core, a stainless-steel tube 146 

(16 mm outer diameter) was inserted into the three holes in each tree, driven by a hammer. 147 

The tube was flushed with pure N2 to expel as much O2 as possible, then the open end of the 148 

tube was capped with a rubber septum (Asone, Butyl W Plug, Osaka, Japan). Additionally, 149 

three tubes with an external diameter of 6 mm were inserted in the soil at three different 150 

depths (10, 20 and 40 cm) near the investigated trees and closed with a rubber septum too. 151 

After at least five days, a gas sample was collected using a syringe from inside each tube by 152 
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puncturing its septum. The sampled volume varied from 0.01 ml to 0.2 ml depending on the 153 

concentration to stay within the measurement range of the trac gas analyser (Li-7810, Licor; 154 

Lincoln, USA; range and precision, 0-100 ppm and 6 × 10-4 ppm at 2 ppm for CH4; 0-10,000 155 

ppm and 3.5 ppm at 400 ppm for CO2). The gas sample was promptly injected into a small 156 

volume sample kit (Li 7810-110), which was connected to the gas analyser. Before each 157 

injection, both the analyser and the sampling kit were purged with ambient air. The molar 158 

fractions of CH4 and CO2 in the injected gas samples (CH4S and CO2S) were determined using 159 

the following eqaution: 160 

CH4� = �� × (CH4
 − CH4�) + �� × CH4
�� [1] 161 

where VL is the volume of the sytrunk (sample kit and analyser), VS is the injected volume, CH4B 162 

and CH4P are the molar fractions in the closed loop before and after injection (Mochidome and 163 

Epron 2024). CO2S was calculated similarly, using CO2B and CO2P instead of CH4B and CH4P. 164 

Estimation of ex-situ potential CH4 production rate 165 

The methanogenic activity in the wood segments was assessed within 24 hours after coring 166 

the trees. For each tree, three to five pieces of 4 to 5 cm length of either sapwood, outer 167 

heartwood or inner heartwood were transferred into a 65 mL glass vial closed with a cap and 168 

septum. All vials were flushed for 5 min at a flow rate of 0.5 L min−1 with an incubation mixture 169 

containing the substrates used in the hydrogenotrophic pathway (10% CO2 and 1% H2 in N2). 170 

Soon after flushing, 0.2 mL of the gas inside the vials was drawn from the vial through the 171 

septum into a syringe and injected into the analyser as explained above. Other similar gas 172 

samples were collected 4, 8 and 24h after the flushing. Molar fraction in the vials at each 173 

sampling time was then calculated using equation [1]. Given that the samples were collected 174 

several hours before incubation and the incubation vials were flushed for 5 minutes, we 175 

assumed that the majority of the CH4 initially trapped within the wood core segments (6 mm 176 

in radius) would have been released at the end of the flushing process, and that the CH4 177 

accumulating in the vial during incubation originated from de novo CH4 production. The ex-178 

situ methane production rate of wood was determined by calculating the maximal difference 179 

in CH4 quantity within the vials between two sampling points, then dividing it by the duration 180 

of incubation and the dry mass of the wood core segment (Epron et al. 2023). We used the 181 

maximum concentration difference between any two time points—rather than a simple 182 
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calculation based on the start and end points—to capture potential production capacity when 183 

the concentration increase was not perfectly linear. Such a situation can arise due to 184 

concentration measurement precision, an initial activation phase following sample storage, 185 

the time required to re-establish equilibrium between production within the wood segment 186 

and diffusion at its surface, or the depletion of substrates potentially utilized by pathways 187 

other than the hydrogenotrophic pathway. 188 

Wood physical characteristics 189 

Before the incubation period, the fresh weight (FW), length and diameter of each wood 190 

segment was measured and its volume (V) calculated. After the incubation, each segment was 191 

stored in a freezer at 20°C, freeze-dried for at least 48 h in a freeze dryer (FDU-1200; EYELA, 192 

Tokyo, Japan), and the dry weight (DW) measured. Moisture content (MC) and bulk density 193 

(BD) were then calculated as:  194 

MC = FW − DW DW  [2] 195 

BD = DW V  [3] 196 

Air-filled porosity was calculated from BD and MC as: 197 AFP = Φ − MC × BD [4] 198 

were Φ is the total porosity, calculated as: 199 

Φ = 1 − BDMD [5] 200 

with MD the density of the pure cell wall material considered as constant, with a typical value 201 

of 1.51 g cm-3 (Kellogg & Wangaard, 1969). 202 

Wood chemical characteristics 203 

The freeze-dried samples were ground using a ball mill (MM-400; Retsch, Düsseldorf, 204 

Germany) for 3 min intermittently to avoid overheating. 205 

Wood pH was measured according to Yip et al. (2018): 40mg of wood powder was mixed with 206 

1.2 ml of ultra-pure water. After 1h incubation on a block bath shaker at room temperature, 207 
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the pH of the supernatant was measured using a LAQUAtwin pHmeter (Horiba) after 208 

centrifugation. 209 

To extract soluble sugars and amino acids, ninety milligrams of dry wood powder was mixed 210 

with 0.75 mL of hot water at 85°C and vortexed thoroughly. An additional 0.75 mL of hot water 211 

was then added, and the mixture was incubated at 85°C for 30 minutes (adapted from 212 

Lehmann et al., 2016). After incubation, the samples were centrifuged, and the supernatant 213 

was filtered using a 0.45 µm filter. The soluble sugar concentration was determined by mixing 214 

0.25 mL of the hot water extract with 0.5 mL of a 2% phenol solution and 1.25 mL of 95% 215 

H2SO4 (adapted from DuBois et al., 1956). The mixture was incubated in the dark at room 216 

temperature for 10 minutes and then cooled for 15 minutes. Absorbance was measured at 217 

485 nm, with glucose solution (1 mg mL-1) used for calibration. Amino acid concentration was 218 

determined by mixing 0.1 mL of the hot water extract with 0.3 mL of 0.4 M citrate buffer at 219 

pH 5.25 and 0.3 mL of ninhydrin. The mixture was heated at 100°C, followed by the addition 220 

of 0.75 mL of 60% ethanol before measuring the absorbance at 570 nm. Leucine solution at a 221 

concentration of 3.3 mg mL-1 was used for calibration. Additionally, the osmolality of the hot 222 

water extract was measured using a vapour pressure osmometer (VAPRO model 5600, 223 

ELITechGroup). 224 

To extract phenolic compounds, twenty-five milligrams of dry wood powder was mixed with 225 

2 mL of 99.5% ethanol and incubated at 80°C for one hour, with manual shaking every 10 226 

minutes (Quentin et al. 2015). The supernatant was collected and stored at 4°C. This process 227 

was repeated twice with 1.5 mL of ethanol. Finally, the supernatant was filtered using a 0.45 228 

µm filter. Phenol concentration was determined by mixing 0.05 mL of the ethanol extract with 229 

0.25 mL of a 10-fold diluted Folin-Ciocalteu reagent in a 2 mL cuvette (adapted from Singleton 230 

& Rossi, 1965). After a 2-minute reaction time, 1 mL of 20% Na2CO3 was added to facilitate 231 

the oxidation-reduction process. The mixture was then incubated for 30 minutes before 232 

measuring the absorbance at 760 nm. Calibration was conducted using a gallic acid standard 233 

solution (0.5 mg mL-1). 234 

DNA extraction and bacterial community analysis  235 

DNA was extracted from 40 mg of the ground wood powder obtained from all samples used 236 

for the incubation experiment with the FastDNA SPIN Kit for soil (MP Biomedicals, Santa Ana, 237 
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CA, USA) following the manufacturer’s instructions including homogenization in a FastPrep 238 

instrument at a speed setting of 6.0 for 40 seconds. The DNA samples were further purified 239 

with a OneStep PCR Inhibitor Removal Kit (Zymo Research, Irvine, CA, USA) before PCR 240 

amplification. DNA extraction was performed in duplicate, and the reported values are the 241 

average of the duplicate samples. 242 

Amplicon sequencing analysis targeting the V3-V4 region of bacterial 16S rRNA genes was 243 

carried out on the Illumina NextSeq 1000 (Illumina, San Diego, USA) with NextSeq 1000/2000 244 

P1 Reagents (600 Cycles) kit as described in Harada et al. (2024). The 1st round PCR was carried 245 

out with a primer set Bakt_341F and Bakt_805R (Herlemann et al. 2011) and TaKaRa Ex Taq 246 

polymerase (TaKaRa, Kusatsu, Japan). The program consisted of the first denaturation step at 247 

94 °C for 2 min, 35 cycles of denaturation at 94 °C for 30 s, annealing at 55 °C for 30 s, and 248 

elongation at 72 °C for 30 s, followed by the final elongation at 72 °C for 5 min. The 2nd round 249 

PCR amplification, library construction, and sequencing reaction were outsourced to the 250 

Bioengineering Lab (Sagamihara, Japan). The obtained FASTQ data were processed with 251 

Qiime2 (ver. 2021.11; Bolyen et al., 2019): removal of the primer region by the cutadapt 252 

(Martin 2011), filtering, denoising, merging of forward and reverse reads, and removing of 253 

chimera sequences with DADA2 (Callahan et al. 2016). The obtained representative amplicon 254 

sequence variants (ASVs) were classified with a trained classifier based on a data set of the 255 

EzBioCloud 16S rRNA database (Yoon et al. 2017) and mitochondrial and chloroplast 256 

sequences retrieved from Silva 138 SSURef NR99 full-length sequences (Quast et al. 2012). 257 

Then, the ASVs assigned to archaea, mitochondria and chloroplast were filtered out from the 258 

samples, followed by the calculation of the relative abundance of each taxon. The final 259 

frequency in the samples was 422–23,241 with a median of 11,844. Taxonomic names were 260 

manually revised as appropriate in accordance with the latest prokaryotic nomenclature. 261 

In addition, real-time PCR analysis of the mcrA genes was performed via the Thermal Cycler 262 

Dice Real Time Sytrunk (TaKaRa, Kusatsu, Japan) and primers MLf/MLr (Luton et al. 2002), as 263 

described in Watanabe et al. (2010). Each 25-μl mixture contained TB Green Premix Ex Taq 264 

(TaKaRa), MLf/MLr primers (0.2 μmol l-1 each), 0.25 μl of bovine serum albumin (0.2 g l-1), 2 μl 265 

of template DNA, and sterilized ultrapure water. The PCR thermal cycle was as follows: 95°C 266 

for 10 s (denaturization); 45 cycles of 95°C for 40 s (denaturization), 55°C for 30 s (annealing), 267 

and 72°C for 60 s (elongation). An increase in the PCR product was detected by the fluorescent 268 
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signal, and its threshold cycles (Ct values) were determined via the second derivative 269 

maximum method. The amplification of nonspecific DNA fragments was checked via 270 

dissociation curve analysis. The copy number of the mcrA gene was calculated via a standard 271 

curve generated from a series of dilutions (1.14 × 108 to 1.14 × 101 copies μl-1) of the standard 272 

sample. 273 

Amplicon sequencing analysis targeting the fungal internal transcribed spacer 1 (ITS1) region 274 

of the nuclear ribosomal DNA, was carried out as described in Matsuoka et al (2019, 2021). A 275 

two-step PCR was employed. The first-round PCR was carried out with using the ITS1-FKYO2 276 

and ITS2-KYO2 primer sets (Toju et al. 2012). For the first PCR, the EX Taq Hot Start Version 277 

(Takara Bio, Kusatsu, Japan) was used. 0.5 μl of DNA extract, 0.1 μl of EX Taq, 1.0 μl of EX Taq 278 

Buffer, 0.8 μl (2.5 mM) of dNTP mix, 0.5 μl (10 μM) of forward and reverse primers, and 6.6 μl 279 

of nuclease-free water were used. The first PCR reaction was followed by 4 min at 94 °C, 280 

denaturation at 94 °C for 30 s, annealing at 50 °C for 30 s, and extension at 72 °C for 1 min, 281 

followed by 30 cycles of 3 steps of denaturation at 94 °C for 30 s, annealing at 50 °C for 30 s, 282 

and extension at 72 °C for 1 min, with a final extension time of 72 °C for 10 min. Illumina flow 283 

cell adapters and 8-bp identifier indices were added in the second PCR step. The second PCR 284 

was carried out with 12 μl reaction volume containing 1.0 μl of template, 6 μl of 2× KAPA HiFi 285 

HotStart ReadyMix (KAPA Biosytrunks, Wilmington, Washington, USA), 1.4 μl of each primer 286 

(2.5 μM), and 2.2 μl of sterilized distilled water. The PCR conditions were as follows; an initial 287 

incubation for 3 min at 95°C followed by 12 cycles of 20 s at 98°C, 15 s at 72°C for annealing 288 

and extension, and a final extension of 5 min at 72°C. The purified amplicon libraries were 289 

sequenced using the MiSeq v2 Reagent Kit (Illumina, San Diego, CA, USA). The resulting PCR 290 

amplicons were pooled and purified using AMPure XP (Beckman Coulter, Brea, CA, United 291 

States). The purified library was then excised using E-Gel SizeSelect (Thermo Fisher Scientific, 292 

Waltham, MA, United States). The resulting library was subjected to 2×300-bp paired-end 293 

sequencing on the MiSeq platform (Illumina, San Diego, CA, United States). 294 

The raw MiSeq data were converted into FASTQ files using Bcl2gastq v2.18.0.12. Then the 295 

reads were processed with Claident pipeline v0.9.2022.04.28 (Tanabe and Toju 2013). First, 296 

reads were de-multiplexed using the “clsplitseq” command. After de-multiplexing, the 297 

forward and reverse reads were merged using the “clconcatpairv” command and low-quality 298 

reads were trimmed using the “clfilterseqv” command. Then potentially noisy and chimeric 299 
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sequences were eliminated using DADA2 (Callahan et al. 2016) and UCHIME (Edgar et al. 300 

2011), respectively. In chimera removal, UNITE database was used as a reference. After this 301 

procedure, obtained reads were clustered into operational taxonomic units (OTUs) with 302 

similarity thresholds of 0.97 using the “clclassseqv” command. For each of the obtained OTUs, 303 

taxonomic identification was conducted based on the query-centric auto-k-nearest neighbour 304 

method (Tanabe and Toju 2013) with the NCBI database, and subsequent taxonomic 305 

assignment was conducted using the lowest common ancestor algorithm (Huson et al., 2007) 306 

using Claident. The functional guild of each fungal OTU was estimated based on the 307 

FungalTraits (Põlme et al. 2020). 76 OTUs were detected, including six that were not identified 308 

as fungal organisms and were therefore discarded. 309 

Data analysis 310 

All statistical analyses were performed in R (R Core Team 2021). Comparisons of potential 311 

production rates against zero and in-situ CH₄ molar fractions against atmospheric or soil CH₄ 312 

molar fractions were assessed using Wilcoxon tests. Differences in ex-situ CH₄ production 313 

rates and in-situ CH₄ molar fractions between species as well as among segments were 314 

evaluated using the aligned rank transformation test (ART), with tree ID included as a nested 315 

variable. The relationship between ex-situ potential CH₄ production rates and in-situ CH₄ 316 

molar fractions was assessed using Spearman the correlation test, applied both across the full 317 

dataset and separately for each species. A principal component analysis (PCA), performed 318 

using the FactoMineR package, were conducted across both species and all segments and 319 

included chemical variables (concentrations of soluble sugars, amino acids and phenolic 320 

compounds, as well as pH and in-situ CO₂ molar fractions), alongside physical variables 321 

(moisture content, bulk density, and air-filled porosity). Hierarchical clustering was then 322 

performed independently for each species, restricted to inner heartwood segments using the 323 

same variables, as well as the MC, BD, and AFP values of the preceding segment (outer 324 

heartwood). 325 

Bacterial community composition was assessed using weighted UniFrac distances, which were 326 

also calculated independently for each species by considering only the inner heartwood. Data 327 

regarding the other wood core segments are available in the data repository. For clarity, only 328 

bacterial families with a relative abundance above 0.5% and a significant contribution (tested 329 

using the vegan package) were retained for visualisation. Functional predictions were carried 330 
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out using the FAPROTAX database. The congruence between hierarchical clustering based on 331 

physicochemical variables and bacterial community clustering was assessed using a Procrustes 332 

test. 333 

 334 
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Results 335 

Potential CH4 production and internal molar fraction of CH4 336 

Ex-situ potential CH4 production and in-situ CH4 molar fraction were well correlated (Fig.1a, ρ 337 

= 0.54, p = 0.02, for F. crenata and ρ = 0.69, p < 0.001, for C. japonica), indicating both variables 338 

can be used as a proxy of in-situ methanogenic activity. Both species showed similar ex-situ 339 

potential CH4 production ranges with median values of 0.07 nmol CH4 g⁻¹ h⁻¹ (range: 0.007–340 

19.4) for F. crenata and 0.44 nmol g⁻¹ h⁻¹ (0.0007–26.2) for C. japonica (Fig.1b, p = 0.26). The 341 

in-situ CH4 molar fractions exceeded atmospheric levels by one to five orders of magnitude in 342 

all trees with no difference between species: medians of 63 ppm (range: 25–4.6×105) for F. 343 

crenata and 62 ppm (12–4.6×105) for C. japonica (Fig.1c, p = 0.61). For both species, compared 344 

to the sapwood, the inner heartwood showed a greater ex-situ production (Fig.1b, ART, Fc: p 345 

= 0.002, Cj: p = 0.004) and a higher in-situ CH4 molar fraction (Fig.1c, ART, Fc: p = 0.007, Cj: p 346 

= 0.005), with a stronger inter-individual variability between segments of the inner 347 

heartwood. Soil CH4 molar fraction was lower than the ambient molar fraction at a depth of 348 

10 cm (1.35 and 1.51 ppm in C. japonica and F. crenata sites, respectively). At the F. crenata 349 

site, the molar fraction increased with depth (2.18 ± 0.41 ppm at 40 cm, N=3). At the C. 350 

japonica site, the CH4 molar fraction reached a peak of 2.01 ± 0.10 ppm at 20 cm depth 351 

compared to 1.95 ± 0.29 ppm at 40 cm (N=3). 352 

Within trunk micro-environment 353 

The first PCA axis (Fig.2a, 45% of the total variance) correlated with chemical compounds 354 

(phenols: 0.87, amino acids: -0.75, pH: 0.68, CO2: 0.36, soluble sugars: -0.74, p < 0.001) and 355 

moisture content (MC: 0.75, p < 0.001). The second axis (20% of the total variance) was driven 356 

by bulk density and air-filled porosity (BD: 0.47, AFP: -0.88, p < 0.001) and CO2 (0.68). Species 357 

differed significantly (Fig.2b; p < 0.001). F. crenata was characterized by a higher bulk density 358 

than C. japonica, as well as greater concentrations of soluble sugars and amino acids, whereas 359 

C. japonica showed higher moisture content (> 1 g.g-1 for all samples), concentrations of 360 

phenolic compounds, and pH than F. crenata (Fig.S1). Furthermore, within species, the 361 

sapwood segment was different from the two other heartwood segments with concentrations 362 

of soluble sugar and amino acid 1.5–3 times higher and concentrations of phenolic compounds 363 
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5–10 times lower. The sapwood exhibited higher bulk density and lower moisture content 364 

than the heartwood (Fig.2b, Fig.S1). In addition, CO₂ molar fractions were more homogeneous 365 

in F. crenata than in C. japonica, whose sapwood showed more variable concentrations, 366 

although these did not differ significantly from those at other depths. Given their higher in-367 

situ CH₄ molar fraction and ex-situ CH4 production, the subsequent analyses focus on the inner 368 

heartwood segments. 369 

Relationship between methanogenic activity and the physicochemical environment 370 

of heartwood 371 

The hierarchical clustering grouped samples of inner heartwood of F. crenata according to 372 

their level of in-situ CH₄ molar fraction and pointed out 3 groups of individuals and three 373 

groups of variables (Fig.3). Among the individuals, Fc#1i, which exhibited the higher in-situ CH₄ 374 

molar fraction (4.6 × 105 ppm), had less similarities with the other samples mainly because of 375 

higher moisture content, pH and phenols and lower bulk density. The standardized variable 376 

scores (z-scores) revealed contrasting patterns across the three clusters. Fc#1i showed 377 

strongly positive scores for several variables including moisture content, pH and phenols 378 

concentration (up to +2.02, moisture content > 1 g g-1), with strongly negative scores for bulk 379 

density (−1.55) and air-filled porosity (-1.18). The Fc#2i sample was different due to higher air-380 

filled porosity and the outer heartwood segment largely wetter than the average (z-scores of 381 

+1.75 for BD and +1.25 for pre-MC). This individual exhibited the second highest in-situ CH₄ 382 

molar fraction (4.6 × 104 ppm). Finally, samples 3i to 6i, from individuals with the lowest in-383 

situ CH₄ molar fraction, were clustered together. This largest cluster displayed generally 384 

moderate z-scores with more variable patterns, including some strongly negative values 385 

scattered across individual samples, suggesting greater within-group heterogeneity despite 386 

their overall similarity in in-situ CH₄ molar fraction (25 - 100 ppm).  387 

For C. japonica, the hierarchical clustering revealed 3 groups. Contrary to F. crenata, the 388 

clustering did not group samples according to their level of in-situ CH₄ molar fraction (Fig.4). 389 

Sample Cj#3i, for which internal degradation was observed on wood cores (Table S1), clearly 390 

stood out from the other samples, and exhibited the lowest in-situ CH₄ molar fraction (12 391 

ppm). It was characterized by strongly positive z-scores for soluble sugar and amino acid 392 

concentration (+1.8 and +2.29), while displaying strongly negative scores for preBD, preMC 393 
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and BD (−1.65, −1.47, −0.91). The second cluster grouped Cj#1i, Cj#5i and Cj#7i, showing 394 

generally negative z-scores for MC and preAFP, but more positive z-scores for AFP, preMC and 395 

preBD, particularly for Cj#1i (+1.44, +1.13, +1.77). The third cluster, comprising Cj#6i, Cj#2i, 396 

Cj#8i and Cj#4i, showed the most heterogeneous profiles, with Cj#6i exhibiting notably high 397 

MC and CO2 molar fraction (+1.61, +1.89). Cj#2i, with the highest in-situ CH₄ molar fraction 398 

(2.2 × 105 ppm), exhibited the lowest in-situ CO2 molar fraction and was the more acidic 399 

segment (-1.32, -1.31).  400 

Methanogens detection 401 

Methanogenic archaea were detected in only six samples and showed no correlation with 402 

either in-situ CH₄ molar fraction or ex-situ methanogenesis (Fig.S2).  Among these, samples 403 

Fc#1i, Cj#1i, Cj#2i, and Cj#3i, which exhibited measurable methanogenic activity, harboured 404 

methanogenic archaea with gene copy numbers ranging from 10⁴ to 10⁷ (Fig.S2). Nonetheless, 405 

methanogens were also detected in samples with low methanogenic activity, such as Fc#3i 406 

and Fc#5i, with gene copy numbers of 10⁴ (Fig.S2). Conversely, sample Fc#2i, which displayed 407 

high methanogenic activity, harboured no detectable methanogenic archaea (Fig.3). 408 

Bacterial community 409 

Beta diversity in the inner heartwood (UniFrac PCoA) revealed sample clustering by bacterial 410 

families taking into account bacterial families with a relative abundance above 0.5% (p < 0.05). 411 

For F. crenata, the sample Fc#5i was excluded (too low sequencing depth). The relative 412 

abundance of Bacillota was above 30% either in inner heartwood samples with the highest 413 

internal CH4 molar fractions (Fig.5a, Fc#1i and 2i), or in the sample with the lowest CH4 molar 414 

fraction (Fig.5a, Fc#4i). However, this particular sample had a low number of reads, which may 415 

have led to the under-detection of other families and, consequently, an overestimation of the 416 

relative abundance of Bacillota. Along PCoA Axis 1, Fc#2i and Fc#4i clustered together despite 417 

contrasting CH4 molar fractions (15,528 vs. 87 ppm), both enriched in Sporolactobacillaceae 418 

(Fig.5b, Fig.6a). The samples Fc#3i and Fc#6i, grouped on axis 1 with negative coordinates, 419 

harboured mainly bacteria from Pseudomonadota phylum. Axis 2 discriminated Fc#1i, 420 

associated with Cellulomonadaceae, Anaerolineaceae, Lachnospiraceae, and Oscillospiraceae 421 

(Fig.6a). Metabolic inference analyses (FAPROTAX, Fig.S3a) showed fermentation dominated 422 
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in Fc#1i, Fc#2i and Fc#4i (Fig.S3a). Other samples were dominated by aerobic 423 

chemoheterotrophy. Nitrogen cycling functions were exclusive to Fc#3i and Fc#6i, except 424 

marginal nitrate reduction in Fc#2i. Sporomusa malonica (Bacillota), capable of methylotrophy 425 

and methanol oxidation appeared in samples Fc#1i and Fc#4i.  426 

For C. japonica, inner heartwood samples were differentiated along axis 1 by their internal 427 

CH4 molar fraction (Fig.6b). Samples with high [CH4] (>100 ppm, negative coordinates on axis 428 

1) showed a relative abundance of Bacillota in their inner heartwood above 50% (Fig.5a) in 429 

which Sporomusaceae and Oscillospiraceae were the most abundant (Fig.5b, Fig.6b), with 430 

Cj#2i having the highest relative abundance of Oscillospiraceae. Samples with low [CH4] (<100 431 

ppm, positive coordinates on axis 1) exhibited a high relative abundance of Pseudpmonadota 432 

(e.g. Enterobacteriaceae, Sphingomonadaceae) and a low relative abundance of Bacillota 433 

(Fig.5a). Within these samples, two sub-clusters emerged: positive coordinates on axis 2 434 

(upper-right, Fig.6b, Cj#7i, Cj#8i) driven by Enterobacteriaceae and Moraxellaceae; lower-right 435 

(Cj#3i) by Nitrobacteraceae and Cellulomonadaceae from the phylum of Actinomycetota that 436 

represent more than 30% of the relative abundance and, from the phylum of 437 

Pseudomonadota. Metabolic inference analyses (FAPROTAX) highlighted aerobic 438 

chemoheterotrophy as the dominant source of energy (21.4-34.0%, Fig.S3b). Fermentation 439 

peaked in Cj#2i (34.3%) and Cj#3i (29.2%). Nitrogen respiration and nitrate reduction were 440 

consistent at 7-10% in Cj#4i-Cj#8i. Sample Cj#3i was the only one to harbour bacteria capable 441 

of fixing nitrogen. Genus that includes methanotrophs, were detected in Cj#3i (Methylocapsa, 442 

Beijerinckiaceae), and Cj#5i (Methylobacterium, Methylobacteriaceae), albeit at very low 443 

relative abundances. Aromatic compound degradation was the main function linked to the 444 

carbon-cycle ranging from 0.19 to 14.38%. The Procrustes analysis revealed no significant 445 

congruence between the physicochemical environment and the bacterial community 446 

composition for either F. crenata or C. japonica (Fig.7, Fc: p = 0.29, Cj: p = 0.68).  447 

Fungal community 448 

Among the 70 OTUs identified as fungi, only 46 of them were assigned to a fungal phylum and 449 

27 to a family (Table S2). Among them, 19 OTUs were wood saprotrophs and 11 identified as 450 

white rot fungi. Fungal ITS1 PCR amplification was observed only in samples Cj#2o (9 OTUs), 451 

Cj#7i (6 OTUs), and Cj#8i (5 OTUs). Therefore, the fungi did not colonize the majority of the C. 452 
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japonica samples, making comparison of fungal communities between trees impossible. In 453 

contrast, the fungal ITS1 was amplified in all inner heartwood samples of F. crenata except 454 

Fc#3i, but the number of OTU detected was very low in Fc#1i, Fc#2i, and Fc#4i, which also 455 

hinders the comparison of fungal communities between trees. 456 

 457 
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Discussion 458 

Anoxic and alkaline heartwoods are the main production site of CH4 in tree trunks 459 

The primary objective of this study was to localise the hotspot of production in living trees. 460 

For the first time, the molar fraction was measured at different depths in the trunk of living 461 

trees and, in agreement with our first hypothesis, the internal CH4 molar fraction was higher 462 

in the inner heartwood than in the sapwood, with values reaching up to 4.6×105 ppm (46 %). 463 

These values are consistent with previous measurements conducted at the same site 464 

(Mochidome and Epron 2024; Mochidome et al. 2025; Epron and Mochidome 2026) and align 465 

with observations from other forest ecosytrunks and tree species (Covey et al. 2012; Wang et 466 

al. 2017; Gewirtzman et al. 2025). Although no method currently exists to quantify actual in 467 

situ methanogenesis rates under natural conditions, the high CH₄ molar fraction in the 468 

heartwood, associated with high rates of ex-situ CH4 production, strongly suggests that 469 

methanogenesis is the primary driver of CH₄ accumulation in the trunks of these two species 470 

in a cold-temperate upland forest. This is corroborated by the confirmed presence of 471 

methanogenic archaea in the trunks as several individuals of these two species at the same 472 

study site obtained by PCR amplification of the mcrA gene (Harada et al. 2024; Mochidome et 473 

al. 2025), and their greater abundance in heartwood than in sapwood (Feng et al. 2022; 474 

Gewirtzman et al. 2025; Arnold et al. 2025). Although quantifying the abundance of 475 

methanogenic archaea was not the focus of this study, the results of our qPCR analysis confirm 476 

their presence. However, the copy number of the mcrA gene was below the detection 477 

threshold (10⁴ copies when 100 µL of DNA was extracted from a 40 mg sample) for some 478 

samples, some of which nevertheless exhibited a high potential for ex-situ CH₄ production 479 

(e.g., Fc#2). This result is not surprising, as the number of mcrA gene copies has been shown 480 

to be uncorrelated with methanogenic activity (Gewirtzman et al., 2025; Mochidome et al., 481 

2025). Factors other than the number of methanogenic archaea, such as substrate availability, 482 

pH, and redox potential, may have contributed to the high methanogenic activity in these 483 

samples (Moisan et al. 2024).  484 

Although the concentration of fermentable substrates (soluble sugars, amino acids) is lower 485 

in the heartwood compared to the sapwood and bark, the central part of the trunk more 486 

readily promotes anoxic conditions (Covey et al. 2012; Wang et al. 2021; Epron et al. 2023; 487 

Harada et al. 2024). O₂ diffusion is limited in wet heartwood, characterised by a high moisture 488 
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content, which can generate anoxic conditions, an environment essential for obligate 489 

anaerobes such as methanogenic archaea and therefore for biotic CH₄ production (Zeikus and 490 

Henning 1975; Wang et al. 2017; Feng et al. 2022; Epron et al. 2023). However, only one of 491 

the two species, C. japonica, is known to have wet heartwood (Nakada et al. 1999), and yet 492 

ex-situ CH₄ production and in-situ CH₄ accumulation did not differ significantly between the 493 

two species, and CH4 production was highly variable in C. japonica heartwood. This suggests 494 

that the presence of wetwood alone is not enough to explain CH₄ production, thereby 495 

confirming the first hypothesis. Dense wood and/or preceding wood tissues with low 496 

permeability are also likely to promote the development of anoxic conditions in the inner 497 

heartwood. In line with this first hypothesis, the presence of wet heartwood was therefore 498 

not sufficient on its own to allow methanogenesis, as a strong variability was observed for this 499 

segment, highlighting the need to investigate the local physicochemical microenvironment 500 

within the heartwood to better understand methane production dynamics.  501 

pH was more variable in F. crenata, which generally displayed more acidic conditions, while C. 502 

japonica heartwood tended toward more alkaline values. This alkalinisation is characteristic 503 

of wetwood and has been associated with the accumulation of alkaline cations, particularly 504 

potassium (Murdoch et al. 1987; Kubo and Ataka 1998; Moya et al. 2009; Okada et al. 2011, 505 

2012). pH is a well-known regulator of methanogenesis with an optimum in neutral to slightly 506 

alkaline conditions (pH 6.5–8.0), with activity sharply declining under acidic conditions (Le Mer 507 

and Roger 2001; Conrad 2007; Ye et al. 2012; Moisan et al. 2025). This could partly explain the 508 

higher in-situ methanogenesis observed in Fc#1i compared to the more acidic F. 509 

crenata samples. Beyond its direct effect on methanogens, more acidic pH (5 – 6.5) could 510 

increase methanotrophic activity (Le Mer and Roger 2001; Moisan et al. 2025), although it was 511 

detected at very low relative abundance in only two Cj samples. Furthermore, pH also 512 

structures broader microbial communities, influencing the availability of fermentation 513 

substrates and the activity of syntrophic bacteria that supply hydrogen and acetate to 514 

methanogens (Schulz and Conrad 1996).  515 

Soluble sugar and amino acid concentration showed a non-negligible range of variation, 516 

broadly similar between the two species, with the notable exception of Cj#3i, which displayed 517 

markedly elevated concentrations consistent with its highly degraded state. Interestingly, 518 

while Cj#3i exhibited very high ex-situ CH₄ production rates, the in-situ CH₄ molar fraction 519 
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remained moderate. This discrepancy could reflect partial escape of methane through the 520 

heartwood cavity in the central part of the trunk rather than accumulation in the tissue, or 521 

alternatively, an overestimation of the ex-situ production rates, as the artificial anoxic 522 

conditions imposed during the incubation experiment may not fully reflect in-situ conditions 523 

and provide only qualitative evidence of methanogenic capacity rather than quantitative rates 524 

(Barba et al. 2021; Epron et al. 2023).  525 

A positive relationship between in-situ CH₄ and CO₂ molar fractions was expected, given that 526 

CO₂ serves as the primary substrate for hydrogenotrophic methanogenic archaea, which 527 

dominate in living trees (Feng et al. 2022; Harada et al. 2024). However, this correlation was 528 

not observed in the present study. Moreover, the ubiquitous nature of CO₂ in living trees 529 

(Teskey et al. 2008) suggests that it may not represent the limiting substrate for 530 

methanogenesis. Whether H₂ availability, as the electron donor required for 531 

hydrogenotrophic methanogenesis, represents the key limiting factor in living trees remains 532 

unknown (Leung et al. 2026). Further studies directly measuring H₂ production alongside 533 

methanogenic activity would therefore be needed to better elucidate the dynamics driving 534 

methane production within living trees. 535 

The structure of the microbial communities evolves with the internal decay stage, in parallel 536 

with a decline in methanogenesis  537 

The bacterial communities present in the heartwood of living trees provided complementary 538 

information on oxygen availability and gave additional evidence of the differences in 539 

methanogenic activity observed between samples. Samples with low in-situ CH4 molar fraction 540 

harboured aerobic bacterial communities, including Enterobacteriaceae and species AJ011333 541 

(Fc#3i, Fc#6i, Cj#7 and Cj#8, Tláskal et al., 2021). In addition, aerobic chemoheterotrophy was 542 

the dominant predicted function for those samples. In contrast, samples with higher levels of 543 

in-situ CH4 molar fraction were characterised by anaerobic bacterial communities, including 544 

several families of the Bacillota phylum such as Sporomusaceae and Oscillospiraceae, which 545 

encompass facultative to obligately anaerobic species (Arnold et al. 2025). Furthermore, 546 

fermentation activity was predicted to be high in those samples, consistent with the oxygen-547 

depleted conditions required for methanogenesis. 548 
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Beyond reflecting anoxic conditions, the microbial communities identified in high-549 

methanogenic samples appear capable of supplying the substrates that fuel methanogenesis 550 

through the fermentative degradation of wood polymers. In the early stages of heartwood 551 

degradation, Bacillota are known to be abundant in living trees (Arnold et al. 2025), and their 552 

relative abundance increases in decomposing logs during initial wood degradation before 553 

declining as O₂ levels rise (Hoppe et al. 2015). Consistently, samples with the highest relative 554 

abundance of Bacillota were also the highest CH₄ producers, mainly visible for C. japonica, 555 

with Sporomusaceae and Oscillospiraceae, families encompassing obligately anaerobic 556 

species known to produce short-chain fatty acids from cellulose and hemicellulose 557 

degradation, as key discriminating taxa (Vital et al. 2014). In Fc#1i and Cj#2i, which displayed 558 

the highest CH₄ molar fractions (above 20%), additional fermentative taxa were identified: 559 

Lachnospiraceae, among the most important butyric acid producers (Miragoli et al. 2021; 560 

Gewirtzman et al. 2025), and Leptolinea tardivitalis, capable of degrading xylan and 561 

fermenting sugars (Yamada et al. 2006). In outer heartwood of Cj#2, all fungal genera 562 

recovered belonged to the wood saprotrophic guild, further supporting active decomposition. 563 

Saprotrophic fungi could also directly produced CH4, especially species from the genus 564 

Pleutorus, detected in Cj#2o (Lenhart et al. 2012). It has been suggested that the energy 565 

needed for wood degradation is transported by the mycelia from oxic sites where ATP and 566 

NADH are generated by oxygenic respiration to anoxic sites where the degradation occurs 567 

(Mukhin et al 2006). Predicted fermentative activity in these samples reached approximately 568 

30% of the relative abundance, and moisture content exceeded 1 g g⁻¹, consistent with the 569 

wet, oxygen-depleted conditions favouring both fermentation and methanogenesis. 570 

However, FAPROTAX predictions did not always capture this fermentative potential: despite 571 

CH₄ concentrations exceeding 100 ppm and the presence of anaerobic Sporomusaceae 572 

(e.g., A. hongkongensis, S. malonica; BacDive) in several C. japonica samples rich in Bacillota, 573 

fermentative activity was not prominently predicted (except for Cj#2i). This discrepancy likely 574 

reflects the limitations of functional inference tools in capturing the full metabolic potential 575 

of poorly characterised taxa, rather than an actual absence of fermentation. 576 

As degradation progresses and heartwood hollows develop, increased wood permeability 577 

promotes oxygen transport, shifting microbial communities away from anaerobic 578 

assemblages and reducing methanogenesis (Schwarze 2007; Covey et al. 2012). In both Cj#3i 579 
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and Fc#6i, signs of advanced degradation were observed during coring and confirmed by 580 

physical and chemical analyses. Their bacterial communities reflected this shift: 581 

Caulobacteraceae and Sphingomonadaceae, involved in lignin degradation (Wilhelm et al. 582 

2019; Gu et al. 2022), were identified in Fc#6i, while Cj#3i was characterised by taxa typical of 583 

deadwood such as Cellulomonas and Bradyrhizobium (Tláskal et al. 2017, 2021). Aerobic 584 

chemoheterotrophy was the predominant predicted function in both samples, and N-fixation 585 

was predicted for Cj#3i, a function documented in deadwood communities (Tláskal et al. 586 

2017). Fungal communities in Fc#6i and Fc#5 were dominated by white-rot saprotrophs 587 

capable of substantial lignin degradation, further supporting ongoing decomposition. 588 

Although no clear evidence of advanced degradation was visually observed along the wood 589 

core taken from Fc#3i, the close phylogenetic proximity of its bacterial community to Fc#6i 590 

suggests that this heartwood may have already been too degraded to sustain active 591 

methanogenesis. 592 

Microsite heterogeneity and temporal dynamics: key challenges ahead 593 

These findings must be interpreted in light of several methodological limitations that point to 594 

important directions for future research. At the spatial scale, core segments integrate 595 

conditions across several centimetres of heartwood, yet methanogenesis and the 596 

fermentative processes sustaining it likely occur in discrete microsites where oxygen 597 

depletion, moisture, and substrate availability differ substantially from bulk conditions. 598 

Mismatches between in-situ CH₄ molar fraction and ex-situ CH₄ production, such as the high 599 

in-situ but low ex-situ production in Fc#6i, or the reversed pattern in Cj#3i, illustrate how 600 

localised production hotspots or shifting physicochemical conditions within a segment may be 601 

obscured by bulk community profiling; resolving these microsite dynamics would require 602 

spatially explicit sampling or micro-scale imaging approaches. It is also possible that the 603 

hottest spot of CH4 production was not always sampled, given that, in this study, wood cores 604 

were collected at only a single height and in a single direction for each individual. 605 

On a temporal scale, our synchronic approach comparing several individuals at a single point 606 

in time implicitly treats each tree as a snapshot of a shared degradation trajectory, an 607 

assumption analogous to chronosequences which cannot account for alternative trajectories 608 

driven by differences in microbial inoculum, wood chemistry, or local climate, nor for variation 609 



 24 

in the intensity or duration of each decay stage between individuals. This could explain the 610 

lack of a significant congruence between the physicochemical environment and the bacterial 611 

community composition. It would therefore be essential to track how microbial communities, 612 

gas concentrations, and wood properties co-evolve within the same trees over time, through 613 

repeated, diachronic monitoring, to move beyond this static picture toward a dynamic 614 

understanding of methane production throughout a tree’s life. 615 
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Figures contents 854 

Figure 1. Methane production and molar fractions along the radius of trunks of Fagus 855 

crenata (Fc) and Cryptomeria japonica (Cj). (a) Correlation between ex situ CH4 production 856 

rates and in-situ CH4 molar fractions. (b) variability in potential CH4 production rates in wood 857 

segments quantified following a 24-hour anoxic incubation (N2, 10% CO2, 1% H2) at 25°C. 858 

Wood cores from six F. crenata (green) and eight C. japonica (red) individuals were partitioned 859 

into sapwood (SW, circles), outer heartwood (oHW, triangles), and inner heartwood (iHW, 860 

squares). (c) variability in in-situ CH4 molar fractions at the location of these segments. (d) 861 

variability in in-situ CO2 molar fractions at the location of these segments. All numerical axes 862 

are in log scales. Solid line shows the correlation between methane production and molar 863 

fraction (Spearman correlation, p < 0.05). For boxplots, horizontal lines indicate medians, 864 

boxes represent the interquartile range, and individual are plotted. In addition, the level of 865 

methane production or molar fraction for each tree identified with points were linked by a 866 

dotted line. Different lowercase letters indicate significant differences between segments (p 867 

< 0.05) based on Aligned Rank Transform (ART) followed by post-hoc testing. Differences 868 

between species for each type of segments were not significant. 869 

Figure 2. Principal component analysis (PCA) of physicochemical variables characterising the 870 

environment in wood segments. Biplots showing (a) variable vectors and (b) individual 871 

samples for F. crenata (green) and C. japonica (red). Explanatory variables include moisture 872 

content (MC), bulk density (BD), air-filled porosity (AFP), pH, in-situ CO2 molar fraction in the 873 

trunk, and concentrations of soluble sugars (SS), amino acids (AA), and phenolic compounds. 874 

Variable arrows are coloured according to their contribution (grey scale). Symbols represent 875 

segment types: inner heartwood (iHW, square), outer heartwood (oHW, triangle), and 876 

sapwood (SW, circle). 877 

Figure 3. Hierarchical clustering heatmap of physicochemical parameters for inner 878 

heartwood segment of Fagus crenata. The heatmap displays the normalized distribution (z-879 

scores) of physicochemical variables across the six inner heartwood segments (1i–6i). 880 

Explanatory variables include moisture content (MC), bulk density (BD), air-filled porosity 881 

(AFP), pH, in-situ CO2 molar fraction in the trunk (trunkCO2), and concentrations of soluble 882 

sugars (SS.concentration), amino acids (AA.concentration), and phenolic compounds 883 
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(Phenol.concentration). The MC, BD, and AFP values of the preceding segment (outer 884 

heartwood) were also included (preMC, preBD, and preAFP). The column dendrogram (top) 885 

clusters variables based on their co-variance patterns, while the row dendrogram (left) groups 886 

samples according to the similarity of their physicochemical profiles. Clusters are separated 887 

by large white cell borders. In-situ CH4 molar fraction and ex-situ methanogenesis were 888 

excluded from the clustering analysis but are displayed as a coloured side-bar on the left to 889 

allow for a direct comparison between the observed clusters and the methanogenic gradient. 890 

Figure 4. Hierarchical clustering heatmap of physicochemical parameters for inner 891 

heartwood segment of Cryptomeria japonica. The heatmap displays the normalized 892 

distribution (Z-scores) of physicochemical variables across the eight inner heartwood 893 

segments (1i–8i). Explanatory variables include moisture content (MC), bulk density (BD), air-894 

filled porosity (AFP), pH, in-situ CO2 molar fraction in the trunk (trunkCO2), and concentrations 895 

of soluble sugars (SS.concentration), amino acids (AA.concentration), and phenolic 896 

compounds (Phenol.concentration). The MC, BD, and AFP values of the preceding segment 897 

(outer heartwood) were also included (preMC, preBD, and preAFP). The column dendrogram 898 

(top) clusters variables based on their co-variance patterns, while the row dendrogram (left) 899 

groups samples according to the similarity of their physicochemical profiles. Clusters are 900 

separated by large white cell borders. In-situ CH4 molar fraction and ex-situ methanogenesis 901 

were excluded from the clustering analysis but are displayed as a coloured side-bar on the left 902 

to allow for a direct comparison between the observed clusters and the methanogenic 903 

gradient. 904 

Figure 5. Relative abundance of bacteria phylum (a) and Bacillota families (b) in the inner 905 

heartwood of F. crenata and C. japonica. Samples are ranked based on their in-situ CH4 molar 906 

fraction from the highest (left) to the lowest (right) for each species. 907 

Figure 6. Bacterial community structure in the inner heartwood. (a) Principal Coordinate 908 

Analysis for F. crenata (PCoA) based on weighted UniFrac distances of 16S rRNA gene 909 

sequences. (b) Phylogenetic tree of samples of F. crenata. (c) PCoA for C. japonica. (d) 910 

Phylogenetic tree of samples of C. japonica. Arrows in PCoA represent bacterial families with 911 

significant contributions (p<0.05) and relative abundance >0.5%, coloured by phylum. Arrow 912 

length indicates the strength of contribution; direction indicates the gradient of highest 913 
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relative abundance. Samples are coloured by in situ CH4 molar fraction (log-transformed ppm). 914 

Anaerolineaceae (Anaero.), Bauldia (Bauldi.), Nitrobacteraceae (Nitrob), Caulobacteraceae 915 

(Caulob.), Cellulomonadaceae (Cellul.), Comamonadaceae (Comamo.), Desulfitobacterium 916 

(Desulf.), Enterobacteriaceae (Entero.), Erwiniaceae (Erwini.), Hydrogenispora (Hydrog.), 917 

Hyphomicrobiaceae (Hyphom.), Lachnospiraceae (Lachno.), Moraxellaceae (Moraxe.), 918 

Pseudomonadaceae (Pseudo.), Oscillospiraceae (Oscill.), Sphingomonadaceae (Sphing.), 919 

Sporolactobacillaceae (Sporol.), Sporomusaceae (Sporom.), Staphylococcaceae (Staphy.), 920 

Steroidobacter (Steroi.), Lysobacteraceae (Lysoba.) 921 

Figure 7. Procustres errors and ordinations comparing physicochemical parameters and 922 

bacterial community composition. Procustres rotation was performed to evaluate the 923 

congruence between ordination of the physico-chemical environment (circles) and the 924 

bacterial composition (triangles) for Fagus crenata (a) and Cryptomeria japonica (b). 925 
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