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Abstract 36 

Methane emissions from plants in wetlands are mainly due to internal transport, from the anoxic soil layers where 37 

methane is produced, to the atmosphere. This pathway has not yet been clearly demonstrated for upland forest 38 

vegetation, where methane can be produced in deep soil layers. We developed a new method to trace methane transfer 39 

from the deep soil. We conducted a 13CH4 pulse labelling at 40-cm soil depth and then monitored 13CH4 in the upper 40 

horizons, at the soil surface (with or without understorey vegetation) and emitted by tree stems until the total 41 

disappearance of the labelled gas. Most of the injected 13CH4 was oxidized in the soil despite high soil water content. 42 

The understorey vegetation did not contribute to 13CH4 emission by the soil. We prove that tree stems can emit methane 43 

produced in an upland forest soil, even when the said soil is a net methane sink. We conclude that pulse labelling with 44 
13CH4 and tracing by laser-based spectrometry is a promising tool approach to study the transport of methane from 45 

production to emission. 46 

 47 

Introduction 48 

 49 

Upland forest soils are one of the main biospheric sinks for atmospheric methane worldwide (Feng et al. 50 

2020). Net soil methane uptake results from the balance of two opposite fluxes: methane is produced by methanogens 51 

driven by soil oxygen status (Le Mer and Roger 2001), and methane is consumed by methanotrophs. Soil methane 52 

uptake presents seasonal variations driven mainly by soil water content (SWC), which affects gas transport.  53 

At the ecosystem level, vegetation can also affect the methane sink (Carmichael et al. 2014). Vegetation can 54 

enhance either methane emission or methane consumption. This depends mainly on soil water status and whether 55 

methane is being produced in the soil. In wetlands, the aerenchyma of some understorey plants acts like a pipe, 56 

allowing the methane produced in the anoxic soil horizons to diffuse directly into the atmosphere (Morrissey and 57 

Livingston 1992; Schimel 1995; Greenup et al. 2000; Bhullar et al. 2013). In upland forests, understorey vegetation 58 

either has no clear impact on methane emissions at high SWC or, in well-aerated conditions with low SWC, it enhances 59 

soil methane uptake (Halmeenmäki et al. 2017; Subke et al. 2018; Plain et al. 2019). 60 

Tree stems can have an influence on the methane budget, even in upland forests: they can emit methane and 61 

thus decrease the net methane uptake of the ecosystem (Wang et al. 2016), though in some cases, methane uptake by 62 

tree stems has been observed (Machacova et al. 2016). The origin of the methane emitted by tree stems is still unclear. 63 

In wetland forests, the methane emitted by tree stems may have been produced in the soil and transported upward, a 64 

process which should be favoured by the presence of aerenchyma (Pangala et al. 2017). In upland forests, methane 65 

emission has been related to higher methane concentrations in the soil than in the atmosphere (Maier et al. 2018; Plain 66 

et al. 2019). While deep-rooted tree species can access deep soil horizons where methane may be produced, the 67 

transport of methane through the stems of these trees has not yet been clearly demonstrated (Pitz and Megonigal 2017; 68 

Covey and Megonigal 2019). In addition, methane emissions from tree stems is not always related to soil water status. 69 

Methane can be produced locally by saprotrophic fungi on the surface of the stems (Lenhart et al. 2012) or by archaea 70 

in the heartwood (Yip et al. 2019; Flanagan et al. 2021). 71 

Labelling experiments with either stable or radioactive methane isotopes have been conducted to separate 72 

methane production and methane consumption in the soil and to estimate the contribution of the two processes to net 73 

methane uptake (von Fischer and Hedin 2002; Nielsen et al. 2017; Pedersen et al. 2018). However, so far, this approach 74 

has not been used to trace the transfer of methane from the soil to the atmosphere through tree stems and understorey 75 

vegetation, though this would be a promising approach to determine if plants have a significant influence on the 76 

methane budget of an upland forest.  77 

We therefore developed a method to pulse-label the deep-soil layer with 13CH4 and to trace the labelled CH4 78 

through the upper horizons of the soil to its emission by understorey vegetation, bare soil and tree stems. Our objectives 79 

were (i) to test whether this approach is suitable, and to estimate (ii) what fraction of the labelled methane was oxidised 80 

in the soil when the soil water content was high; (iii) to what extent understorey vegetation contributed to soil 81 

emissions, and (iv) whether tree stems emitted CH4 originating in the soil. 82 

 83 

 84 

Materials and Methods 85 

 86 

Labelling experiment 87 

 88 



 

The labelling experiment was conducted in the state-owned forest of ‘‘Hauts Bois” (north-eastern France) on 89 

an acidic ruptic Luvisol with limited waterlogging due to a temporary perched water table (Plain et al. 2019; Bonnaud 90 

et al. 2019). Labelling was done at the end of March before budburst and therefore before tree transpiration resumed. 91 

To label the deep soil layer (-40 cm, just above the base of the temporary water table) with 13CH4 and 13CO2 and 92 

trace the labelled gases in the upper soil layers (0, 5, 25 cm), we used a membrane tube system installed 3.5 years 93 

ago and described in Plain et al. (2019) to create a gas concentration equilibrium between the air within the tubes 94 

and the surrounding (a schematic diagram of the experimental setup is provided in supplementary Figure 1). 95 

.  96 

We used a mass-flow controller to inject the labelled gases into a closed loop system at 40-cm in depth. A 97 

pump circulated the air in the loop at a flow of less than 0.8 l min-1. One-hundred-and-twenty-five ml of pure 13CH4 98 

(99.2% Eurisotop, Cambridge Isotope Laboratory Inc., Andover, USA) were introduced first, followed by 2500 ml of 99 
13CO2 labelled at 50% (Eurisotop). The 13CO2 was only a reference tracer since it is not consumed in the soil. Labelling 100 

was performed on March 22 at 10:00 UTC (time 0 in the graphs) and labelled gases were traced during 42 h. 101 

The labelled 13CH4 and 13CO2 were traced at different depths in the soil (-25, -5 and 0 cm). The tubes at each 102 

of the three depths were connected to an isotopic trace gas analyser (see below). Before each measurement, the air 103 

inside the closed loop was homogenised for 7.5 minutes at a flow of less than 0.8 l min-1. Soil O2 concentrations were 104 

measured on the air circulating in the closed loop with an oxygen sensor (SO210 Apogee instruments, Logan, USA).  105 

 106 
13CH4 and 13CO2 effluxes to the atmosphere were measured on i) bare soil (two opaque PVC chambers, 107 

20×20×20 cm), ii) understorey vegetation (two transparent acrylic plastic chambers, 20×20×25 cm, one on soil 108 

covered with Juncus effusus and one on soil covered with Glyceria striata, two aerenchymatous plants), and iii) tree 109 

stems (two chambers made of two transparent polymethyl methacrylate half‐cylinders placed 0.2 m above the soil, 110 

one on a Quercus petraea stem and one on a Salix caprea stem). The trees were 6 m in height. 111 

CH4 and CO2 concentrations and isotopic measurements were taken with an isotopic trace gas analyser 112 

(G2201-i Picarro Inc., Santa Clara, USA) connected to the soil device, the chambers and two calibration gas tanks by 113 

way of a manifold that could switch between lines, thus allowing to measure for 420 s each chamber every 128 minutes 114 

and each soil depth every 74 minutes.  115 

Soil temperature (TS) and soil water content (SWC) were measured continuously at depths of 10 and 25 cm 116 

with two water content reflectometers (CS650; Campbell Scientific). The SWC of the first 7 cm was measured with a 117 

soil moisture sensor (ThetaProbe ML2, Delta-T Devices, Cambridge, UK). SWC at each depth was converted into an 118 

air‐filled porosity value (AFP) with bulk soil density (Epron et al. 2016).  119 

 120 

 121 

Data analyses 122 

 123 

All calculations and analyses were done on the R software (R Core Team 2017). 124 

Fluxes (FCH4 or FCO2 respectively) were calculated from the slopes of the linear variations in [12CO2] and 125 

[12CH4] over time (Plain et al. 2019) after discarding the first 330 seconds needed to fully flush the cell of the analyser.  126 

The atom fraction of 13C in CO2 and CH4 was calculated based on mean δ13C in CO2 and CH4 and the Vienna 127 

Pee Dee Belemnite standard isotope ratio for carbon (0.0111802). Excess 𝑥E(13C-CO2) and 𝑥E(13C-CH4) were 128 

calculated as the difference in the atom fractions measured at the same soil depth after labelling 𝑥(13𝐶)𝑙𝑎𝑏  and the 129 

mean of the two days of measurement before labelling 𝑥(13𝐶)𝑢𝑛𝑙𝑎𝑏 multiplied by the concentrations of either CO2 or 130 

CH4 measured at the same depth: 131 

𝑥𝐸( 𝐶 
13 )  = (𝑥(13𝐶)𝑙𝑎𝑏 − 𝑥(13𝐶)𝑢𝑛𝑙𝑎𝑏) × 𝐶       (1) 132 

 133 

Excess 13C in soil fluxes, 𝑥E(F13C-CO2) and 𝑥E(F13C-CH4), were calculated in the same way using fluxes 134 

instead of concentrations. 135 

𝑥(𝐹13𝐶)𝑢𝑛𝑙𝑎𝑏  was calculated based on the δ13C measured before labelling. 136 

Because stem emission of 13CH4 was low, the range of variation in 13CH4 in the chambers was too small to 137 

calculate a significant slope with a linear regression function. We therefore used the average atom fractions in the 138 

stem chamber and the 12CH4-fluxes (F12C-CH4) to calculate the excess. 139 

The amount of labelled methane consumed within the soil was estimated according to a flux gradient model (Goffin 140 

et al. 2014): 141 

𝐶(𝑧) =
𝜕 𝐴𝐹𝑃 × [ 𝐶𝐻 

13
4]

𝜕𝑡
+

𝜕

𝜕𝑧
 (𝐷𝑠 ×

𝜕[ 𝐶𝐻 
13

4]

𝜕𝑧
)        (2) 142 

 143 



where C(z) is consumption (mol CH4 m-3 s-1), AFP the air-filled porosity, [ 𝐶𝐻 
13

4] the concentration in 13CH4 (mol 144 

CH4 m-3), t time (s), z depth (m), Ds the effective soil diffusion coefficient of 13CH4 (m2 s-1), and 𝐷𝑠
𝜕[ 𝐶 

13 ]

𝜕𝑧
 the diffusive 145 

flux as determined by Fick’s law. Ds is a function of soil temperature and soil water content. The dependency on soil 146 

water content has been established from laboratory experiments and its dependence on T from the ideal gas law (Goffin 147 

et al. 2014). The total consumption in the first 25 cm of the soil was calculated by adding the consumption in all the 148 

layers, then adding the result of each time step of the model multiplied by the time interval between each step. 149 

 150 

 151 

Results and discussion 152 

 153 

Oxidation of labelled methane in the soil profile 154 

 155 

The air-filled porosity (AFP), and the methane and oxygen concentrations in the soil profile during the 156 

labelling experiment are presented in supplementary Figure 2. The upper 25 cm of the soil were well-oxygenated 157 

despite the low AFP at the time of the year we conducted the experiment.  158 

Labelled methane and CO2 were recovered in all three soil layers (Fig. 1). The labelled methane was 159 

transported rapidly through the soil since the peak in the upper soil layers had already appeared only two to four hours 160 

after labelling. At 25cm in depth, the [13CH4] reached 1500 ppb, but maxima were lower in the upper layers where 161 

they only reached 40 ppb and 2 ppb at, respectively, -5 and 0 cm in depth. After ten hours, excess 13CH4 was already 162 

very low, especially in the upper soil (23, 1.8 and 0.1 ppb at respectively -25, -5 and 0 cm in depth). After 24 hours, 163 

no more labelled methane could be detected in the upper soil layers and only 0.2 ppb remained at 25 cm in depth. A 164 

rapid diffusion of labelled methane through 45 cm of a stagnogleyic soil planted with ryegrass had already been 165 

reported by Shaw et al. (Shaw et al. 2014), but with an AFP twice as high. 166 

The labelled methane in the soil profile disappeared much faster than the labelled CO2 (Fig. 1), which 167 

suggests that processes other than diffusion are at play for methane. Indeed, through a flux gradient model, we 168 

estimated that 70 mg of labelled methane was oxidized in the top 25 cm of soil during the first ten hours, representing 169 

73% of the total 13CH4 injected into the soil. The high rate of methane oxidation we observed contrasts with two 170 

previous labelling experiments involving 13C-labelled methane: oxidation represented only 1% of the added labelled 171 

methane in vegetated peat excavated in mesocosms (Nielsen et al. 2017), and only 7% in a mixture of rice paddy soil 172 

and river clay in which rice seedlings were growing under greenhouse conditions (Groot et al. 2003). In the latter two 173 

studies, oxidation only occurred in the vicinity of the roots due to the oxygenation of the rhizosphere by the plants. 174 

The high rate of methane oxidation in our soil, even during a period of low AFP and high SWC, agrees with previous 175 

results at our site where, despite the presence of a temporary perched water table, the soil is a net methane sink almost 176 

year round (Epron et al. 2016). 177 

 178 

 179 

Emission of labelled methane by the soil  180 

 181 

The net methane flux at the soil-atmosphere interface was negative, between -4.4 and -9.4 on bare soil and 182 

between -3.4 and -6.5 µg m-2 h-1 on soil covered with understorey vegetation (Fig. 2). The soil was therefore a weak 183 

methane sink at low AFP, and this was consistent with previous results for the site (Epron et al. 2016). 184 

A small amount of 13CH4 (less than 10 µg m-2 h-1) was emitted from both bare soil and soil covered with 185 

understorey vegetation, with a large variability among the four chambers. Maximum emissions were observed between 186 

two to four hours after labelling (Fig. 3). After ten hours, no more labelled methane was released from the soil. In 187 

contrast, excess 13CO2 was still measurable in the different soil chambers after 42 hours (0.11 mg m-2 h-1; Fig. 3). In a 188 

previous study on mesocosms filled with agricultural soil (Shaw et al. 2014), the emission of labelled methane also 189 

only occurred for eight to ten hours after labelling, with a peak in emissions about three hours after the introduction 190 

of the labelled methane. 191 

For soil both with and without vegetation, the rate of decrease in labelled methane emissions over time was 192 

similar, and maximum labelled methane emissions exhibited a similarly large range in both cases. We cannot firmly 193 

conclude whether or not there was an effect of the presence of understorey species with aerenchyma on soil methane 194 

emissions at our site since we chose to favour measuring frequency over number of repetitions. But beyond the 195 

question of the number of replicates, the lack of a marked difference in labelled methane emissions between soil with 196 

or without vegetation is in agreement with previous results for the site, where there was no influence of understorey 197 

vegetation on the net flux of methane during periods of methane production in the soil (Plain et al. 2019). While the 198 



 

role of aerenchymatous plants in methane transport from the soil to the atmosphere has been well established for 199 

wetlands (Schimel 1995; Nielsen et al. 2017), the lack of effect in our study may reflect the depth at which we injected 200 

the methane in relation with the shallow rooting system of the two understorey species. 201 

 202 

 203 

Emission of labelled methane by tree stems  204 

 205 

Tree stems did indeed emit methane during the measuring period (between 3.5 and 5.8 µg m-2 h-1, Fig 2) and 206 

were therefore a methane source, even though the soil remained a net methane sink, thus confirming our previous 207 

observations (Plain et al. 2019). 208 

The tree stems also emitted labelled methane. The peak was reached less than five hours after labelling and 209 

no more labelled methane was detectable after 16 hours (Fig 3). We can conclude that in this upland forest, Quercus 210 

petraea and Salix caprea, both species that do not have stem aerenchyma, are able to transport methane produced at 211 

depth. This is in agreement with our previous observations that stem methane emissions were correlated to soil status 212 

and that the methane emitted could therefore, at least partially, have a soil origin (Plain et al. 2019). 213 

It is unlikely that the labelled methane was dissolved and transported in the xylem sap because labelling was 214 

done before tree transpiration resumed. Before budburst, the main methane pathway into the tree stems is probably 215 

through passive gaseous diffusion or effusion (Megonigal et al. 2020). We demonstrated that this can occur in tree 216 

species that do not have stem aerenchyma. However, the labelled methane emitted by the stems (1.6 ng m-2 h-1) was 217 

only a thousandth of the total methane emitted by these same stems during the measuring period. This result indicates 218 

that either high methane concentrations exist in even deeper layers of soil, accessible to tree roots, and that this 219 

methane could have diluted the labelled methane, or that, even in young trees, a large part of the methane emitted by 220 

the tree stems was of authigenic origin (Wang et al. 2016; Barba et al. 2019; Covey and Megonigal 2019). 221 

 222 

To our knowledge, this is the first time that pulse-labelling of the deep soil layer with 13CH4 was undertaken 223 

in situ in a forest to underline the dynamics of the methane in the upper horizons and at the soil surface, and the origin 224 

of the methane emitted by tree stems. This method is appropriate for estimating both the amount of methane 225 

transported through and consumed in the soil, and the amounts released by the soil, the understorey vegetation and 226 

trees. Progress in isotope analyser technology should make it possible to gain precision and speed for better coverage 227 

of both temporal and spatial variability.  228 

 229 
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 305 

Figure 1. Average temporal variations of excess 13C in (a) CO2 and (b) CH4 concentrations measured at different soil 306 

depths for the 42 hours following labelling on March 22 at 10 am. The black points represent measurements at -5 cm, 307 

dark grey at -10 cm and light grey at -25 cm depths. Error bars represent the standard error of the mean of the 308 

concentrations recorded during the last 90 seconds (n=21). 309 

 310 

 311 
  312 



Figure 2. Average net 12CH4 fluxes measured in two chambers (Ch) on bare soil, two on soil covered with understorey 313 

vegetation and two on tree stems for the 42 hours following labelling on March 22 at 10 am. Error bars represent the 314 

standard error of the mean of 25 measurements. 315 

 316 

 317 
 318 

  319 



 

Figure 3. Temporal variations of excess 13C in (a) CO2 and (b) CH4 fluxes recovered in each chamber (bare soil, soil 320 

with vegetation and tree stems) for the 42 hours following labelling on March 22 at 10 am. 321 

 322 
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 325 

 326 
Supplementary figure 1. Schematic diagram of the experimental setup (vertical cross-section):  327 

The thick red line is a porous membrane tubes at 40-cm in depth which was used to inject the labelled gases (close 328 

loop with a pump allowing an air circulation lower than 0.8 Lmin-1), and the thick grey lines are the porous tubes 329 

which were used to trace the labelled gases at the different depth in the soil (-25, -5 and 0 cm). The blue boxes are the 330 

different chambers (soil with or without understorey vegetation and stem) which were used to trace the efflux of the 331 

labelled gases. The green boxes are the isotope spectrometer, the soil manifold that switches between the three soil 332 

depths, and the manifold that switches between the soil profile, the chambers and the calibration gases. An oxygen 333 

sensor (SO210 Apogee instruments, Logan, USA) was used to measure the O2 concentrations in the porous tubes at 334 

the different depths. The blue, grey and green arrows are the tubing connections between the manifolds and the 335 

analyser. The large red arrows correspond to the diffusive transport of the labelled gases from depth to the atmosphere. 336 
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 340 
 341 

Supplementary figure 2. Temporal variations of (a) air-filled porosity (AFP), (b) O2 concentrations and (c) CH4 342 

concentrations at different depths in the soil before and after labelling on March 22 at 10 UTC (vertical dashed black 343 

line). For AFP, the black points represent measurements at -5 cm, dark grey at -10 cm at and light grey at -25 cm 344 

depth. For O2 and CH4, black points represent measurements at 0 cm, dark grey at -5 cm at and light grey at -25 cm 345 

depth. The soil temperature at 10 cm depth ranged from 6.7 to 8.2°C (data not shown). 346 
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