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Abstract  Methane (CH4) is the second-largest 
contributor to human-induced climate change, with 
significant uncertainties in its terrestrial sources and 
sinks. Tree stems play crucial roles in forest ecosys-
tem CH4 flux dynamics, yet much remains unknown 
regarding the environmental drivers of fluxes. We 

measured CH4 flux from three tree species (Picea 
rubens, Tsuga canadensis, Acer rubrum) along an 
upland-to-wetland gradient at Howland Research 
Forest, a net annual sink of CH4, in Maine USA. We 
measured fluxes every two weeks and at three heights 
from April to November 2024 to capture a range of 
environmental conditions. Tree species influenced 
CH4 flux more than any of the environmental vari-
ables considered. Among environmental variables, 
soil moisture was the most important driver of CH4 
flux, and our models suggested a significant interac-
tion between soil moisture and soil temperature, such 
that the effect of higher soil moisture was greater at 
warmer soil temperatures. We determined a “break-
point” in soil moisture along the upland-to-wetland 
gradient at ~ 60% volumetric water content, above 
which CH4 flux rates increased dramatically. All 
stems measured were net CH4 sources throughout 
the sampling period, with rare, isolate measurements 
of minimal uptake. The magnitude of flux varied by 
species: red maple stems were the largest emitters 
(1.946 ± 5.917  nmol  m−2  s−1, mean ± SD), followed 
by red spruce (0.031 ± 0.065) and eastern hemlock 
(0.016 ± 0.027). This study highlights the contribu-
tion of these species to ecosystem CH4 fluxes. Our 
results establish the sensitivity of stem flux rates to 
projected increases in regional precipitation and tem-
perature, potentially shifting the site from a net CH4 
sink to a source.
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Introduction

Methane (CH4) emissions are the second largest con-
tributor to human-induced climate change behind car-
bon dioxide (CO2) emissions. With a radiative forcing 
that may be 120 times that of CO2 immediately after 
emission, CH4 has a direct impact of roughly 20% 
of climate forcing since 1750 (Saunois et  al. 2016). 
However, uncertainties regarding the magnitude of 
CH4 emissions (sources) and uptake (sinks) from ter-
restrial ecosystems limit our understanding of the role 
of CH4 in the global carbon cycle. Projections range 
from 150 to 274 Tg CH4 year−1 for wetland emis-
sions, and 20 to 45 Tg CH4 year−1 for terrestrial eco-
system uptake (Saunois et al. 2020; Liu et al. 2020). 
These uncertainties limit our ability to model changes 
in CH4 flux, such as source–sink transitions, under 
a changing climate (Reeburgh 2006; Kirschke et  al. 
2013).

In terrestrial systems, most CH4 flux research has 
focused on soils, as they are thought to be the domi-
nant biotic sink for atmospheric CH4 in upland condi-
tions and the dominant source in wetlands (Saunois 
et  al. 2020). However, recent research has shown 
that tree stems also contribute to net CH4 sink-source 
dynamics in upland forests (Warner et  al. 2017). In 
terrestrial wetlands, stem flux could be largely attrib-
utable to soil-derived CH4, which is transported 
through the roots and vascular tissues in wetland trees 
(Rusch and Rennenberg 1998; Pangala et  al. 2015), 
and emissions from tree stems may account for as 
much as 20% of total temperate wetland ecosystem 
CH4 emissions (Gauci et al. 2010). In upland forests, 
most studies have observed net CH4 emissions from 
tree stems (Pitz and Megonigal 2017; Wang et  al. 
2016; Flanagan et al. 2021). However, methanogenic 
and methanotrophic bacteria can exist within stem tis-
sue and on bark surfaces of trees, resulting in emis-
sion and uptake, respectively, across various soil con-
ditions (Putkinen et al. 2021; Jeffrey et al. 2021) with 
direction and magnitude of net fluxes to the atmos-
phere remaining an area of active research (Barba 
et al. 2019; Gauci et al. 2024).

Further, much remains unknown regarding the 
environmental factors most important in driving 

tree CH4 flux rates and directions. Many studies 
have shown soil moisture, temperature, and stem 
height as key predictors of CH4 flux from tree 
stems, with flux increasing under higher moisture 
and temperature conditions but decreasing at higher 
stem heights (Machacova et  al. 2013; Maier et  al. 
2018). However, other studies have found these fac-
tors to explain only 7–11% of flux variability (Barba 
et  al. 2021). CH4 emissions from trees in wetter 
soils may result from transport and diffusion across 
the soil-stem interface, evidenced by declining CH4 
emissions with increasing stem height (van Haren 
et al. 2021).

Anatomical differences between functional and 
taxonomic groups, namely cell structure, aerenchyma 
presence, bark lenticel density, and resistance to 
wood rot, influence CH4 flux variability across tree 
species (Barba et al. 2019). Species with ring-porous 
wood structure and extensive aerenchyma tissue may 
exhibit greater gas diffusion and in turn higher CH4 
emissions. However, individual trees of the same 
species under similar environmental conditions can 
exhibit dramatically different emissions (Terazawa 
et  al. 2015). Stem diameter affects gas storage and 
diffusion, and tree age may have independent impli-
cations on microbial colonization, both of which may 
influence CH4 flux rates (Oberle et al. 2018; Moisan 
et al. 2024). Relating CH4 dynamics to CO2 flux (e.g., 
respiration) from tree stems could elucidate important 
predictors and underlying mechanisms for microbial 
generation of CH4 in soil-tree comparisons. CO2 and 
CH4 emissions may be positively related in some 
individuals, but not necessarily across all trees in an 
ecosystem (Pitz et  al. 2018). Improving our under-
standing of functional relationships between CH4 
flux, CO2 flux, and species- and individual-level traits 
would enhance predictive models for upscaling gas 
fluxes on an ecosystem level.

High local-scale spatial variability has been 
observed in tree stem CH4 emissions, even within 
the same tree species. Flux rates across transitional 
zones, such as upland-to-wetland gradients, remain 
poorly understood as well (Pitz et al. 2018). Projected 
increases in regional precipitation due to climate 
change threaten to shift net annual CH4 sinks into net 
CH4 sources (Fernandez et al. 2020), which could be 
exacerbated by stem emissions. Understanding tem-
poral and spatial patterns of CH4 flux from forested 
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ecosystems may shed light on how flux rates and car-
bon budgets may be affected by climate change.

In this study, we measured CH4 and CO2 flux 
from living tree stems along an upland-to-wetland 
drainage gradient at the Howland Research Forest, 
which is a net annual sink of CH4. Howland Forest 
is an upland conifer dominated forest in Maine, USA, 
that includes small forested wetlands, typical of the 
patchiness of this northern glaciated landscape. We 
randomly selected individual living Picea rubens 
(red spruce), Tsuga canadensis (eastern hemlock) and 
Acer rubrum (red maple) trees for CH4 flux measure-
ments. Our overarching goal was to better understand 
tree CH₄ fluxes in this northern conifer forest—an 
ecosystem that remains underrepresented in CH₄ 
stem flux research. Our specific objectives include (1) 
identifying the environmental factors influencing tree 
stem CH4 flux, (2) characterizing differences in CH4 
flux from three heights at the base of tree stems, and 
(3) assessing how tree stem CH4 flux varies spatially 
within this landscape, which includes upland-to-wet-
land gradients. Finally, we used results from these 
objectives to scale stem CH4 flux to the stand level.

Methods

Site description

This study was conducted at Howland Research For-
est of central Maine, USA (45.2041°N 68.7402°W, 
elevation 60 m above sea level), located in the tran-
sition zone between deciduous and boreal forests in 
northeastern North America. The climate is damp 
and cool, with average annual temperatures of 
5.9 ± 0.8  °C and mean precipitation of 112 ± 21  cm/
year that is evenly distributed throughout the year 
(Daly et  al. 2008). Mean daily temperature ranged 
from -1.2 to 26.6 °C with an average of 15.2 °C from 
April to November, 2024. Daily precipitation ranged 
from 0 to 41.3 mm with a sampling period mean of 
2.5  mm. Peak temperature occurred on August 2nd 
and peak precipitation occurred on August 9th.

The mature multi-aged forest is roughly 90% coni-
fer, dominated by red spruce (Picea rubens, 51% 
of stand basal area) and eastern hemlock (Tsuga 
canadensis, 21%), with white pine (Pinus strobus) 
and northern white-cedar (Thuja occidentalis) present 
in lesser abundance. Hardwood presence is dominated 

by red maple (Acer rubrum, 9% of stand basal area). 
The forest has remained unmanaged since a partial 
harvest in the 1920s and exhibits late-successional 
characteristics, such as large old trees (> 200  years) 
and a range of tree diameters and coarse woody 
debris decay classes (Fien et al. 2019). The dominant 
soils were formed in coarse-loamy granitic basal till 
and range from well drained to poorly drained over 
relatively small areas along upland-wetland gradients 
(Fernandez et al. 1993).

Data collection

We selected 51 living trees (27 red spruce, 15 eastern 
hemlock, 9 red maple) for CH4 flux sampling using 
a stratified random approach, with stratification based 
on species, tree diameter at breast height (DBH), 
and soil drainage class within a ca. 400 × 400 m area 
(Fig.  1a). Species and diameter data were obtained 
from 20 forest inventory plots (400 m2 each). Drain-
age classes (wetland, transitional, upland) were 
assigned based on soil moisture data obtained from 
100 randomly placed sensors, as well as a National 
Wetlands Inventory wetland delineation. Soil mois-
ture data were then used to produce a kriging-inter-
polated map (using ArcGIS Pro, version 3.2.4) of the 
landscape to approximate the area of each drainage 
class. Informed by these constraints, random points 
were generated within each drainage class, and a pre-
determined tree species-by-diameter combination was 
targeted for each point, ensuring a stratified distribu-
tion among drainage classes, species, and diameters. 
Finally, trees were selected in the field by identify-
ing the closest tree within 10 m from each point that 
matched the species and diameter determination.

In order to measure CH4 flux from tree stem sur-
faces, we semi-permanently affixed circular collars 
to our selected trees. Collars were constructed from 
polyvinyl chloride pipe of 10 cm diameter with sad-
dle-shaped faces of various sizes to fit to a range of 
tree diameters. Collars were then affixed to selected 
tree stems at a height of 50  cm using pure silicone 
(Fig.  1b). All collars were leak tested prior to each 
measurement by blowing on and around the col-
lar, and additional silicone was applied as needed. 
To assess the transport and generation of CH4 emis-
sions along the tree stem (Wang et al. 2016; Martinez 
et  al. 2022) additional chambers were installed on a 
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subset (n = 10) of spruce trees at 100 cm and 150 cm 
heights. We refer to these as ‘height trees.’

CH4 and CO2 concentrations were measured by 
sealing each collar with a custom PVC chamber cap 
connected via 3 m of 6.4 mm (¼-inch) diameter Bev-
A-Line tubing to a LI-COR LI-7810, as described in 
Read et al. (2023) After flushing with ambient air (ca. 
2000 ppb CH4) until a stable baseline for gas concen-
tration was achieved, manual fluxes were measured at 
1  Hz over six-minute intervals per flux observation 
and processed as described below, alongside instan-
taneous measurements of air temperature, soil tem-
perature, and soil moisture (volumetric water content, 
%VWC) (see below). Flux measurements, including 
all collars across species and heights, were collected 
every two weeks, from late-April, following snow-
melt, until mid-November 2024, yielding a total of 
750 measurements.

We collected a set of environmental variables to 
be tested as potential predictors of CH4 flux rates. 
Instantaneous air temperature was collected with a 
Traceable Precision Lollipop Digital Thermometer; 
soil moisture and temperature were measured at three 
points around the tree with an Acclima True TDR-
315N Soil Moisture Sensor (15  cm depth). Soil pH 
was determined at the base of each tree by collecting 
full depth of organic layer on 18 July (five days after 
a rain event) and electrometrically measuring pH of 

dried soil suspended in deionized water (1:2 ratio) 
(Gavlak 2005). Hemispherical photographs were 
taken at three points around each tree (two meters 
from stem, at bearings 0, 120 and 240°) using a 
Nikon Coolpix 995 camera with a hemispherical lens 
adapter. Photographs were processed using Gap Light 
Analyzer software (Frazer et al. 1999) to yield canopy 
openness values.

Data processing

Fluxes for CH4 (nmol m−2  s−1) and CO2 (μmol 
m−2  s−1) were calculated from the gas analyzer out-
put files using the ideal gas law, where PV = nRT  
(P = barometric pressure, atm, V = chamber volume, 
L (liters), R (gas constant) = 0.08206 L⋅atm/mol⋅K, 
T = temperature, °C):

The change in gas concentration over time (dC/
dt) was calculated from 90 to 345 s for each sampling 
based on gas analyzer data outputs of gas concentra-
tion vs. time. This time window was selected to mini-
mize chamber sealing effects and initial concentration 
spikes observed from wetland trees. Barometric pres-
sure (P) was matched with the closest 30-min-interval 

Flux =
(

dC

dt

)(

V

A

)

P

(R ∗ (T + 273.15))

Fig. 1   a Sampling collars for CH4 measurements, inventory plots (400 m2) and designated wetlands. b Red spruce tree stem with 
chambers at 50 cm, 100 cm, and 150 cm above the forest floor, with chamber cap and IRGA attached for flux sampling
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measurement from an on-site pressure sensor. Cham-
ber volumes (V) were determined in the laboratory 
for each chamber size by placing a curve-fitting seal 
over the tree-facing side of the chamber, filling with 
quinoa seeds (or any granular substance), and meas-
uring the volume of those seeds. Areas (A) of tree 
stem surface were also determined for each size tem-
plate. Air temperature (C°) at the time of sampling 
was converted to Kelvins (K) prior to flux calcula-
tions. Minimum detectable flux was estimated for 
each measurement according to Christiansen et  al. 
(2015) and Nickerson (2016); all fluxes were within 
the detection limit. All data processing and statis-
tics were conducted in R (R Core Team 2024) using 
RStudio (Posit Team 2024).

Data analysis

In order to identify the predictors most strongly 
influencing our response variable, tree CH4 flux, we 
used three analytical approaches. First, we used a lin-
ear mixed-effects model with tree species and envi-
ronmental drivers as fixed effects. Results revealed 
significant interaction effects between species, soil 
moisture, and soil temperature, justifying the use of 
species-specific models. Second, to further evaluate 
how fluxes differed by species, we conducted a two-
way ANOVA with tree species and drainage class as 
the main effects. We binned this analysis by drainage 
class because eastern hemlock did not occur in the 
wetlands. Lastly, to assess species-specific environ-
mental drivers of stem CH4 flux, we developed linear 
mixed-effects models for each tree species. Soil mois-
ture (continuous), soil temperature, air temperature, 
soil pH, canopy openness, elevation, stem diameter, 
and CO2 flux rates were selected as potential predic-
tor variables. Our approach to developing these spe-
cies-specific linear models is described as follows.

Random forest analysis of the potential predictors, 
which was done using the Boruta package in R (Kursa 
and Rudnicki 2010), deemed soil pH as not important 
and all other variables as important. For each species, 
linear mixed-effects models were analyzed using the 
“lmer” function in the lme4 package in R (Pinheiro 
2021). We tested various combinations of impor-
tant predictors, both interactive and additive, using 
a deductive approach of omitting variables that were 
not statistically significant based on p-values. We 
then compared models based on corrected Akaike’s 

information criterion (AICc), allowing us to assess 
which model forms were best supported by the data. 
The interaction between soil moisture and soil tem-
perature was the only significant interaction included 
in the top models, as all other tested interactions 
between predictor variables were not statistically sig-
nificant. Day of year and tree identifier (i.e. individ-
ual tree sample) were included as random variables 
to account for within-day and between-tree variation 
in flux. CH4 flux was natural-log transformed prior 
to analyses to ensure normality of model residuals. 
All predictor variables were standardized (mean = 0, 
standard deviation = 1) before model fitting to allow 
us to compare effect sizes among predictors having 
different units. Elevation and canopy openness were 
omitted from models because they were colinear 
with soil moisture (variance inflation factor > 5); soil 
moisture was retained because, unlike these isolated 
variables, it captures both within-day fluctuations and 
seasonal variability.

Visual assessment of CH4 flux vs. soil moisture 
graphs for spruce and maple suggested moisture 
thresholds beyond which flux markedly increased. 
We tested for the presence of these thresholds, or 
breakpoints, for each species using segmented regres-
sions, where natural-log transformed CH4 flux was 
the response variable and soil moisture the predictor 
variable. To isolate the effect of soil moisture, soil 
temperature was held constant in linear models used 
to generate breakpoint analyses. We accomplished 
this by modeling flux as a response to the interac-
tion between soil moisture and temperature, then 
generating a predicted flux based on the mean soil 
temperature over the sampling period. Analyses were 
conducted using the segmented package in R (Fasola 
et al. 2018).

To assess differences in CH4 flux along the red 
spruce stem height profile, we binned the fluxes from 
our 10 height trees by drainage class and performed 
three one-way ANOVAs followed by Tukey’s tests. 
This approach allowed us to compare fluxes between 
the three heights within each drainage class, provid-
ing insights into CH4 transport from stems along an 
upland-to-wetland drainage gradient.

To assess how tree CH4 flux (as well as selected 
predictor variables) varied spatially within this small 
landscape, we used the large number of geo-referenced 
fluxes and soil moisture and temperature readings (col-
lected from 80 points throughout sampling period), 
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in addition to our hemispherical photographs (N = 90 
from trees and plot locations). We first tested for spa-
tial autocorrelation of these individual variables using 
semivariogram functions (lag size = 59 and number 
of lags = 12), followed by Gaussian model inference 
to produce kriged surfaces of stem flux, soil moisture, 
soil temperature, and canopy openness, using ArcGIS 
Pro (version 3.2.4) (Esri 2024). Comparative analysis 
of the interpolated data, which included sampling-
period averaged flux and environmental drivers, was 
conducted with a simple Pearson correlation.

Scaling

Finally, we scaled CH4 flux from tree stem cham-
ber areas to individual tree CH4 flux (up to 150  cm 
height) using stem surface area (m.2) estimations. For 
all sampled trees, stem surface area was calculated 
based on field measured diameters taken at 150  cm 
height and at tree base, assuming the shape of conical 
frusta (R = radius at 150 cm height, r = radius at tree 
base, l = 150 cm)

This approach allowed us to develop a relation-
ship between stem surface area and diameter (breast 
height), the latter of which was measured for all inven-
toried trees, and thus predict stem surface area for all 

Stem Surface Area = �(R + r) ⋅ l

inventoried trees. We then calculated species-specific 
stem flux averages for each month (April–November). 
Stem fluxes along the height gradient were modeled 
as a negative exponential function using our height 
tree dataset, grouping trees by drainage class to 
account for the influence of soil moisture on CH₄ flux 
at different heights. These individual stem fluxes were 
then scaled to the plot-level using data from twenty 
400 m2 inventory plots. Assuming our sampling and 
inventory schemes were representative of the land-
scape, and that no diel patterns in flux existed, we 
then used Monte Carlo simulation to estimate total 
CH4 emission (mmol ha−1 h−1), for each tree species, 
from lower tree stems. We performed 1,000 simula-
tions, each randomly selecting 10 plots from our data-
set to account for variability in environmental condi-
tions and flux rates across individuals. This approach 
provided a robust estimate of stand-level, lower stem 
CH₄ flux while incorporating uncertainty in spatial 
heterogeneity.

Results

Sampling period tree stem CH4 fluxes ranged from 
-0.03 to 31.58 nmol  m−2  s−1 and were highest from 
mid-July to mid-August (Fig.  2a). CH4 uptake was 
observed only seven times out of 730 measure-
ments throughout the sampling period, all of which 

Fig. 2   a Relationship between CH4 flux (nmol m−2  s−1) and 
day of year across three tree species. The shaded regions 
around each spline represent the 95% confidence interval, cal-
culated using standard errors from the smoothing model. (b) 

CH4 fluxes binned by drainage class and species. Statistical 
differences indicated by lowercase letters. Note that hemlocks 
did not occur in the wetland areas and negative fluxes (n = 7) 
were omitted because of the log-scale
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occurred on upland trees, at 50 cm stem height, dur-
ing the shoulder seasons (Spring and Fall). Mean 
flux approached zero between October (275th day 
of year) and November, with an average flux rate of 
0.005  nmol  m−2  s−1 in November. Mean fluxes also 
varied by tree species (red maple highest) and soil 
drainage class (wetlands highest) (Fig. 2b).

Stem fluxes were highest overall in the wetlands 
when compared to transitional or upland fluxes (p val-
ues < 0.008); however, transitional and upland fluxes 
did not differ from each other (p = 0.666). The wetland 
gradient also appeared to accentuate tree species dif-
ferences. Within the upland soils, fluxes did not differ 
among species (p = 0.332); however, red maple fluxes 
were significantly greater than those of spruce and hem-
lock in both transitional and wetland (both p < 0.001) 
soils. Red spruce fluxes did not differ from those of 
eastern hemlock in upland and transitional soils.

Linear mixed-effects models showed a strong 
positive relationship between stem CH4 emissions 
and soil moisture. For all species, soil moisture was 
the most important predictor and was included in 
the top models (i.e., lowest AIC scores). Models 
also revealed species-specific relationships between 
CH4 flux and predictor variables, as quantified by 

standardized effect sizes (Fig. 3). Fluxes from east-
ern hemlock stems were best explained by positive 
effects of soil moisture and tree diameter. For red 
spruce, the top model included a positive interac-
tion between soil moisture and soil temperature, 
with additional variability explained by air tem-
perature. CH4 flux from red maple similarly showed 
a positive response to the interaction between soil 
moisture and soil temperature in the top model, 
with stem diameter explaining some variability in 
other top-performing models (Table 1). The interac-
tion between soil moisture and soil temperature in 
CH₄ fluxes from red spruce and red maple indicates 
that flux rates depend on both factors, with simulta-
neous increases amplifying the effect (Fig. 4).

The segmented regression analysis further empha-
sized the positive relationship between soil moisture 
and CH4 flux. Results revealed thresholds in soil 
moisture above which CH4 flux rates increased dra-
matically, when soil temperature was held constant at 
14 °C (Fig. 5). The breakpoints were similar for red 
spruce and red maple at ~ 60% soil moisture. We con-
ducted a segmented regression for eastern hemlock, 
but no breakpoint was identified, given the limited 
range of moisture conditions under which it occurred.

Fig. 3   Effect sizes from top 
linear mixed-effects models 
for each species. Vari-
ables were selected based 
on p values, AIC scores, 
and residual distributions. 
Significance levels are also 
shown (* = 0.1, ** = 0.05, 
*** = 0.01, **** = 0.001)
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For red spruce trees in the wetlands, we found that 
CH4 stem flux decreased significantly with increasing 
stem height (p = 0.035) when tested at 50, 100, and 
150  cm (Fig.  6). In contrast, red spruce trees in the 
transitional or upland soils showed no differences in 
flux rates along the height profile (p values > 0.656).

Pearson’s correlation tests showed strong correla-
tion (r = 0.72) between stem CH4 flux and soil mois-
ture based on kriging-interpolated point datasets 
(Fig.  7). Flux was only weakly correlated with soil 
temperature (r = 0.28) and canopy openness (r = 0.21).

Once scaled to a per-hectare basis and aver-
aged across drainage classes, our estimates for 
peak- season (July and August) tree stem flux 
(up to 150  cm height on stem) at this site are the 

following: 10 ± 3  μmol  ha−1  h−1 for eastern hem-
lock, 42 ± 8  μmol  ha−1  h−1 for red spruce, and 
120 ± 41 μmol  ha−1  h−1 for red maple. Our estimates 
for tree stem (up to 150 cm height) CH4 emissions inte-
grated from April to November at Howland Research 
Forest are the following: 1 ± 0.2  kg CH4/ha for east-
ern hemlock, 3 ± 0.5  kg CH4/ha for red spruce, and 
8 ± 4.1 kg CH4/ha for red maple.

Discussion

Results from this study highlight the magnitude and 
direction of tree stem CH4 fluxes, revealing sea-
sonal trends and key biophysical drivers that shape 

Table 1   Top three models for each species, ranked by increasing AICc scores, where k represents the number of estimated param-
eters, cR2 represents the conditional R2, mR2 represents the marginal R2

Species Model predictors k AICc ΔAICc AICc wt cR2 mR2

Eastern hemlock Soil mois. + Stem diam 6 18.2 0.0 0.6 0.55 0.25
Soil mois 5 19.8 1.6 0.3 0.54 0.17
Soil mois. + Soil temp. + Air temp. + Stem diam 8 22.5 4.3 0.1 0.49 0.33

Red spruce Soil mois. x Soil temp. + Air temp 8 268.1 0.0 0.7 0.56 0.33
Soil mois. + Air temp 6 270.1 2.0 0.2 0.54 0.31
Soil mois. x Stem diam. + Air temp 8 270.6 2.5 0.1 0.52 0.28

Red maple Soil mois. x Soil temp. + Air temp 8 225.9 0.0 0.8 0.74 0.59
Soil mois. x Soil temp. x Stem diam 9 229.2 3.3 0.1 0.73 0.59
Soil mois. x Soil temp. + Stem diam. + Air temp 11 232.4 6.5 0.1 0.74 0.65

Fig. 4   Response of CH4 flux to soil temperature from low to high soil moisture percentiles, emphasizing the interaction between soil 
moisture and soil temperature for red spruce and red maple
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their variability. We observed higher emissions in 
wetter soils and during the warmest weeks of the 
sampling period, with high variability within and 
among species. While we did at times find minimal 

CH4 uptake (n = 7 observations), emission was the 
dominant observation (n = 723) across all drainage 
classes, species, and sampling heights.

Fig. 5   Segmented linear regressions for red spruce and red 
maple at constant soil temperature. Shaded areas around lines 
represent 95% confidence intervals and dashed vertical lines 
represent soil moisture breakpoints (61% for red spruce and 

62% for red maple), beyond which CH4 flux increased mark-
edly. Regression slopes before (slope1) and after (slope2) 
breakpoints are shown as well

Fig. 6   CH4 flux rates (x-axis) at 50, 100, and 150  cm stem 
height (y-axis) for upland, transitional, and wetland red spruce 
height trees. Boxes represent interquartile ranges, and whiskers 

extend to minimum and maximum values. Letters indicate sig-
nificant differences among heights within a drainage class
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Stem CH4 emissions increase along 
upland‑to‑wetland gradient

Our results demonstrated an increase in tree stem 
CH4 flux along the drainage gradient from upland to 
wetland. Soil moisture was the most important single 
predictor for all species. Similarly, previous studies 
have demonstrated a positive relationship between 
tree stem CH4 flux and soil moisture (Sjögersten et al. 
2020; Feng et al. 2022). Our models further suggest 
that for red maple and red spruce, soil moisture and 
soil temperature interact to positively influence CH4 
flux. That is, at high soil moisture, CH4 flux response 
to increasing temperature was more positive. This 
finding may be explained by temperature sensitivity 
of both methanogenesis and plant-mediated transport 
in high soil moisture conditions. While methanogens 
are typically more abundant in soils, recent research 
suggests that methanogens can also inhabit tree stems, 
particularly in wetter environments, and contribute to 
increased CH4 emissions from stems (Yip et al. 2019; 
Harada et al. 2024).

Wetland trees at this site were smaller, which 
may have confounded the diameter effect. In fact, 
hemlock lacked the soil moisture × soil temperature 
interaction observed in the other species, possibly 
because it did not occur in wetlands and thus lacked 
the full range of soil moisture. This constraint could 
explain the positive effect of stem diameter on CH4 
emissions in hemlock: without the presence of 
wetland trees, which are typically smaller in diam-
eter, hemlock was the only species for which stem 

diameter had a significant and positive influence on 
CH4 flux. Note also that these fluxes are expressed 
per unit area, but surface area scales exponentially 
with diameter. Therefore, the total flux from the 
tree also scales exponentially with diameter, even 
when emissions per unit surface area remain con-
stant. This result is in contrast with previous stud-
ies, which have identified a negative relationship 
between CH4 flux (per unit surface area) and stem 
diameter in both upland (Klaus et al. 2024) and wet-
land (Pangala et al. 2013) tree stems.

Importantly, for red maple and red spruce, we 
identified a “breakpoint” in soil moisture (~ 60% 
VWC) beyond which CH4 flux rates increased sig-
nificantly. This breakpoint is in strong agreement with 
previously reported soil moisture values (Koschor-
reck and Conrad 1993; Castro et  al. 1995; Bowden 
et al. 1998). We did not identify a breakpoint for east-
ern hemlock; as above, this species did not occur in 
the wetlands. The breakpoint has important implica-
tions in light of projected increases in precipitation 
for this region (Fernandez et  al. 2020). Given these 
expected changes in regional climate, Howland Forest 
could transition from a net annual CH4 sink to source, 
with tree stems serving as a major conduit for metha-
nogenesis in wetland areas (Shoemaker et  al. 2014). 
Assuming plant-mediated transport of CH4 from 
soils, this breakpoint provides further circumstantial 
evidence for soil transition from net methanotrophy 
to net methanogenesis (von Fischer and Hedin 2007), 
and may indicate a threshold below which tree-emit-
ted CH4 is primarily produced within stem tissue, and 

Fig. 7   Kriging interpolated maps of CH4 stem flux, soil mois-
ture, soil temperature, and canopy openness, where higher val-
ues are expressed as blue and lower values as red. Kriged area 

is roughly 400 × 400  m. Longitude and latitude coordinates 
(UTM Zone 19) are shown on the axes
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above which soil-derived CH4 is additionally trans-
ported and emitted.

Stem CH4 flux varies by species

Our results indicate significant species-level dif-
ferences in CH4 flux from tree stems. We found 
higher CH4 emissions from red maples compared 
to the conifers, particularly in wetter soils. Higher 
CH4 emissions from hardwood species compared 
to softwoods has been observed in a boreal ecosys-
tem across a similar moisture gradient (Vainio et  al. 
2022). We also observed a more rapid flux increase 
beyond the upland-wetland breakpoint for red maple 
than for red spruce. Combined, these results suggest a 
stronger and more consistent positive response of red 
maple CH4 fluxes to soil moisture, which may reflect 
potential species-specific physiological or microbial 
interactions that affect CH4 transport, methanogene-
sis, and methanotrophy (Moisan et al. 2024). Previous 
studies have noted species-level trait differences in 
CH4 emissions from tree stems, which may further be 
attributed to factors such as wood density, bark struc-
ture, root distribution, aerenchyma presence, and/or 
lenticel density (Pangala et al. 2013; Pitz et al. 2018).

We also found high within-species variability in 
CH4 flux, with red maple showing the highest vari-
ability, particularly in transitional and wetland soils. 
Our linear models, consisting of biophysical vari-
ables, explain only a portion of this variability (25 
to 65% depending on species, based on marginal R2 
values). Therefore, individual-level traits of trees or 
their underlying soils likely influence differences in 
CH4 flux rates that cannot be explained by species 
traits or environmental conditions alone (Barba et al. 
2021). While tree diameter did not influence flux 
rates across species in our study, tree age, root struc-
ture, and aerenchyma tissue have been identified as 
potential predictors for explaining variability among 
individuals (Barba et al. 2019). In the wetland areas, 
the high spatial variability of CH4 flux from wetland 
soils may help to explain variance in stem-transported 
CH4 emissions (Jeffrey et  al. 2023). Meanwhile, in 
the upland areas, variance in methanogenesis may 
be more strongly associated with tree tissue inter-
nal anoxia, wetwood, and/or decay, all of which are 
highly variable among individuals (Hietala et  al. 
2015; Covey and Megonigal 2019).

CH4 fluxes from lower stems are predominantly 
emissions

While our CH4 stem measurements were over-
whelmingly net emissions, this does not discount 
the possibility of gross uptake (i.e., methano-
trophy) on any tree surface, nor of net uptake at 
higher stem heights, especially considering that our 
upland stem net emissions were very low (mean 
0.012 ± 0.009 nmol  m−2  s−1) and that measurements 
were limited to low tree heights (< 2  m). Methano-
trophic bacteria have been identified in bark, sap-
wood, and heartwood of living tree stems (Jeffrey 
et  al. 2021; Feng et  al. 2022; Arnold  et  al. 2024), 
and net CH4 uptake has been directly measured from 
tree stems (Gauci et al. 2024). The balance between 
methanotrophy and methanogenesis in tree stems 
likely depends on a complex interplay among micro-
bial communities, oxygen availability, and substrate 
supply, which may vary across species and environ-
mental conditions (Pitz and Megonigal 2017; Barba 
et al. 2024). Seasonal shifts in temperature, precipita-
tion, and soil moisture could further influence these 
processes, potentially leading to periods of net uptake 
or enhanced emissions. Additionally, biophysical fac-
tors such as tree age, stem diameter, and wood poros-
ity may shape the balance between CH4 emissions 
and uptake.

CH4 flux varies by stem height in wetlands

We found decreasing CH4 fluxes with increasing 
stem height for wetland trees and observed no such 
trend for upland and transitional trees. Tree stems 
may represent a major pathway for forested wetland 
CH4 emissions, largely through gas transport, sap 
flow, and diffusion from soil methanogenesis (Covey 
and Megonigal 2019). As above, many studies have 
shown that CH4 can also be produced via methano-
genesis within trees (Pangala et al. 2013; Jeffrey et al. 
2023). However, our results suggest that soil metha-
nogenesis likely dominates the relatively high CH4 
efflux from wetland trees in this system. Meanwhile, 
the balance of uptake and emissions, from both soil 
and tree-hosted methanogenesis and methanotrophy, 
may be more complex. Future studies of CH4 flux 
from tree stems could benefit by sampling at more 
heights along the stem and further exploring zones 
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of gross production and gross uptake throughout the 
plant-soil system.

CH4 flux correlates spatially with soil moisture

Spatial analysis provided insights into landscape-level 
hotspots and drivers of CH4 flux from tree stems. 
Both a visual interpretation of the kriged images and 
statistical results point to soil moisture as a major 
control on stem CH4 flux, potentially influencing 
microbial activity and CH4 transport processes across 
the soil-tree interface. In contrast, the weak correla-
tion with soil temperature indicates that temperature-
driven metabolic processes or within-growing-season 
variations may play a lesser role in governing stem 
CH4 flux at this site (Vainio et al. 2022). Similarly, the 
weak correlation with canopy openness suggests that 
light availability and associated vegetation structure 
have minimal direct influence, possibly because stem-
mediated CH4 flux is more strongly tied to below-
ground hydrological and microbial dynamics or con-
ditions within the tree stem. These findings highlight 
the importance of subsurface moisture conditions in 
shaping tree-stem CH4 emissions and emphasize the 
need for further investigation into the mechanisms 
linking soil hydrology with stem gas exchange.

Conclusion

Our study demonstrates that tree stems in this north-
ern conifer forest predominantly emitted CH4, with 
emissions highest during mid-summer and in wet-
land areas. Soil moisture emerged as the strongest 
predictor of stem CH₄ flux across all studied spe-
cies, with a critical threshold (~ 60% VWC) identi-
fied beyond which emissions increased dramatically 
for red maple and red spruce. Major species differ-
ences were evident, with red maple stems emitting 
significantly more CH₄ than conifer species (peak-
season estimates: 10 ± 3  μmol  ha−1  h−1 for eastern 
hemlock, 42 ± 8  μmol  ha−1  h−1 for red spruce, and 
120 ± 41  μmol  ha−1  h−1 for red maple). These spe-
cies differences were most pronounced in wetter land-
scape positions.

Temperature response depended on moisture, 
with soil moisture and soil temperature interacting 
to influence CH₄ flux in red maple and red spruce. 
Circumstantial evidence for soil origin of wetland 

tree emissions was observed through height profiles 
and moisture breakpoints, with wetland tree stems 
showing decreasing CH₄ flux with increasing stem 
height. Substantial intraspecific variation in CH₄ 
flux remained unexplained by environmental fac-
tors, suggesting individual-level traits or condition 
may significantly influence differences beyond spe-
cies and environmental controls. Spatial analysis con-
firmed soil moisture as the primary control on stem 
CH₄ flux across the landscape. As climate change 
drives increases in precipitation across northeastern 
North America, these findings suggest that forests 
could transition from CH₄ sinks to sources, with tree 
stems—particularly of hardwood species like red 
maple—serving as increasingly important pathways 
in the global CH4 cycle.

Taken together, our results highlight the need for 
additional work addressing stem CH4 fluxes higher on 
the stem and canopy. Specifically, the biophysical and 
physiological controls on the balance between emis-
sions and uptake are poorly understood. Additionally, 
more work on the soil-stem-foliar interface of CH4 
flux would improve our understanding of the relative 
contribution of trees to the net ecosystem CH4 flux, 
which is required to characterize their role in global 
biogeochemical cycling.
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