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Editor: Jay Gan Trees can play different roles in the regulation of fluxes of methane (CH,), a greenhouse gas with a warming
potential 83 times greater than that of carbon dioxide. Forest soils have the greatest potential for methane uptake
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production and consumption (methanogens and methanotrophs). Tree CH4 fluxes can vary between species
characterized by different traits that influence transport and modify the availability of CHy4 reaction substrates as
well as the habitat for methanogens and methanotrophs. Despite their important role in modulating CHy fluxes
from forest ecosystems, the identity and role of tree traits influencing these fluxes are poorly consolidated in the
literature. The objectives of this paper are to 1) Review the functional traits of trees associated with their role in
the regulation of CH4 emissions; 2) Assess the importance of inter-specific variability in CH, fluxes via a global
analysis of tree methane fluxes in the literature. Our review highlights that differences in CH, fluxes between tree
species and individuals can be explained by a diversity of traits influencing CH4 transport and microbial pro-
duction of CHy4 such as wood density and secondary metabolites. We propose a functional classification for trees
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based on the key traits associated with a function in CH4 emissions. We identified the fast-growing species with
low wood density, species adapted to flood and species vulnerable to rot as functional groups which can be net
sources of CH4 in conditions favorable to CH4 production. The global analysis further demonstrated the
importance of taxonomy, with other factors such as land type and season in explaining variability in tree CHy

fluxes.

1. Introduction

In the context of climate change, it is essential to better understand
the factors that regulate methane (CHy) fluxes, resulting from the bal-
ance between methanogenesis (CH4 production) and methanotrophy
(CH4 consumption). The 20-years warming potential of methane is 83
times greater than that of carbon dioxide (IPCC, 2021). Forest soils have
the greatest potential for methane consumption (i.e., methanotrophy)
compared to other land uses (e.g., cultivated fields, grasslands), due to
soil properties that influence gas diffusion and favor methanotrophy,
and represent an important sink in the global methane budget (Boeckx
etal., 1997; Feng et al., 2023). However, there is still a lot of uncertainty
about the methane budget and regulation mechanisms in forest eco-
systems (Feng et al., 2020).

Trees can play different roles in the regulation of methane fluxes
(Bastviken et al., 2023). First, they influence methane fluxes through the
modulation of soil properties (i.e., moisture, oxygen availability, pH, soil
structure, organic matter, and nitrogen content), and abundance and
activity of key microorganisms involved in CH4 production/consump-
tion in soils, with consequences for CH4 emissions (Shvaleva et al., 2015;
Bastviken et al., 2023). For instance, forest ecosystems maintain soil
humidity at a level favorable to the presence of methanogens (Shvaleva
et al., 2015), producing CH4 and contributing to the maintenance of the
potential of methanotrophy by making its substrate (i.e., CH4) available.
The structure of methanogen and methanotroph microbial communities
is also influenced by root density which is greater in forests (Lejon et al.,
2005; Sjogersten et al., 2020). The rhizosphere is an important habitat
for methanotrophs due to soil oxygenation by the roots, which promotes
CH4 oxidation at the root-soil interface (Halmeenmaki et al., 2017). Tree
litter and root exudates stimulate microbial degradation and respiration
in the rhizosphere and can support methanogenesis via the generation of
substrates and electron acceptors necessary for microbial mechanisms
(Shvaleva et al., 2015; Welch et al., 2019). Studies also show relation-
ships between soil CHy fluxes and tree physiological processes, including
photosynthesis, which influences CH4 production/consumption via
carbon input and subsequent stimulation of microbial respiration/
degradation, as well as tree transpiration, which modulates soil moisture
and oxygen availability (Megonigal and Schlesinger, 1997; Vann and
Megonigal, 2003).

In addition to modulating the methane cycle in soils, tree stems can
also act as a CH4 source by emitting CH4 produced in the soil (Pangala
et al., 2013; Maier et al., 2018). At the ecosystem scale, methane fluxes
from trees can either increase the methane source, offset the soil sink, or
in some cases contribute to the soil sink by capturing methane. The in-
fluence and quantitative contribution of plants and trees can differ
among different ecosystems (Bastviken et al., 2023). The role of trees in
the transport and subsequent release of methane into the atmosphere
has been highlighted in wetlands, known hotspots of CH4 production
(Pangala et al., 2013, 2015; Jeffrey et al., 2020; Schindler et al., 2020;
Sjogersten et al., 2020; Moldaschl et al., 2021). Tree emission rates and
their contribution to the ecosystem emissions are particularly important
when soil moisture is high (Sjogersten et al., 2020). The highest tree
emission rates have been reported from tropical forests, with the
Amazon floodplain in first rank (Pangala et al., 2013, 2017). Moreover,
Jeffrey et al. (2021a, 2021b) showed that this emission pathway can
facilitate the release of CHy from the soil into the atmosphere and in-
crease net ecosystem emissions due to the bypass of the oxidation zone
at the oxic water-sediment interface in a flooded forest. Net methane

emissions from tree trunks have also been observed in upland ecosys-
tems although their contributions to the ecosystem fluxes were less
important (Machacova et al., 2016; Wang et al., 2016; Pitz and Mego-
nigal, 2017; Warner et al., 2017; Maier et al., 2018; Barba et al., 2019;
Plain et al., 2019). In addition, the tree leaves may also exhibit net
methane emissions or uptake, resulting from a balance between fluxes
associated to transpiration, photochemical CH4 production, and micro-
bial CH4 production/consumption inside leaf tissues (Keppler et al.,
2006; Rice et al., 2010; Sundqvist et al., 2012; Machacova et al., 2016;
Putkinen et al., 2021; Gorgolewski et al., 2022b; Vainio et al., 2022). A
glossary of terms related to methane fluxes mediated by trees is provided
in Box 1.

It has recently been highlighted in the literature that above-ground
tissues of trees (i.e. the phyllosphere) can harbor communities of
methanogens and methanotrophs that are distinct from those found in
the soil. Those methanogens and methanotrophs can play a role in the
tree CH4 emissions. Studies show predominance of hydrogenotrophic
methanogens in the heartwood of poplars and their role in intrinsic CH4
production, regulated by wood water content as well as Oy and Hj
availability (Wang et al., 2017; Yip et al., 2019; Li et al., 2020; Feng
et al., 2022). Jeffrey et al. (2021a, 2021b) identified a bacterial com-
munity dominated by methanotrophs (Methylomonas) in the bark of
Melaleuca quinquenervia, responsible for reducing methane emissions
from tree stems. Putkinen et al. (2021) identified methanogens in the
needles of Picea abies, suggesting that anoxic microenvironments
necessary for methanogenic activity may also exist in leaves. Methane
can also be produced aerobically by plants (Keppler et al., 2006;
Kirschbaum et al., 2006). A proposed mechanism for this production
involves the reaction between a variety of leaf compounds (e.g., pectin,
lignin, cellulose, methionine, wax) and reactive oxygen species (ROS)
that can result from UV exposure or from tree physiological processes (i.
e., natural metabolism of respiration and photosynthesis or stress
response) (McLeod et al., 2008; Vigano et al., 2008; Messenger et al.,
2009; Wang et al., 2009; Bruhn et al., 2014).

The intensity of tree fluxes is likely to differ between species that
differ in traits affecting methane transport, methanogenesis/methano-
trophy, and non-microbial CH4 production (Pangala et al., 2013; Wang
et al., 2017; Sjogersten et al., 2020; Epron et al., 2022; Soosaar et al.,
2022; Ge et al., 2024). Studies also report important variation in emis-
sions among tree individuals (Flanagan et al., 2021; Sakabe et al., 2021;
Machacova et al., 2023), suggesting that within-species trait variation
can also be important for predicting ecosystem CH,4 fluxes. However, the
identity and role of tree traits on the directionality and intensity of CHy4
fluxes remains poorly consolidated in the literature (Barba et al., 2021).
Previous reviews have covered the current knowledge on mechanisms
regulating tree methane fluxes (Feng et al., 2020; Bastviken et al., 2023;
Ge et al., 2024), and Ge et al. (2024) discussed traits that can influence
methane transport in plants. However, no review to date focused on
tree-specific traits influencing transport and microbial mechanisms in
the tree phyllosphere, as well as assessed the importance of inter-specific
variability based on the existing data on tree CHy fluxes. The objectives
of this article are therefore to: 1) Review the functional tree traits
associated with the role of trees in the regulation of methane fluxes, in
relation to transport and diffusion, and to the presence and activity of
key methane cycling microorganisms in the phyllosphere; 2) Assess the
importance of inter-specific variability of methane fluxes compared to
other factors of influence (e.g., land, ecosystem, season) via a global
analysis of tree methane fluxes in the literature.
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2. Traits associated with inter-specific variability in tree
methane fluxes

2.1. Inter-specific variability in tree methane fluxes

Studies that have measured methane fluxes for more than one species
from the same site, under the same environmental conditions, have
shown that tree fluxes can differ in their intensity, vertical patterns, and
temporal patterns between species. Under the same conditions, some
species show substantial stem CH4 emissions while other species have
negative, or negligible fluxes (Covey et al., 2012; Pangala et al., 2013;
Wang et al., 2016; Warner et al., 2017; Jeffrey et al., 2020; Sjogersten
et al., 2020; Epron et al., 2022). For instance, in the study by Warner
et al. (2017) in a temperate forest, stem CH,4 emissions from Nyssa syl-
vatica, Liriodendron tulipifera and Fagus grandifolia were higher than
those from Acer rubrum, Betula lenta, Quercus spp., which were negligible
or null. Similar interspecific contrasts have also been shown in upland
temperate forests (Covey et al., 2012; Epron et al., 2022), tropical
peatlands (Pangala et al., 2013), flooded subtropical forest (Jeffrey
et al., 2020) and mangroves (Zhang et al., 2022). Leaf methane fluxes
can also be species dependent as shown in the study of Gorgolewski et al.
(2022b) who observed variable net uptake rates between species in
temperate upland forest.

2.2. Traits regulating methane transport and diffusion in trees

Wood density (Fig. 1.1) and tree diameter (Fig. 1.2) are two traits
that have been shown to influence methane emissions between species.
These effects take place through the influence of wood and bark density
on molecular diffusion inside the trunk (Wang et al., 2016; Epron et al.,
2022). Many studies observed differences in emissions between species
that were explained by the trunk diameter and wood density, the stem
CH4 emissions being negatively correlated with both traits (Pangala
et al.,, 2013, 2015; van Haren et al., 2021; Soosaar et al., 2022). As
density of wood is negatively related to the growth rate, fast-growing
species are more likely to have higher diffusion coefficients (Fajardo,
2022). For instance, Welch et al. (2019) associated the higher CHy4
emissions of Simarouba amara to its low wood density and the formation
of vessels of greater diffusivity resulting from its fast growth. Among
hardwood species, molecular diffusion of gas is lower for ring-porous
species (e.g., Fraxinus excelsior) compared to diffuse-porous species (e.
g., Fagus sylvatica) (Sorz et al., 2006; Teskey et al., 2008). Wood density
depends on environmental conditions that affect growth, such as the
intensity and frequency of flooding, which could therefore influence
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methane emissions (Whittman et al., 2006; Chave et al., 2009; Boakye
et al., 2023). The relationship between soil humidity and wood density
is mixed (Moles, 2018). In the case in which species adapted to water-
logging are associated with low wood density (Pavanetto et al., 2024),
this trait could favor higher tree emissions in wetlands, where the pro-
duction of CHy in soil is also important. Conversely, higher wood density
in wetlands has also been observed, which could limit the stem CHy4
emissions (Whittman et al., 2006; Moles, 2018; Yang et al., 2024). An-
giosperms, which are characterized by high water transport capacity
due to their water conductive cells, are better adapted to lowland en-
vironments than gymnosperms (Chave et al., 2009) and their dominance
may favor high CH4 emissions in such environments. Although conifers
have lower wood density, the length of conducting element can lead to
lower diffusion coefficients in comparison to hardwood species (Sorz
et al., 2006). Overall, the interaction between the trait, which is asso-
ciated with CH4 transport capacity, and the environmental selection of
trees may determine the importance of tree CH,4 emissions.

The structure of the bark (Fig. 1.3), including its thickness and its
irregularities, may also influence stem emissions by the trunk, since bark
acts as a barrier to gas diffusion (Teskey et al., 2008; Wang et al., 2016).
Thicker bark may limit diffusion while irregularities in the bark may
represent CHy exit pathways. For instance, the structure of Melaleuca
quinquenervia bark, a paper-like bark with layers and interstitial spaces,
was identified as a feature that could be associated with its high emis-
sions (Jeffrey et al., 2020, 2021a, 2021b). To verify the relationship
between methane emissions and bark smoothness, measurements on a
variety of tree species are required.

The root distribution (Fig. 1.4) in the soil may also explain inter-
specific differences in methane emission by determining the availability
of CH4 that the tree can uptake and then re-emit from the soil. The
distribution of Picea abies roots in soil close to the surface, where CHy is
oxidized by methanotrophs, could explain the lower stem CH4 emissions
compared to Betula pubescens which has deeper roots (Vainio et al.,
2022). In the study of Plain et al. (2019), the detection of emissions at
the trunk of Quercus petraea, despite an absence of emission from the
soil, was associated with the morphology of the root system of the
species enabling it to reach the methane production zone.

The species adaptations to flood, including the presence of aeren-
chyma (Fig. 1.5), high lenticel density (Fig. 1.6), and the presence of
hypertrophied lenticels, promote gas exchanges and are associated to
substantial CH4 emissions from tree stems when soil moisture conditions
are favorable to methane production (Terazawa et al., 2007; Pangala
et al., 2014, 2017; Sjogersten et al., 2020). For instance, Alnus glutinosa,
which forms aerenchyma and lenticels, had higher methane emissions

Box 1

Glossary on methane-related terms in the context of tree-mediated methane fluxes.

Consumption: Microbial oxidation of methane through methanotrophy.

Diffusion transport: Refers to the movement of methane molecules into intercellular spaces and aerenchyma.
Emission: Positive flux resulting in methane release towards the atmosphere.

Flux: Movement of gas in a direction (positive or negative) in terms of amount per unit area per time units.
Net flux: Difference between positive fluxes (emissions) and negative fluxes (uptake).

Production: Microbial synthesis of methane through methanogenesis.

Source: Which presents a positive net flux, adding methane to the atmosphere.

Sink: Which presents a negative net flux, taking up methane from the atmosphere.

Transpiration transport: Refers to the transport of methane dissolved in water through the xylem through the flux of water in the tree caused
by evaporation of water from leaves.

Uptake: Negative flux resulting in methane capture (the result of methanotrophy).
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Fig. 1. Schematic diagram summarizing the traits influencing methane emissions of trees, via the modulation of the microbiome, microbial mechanisms, and gas
transport. The direction of the trait effect (increase or decrease) on the processes are indicated by + and —.

during flooding than Fagus sylvatica lacking aerenchyma (Machacova
et al., 2013). The presence of adventitious roots (Fig. 1.7) is another
adaptation to flood that may be associated with higher emissions due to
the contribution of these structures to gas exchange, as observed for
Symphonia globulifera in the study of Sjogersten et al. (2020). The pres-
ence of pneumatophores was associated with higher emissions in a
Avicennia marina mangrove despite lower trunk emissions from this
species characterized by higher wood density and lower lenticel density
(Zhang et al., 2022).

In species that do not have aerenchyma and hypertrophied lenticels
(e.g., beech), methane can preferentially be released into the atmo-
sphere via transpiration (Diaz-Pinés et al., 2016). Due to the low water
solubility of methane, the amount that can be released by this transport
pathway is limited and below the potential of emission through diffusion
(Machacova et al., 2013). The species without aerenchyma show sea-
sonal or diurnal variation in CH4 emissions (Pitz et al., 2018). For
example, defoliation in the fall led to a reduction in emission in Betula
pubescens, a species that would transport CH4 mainly through transpi-
ration (Pangala et al., 2015). In comparison, leaf loss did not reduce
methane emission in Alnus glutinosa for which the main pathway is likely
diffusion (Pangala et al., 2015). Similarly, stem methane emissions
through molecular diffusion of Fraxinus mandshurica, which has aeren-
chyma tissues in the cortex of fine roots, did not show any diurnal or
seasonal (i.e., foliated vs defoliated season) pattern (Terazawa et al.,
2015). Methane transport via transpiration can also result in leaf emis-
sions for some species (Gorgolewski et al., 2022b). This could partly
explain why some species exhibit canopy fluxes (e.g., Taxodium dis-
tichum), while others do not (e.g., P. davidiana, C. cathayensis, Alnus
glutinosa) (Garnet et al., 2005; Pangala et al., 2014; Wang et al., 2016).
Transpiration rates depend on hydraulic conductivity of stem that is
influenced by xylem structure and photosynthetic capacity (Brodribb
and Feild, 2000; McCulloh et al., 2010). Since transpiration emissions
are also influenced by factors that control tree transpiration rates such as
temperature, soil water content, and solar radiation, emissions of
methane by trees may also vary spatially or temporally as a function of
these environmental variables (Ge et al., 2024). In the study of Flanagan
et al. (2021), poplar emissions were related to evapotranspiration rates
such that ecosystem fluxes varied with solar radiation.

Leaf anatomical structures such as thick cuticles and absence of
stomata on the epidermis in species adapted to salinity and tides reduce

transpiration and indirectly inhibit CH4 fluxes from the trunks and
leaves (He et al., 2019). Garnet et al. (2005) also showed that foliar CH4
emissions were controlled by the anatomical characteristics, namely the
stomatal conductance (Fig. 1.8), of plant species. Reduced stomatal
conductance is also an adaptation to flood in some species that may
affect tree emissions via control of CH4 transport through transpiration
(Koslowski, 1997). Cuticle permeability (Fig. 1.9) could also be a trait
influencing methane diffusion through leaves although with less
importance than stomatal conductance considering that the diffusion
through stomata would be the main exit and entrance pathway of
methane emitted or uptake at the leaf level (Garnet et al., 2005;
Sundqvist et al., 2012).

2.3. Traits regulating the presence and activity of methane cycling
microorganisms in the phyllosphere

The presence of methanogens and methanotrophs in the phyllo-
sphere suggests that the tree microbiome could be involved in methane
cycling, although only few studies have investigated methanotrophic
and methanogenic communities of the phyllosphere, and much more
research needs to be done to elucidate the role of tree microbiome in
methane fluxes. The mechanistic of methane production and consump-
tion in trees and the ecophysiology of methanogens and methanotrophs
associated with trees are still poorly understood. For instance, only little
evidence on microbial consumption of CH4 in trees exists and meth-
anotrophic communities could rely mostly on tree-produced methanol
(Jeffrey et al., 2021a, 2021b; Putkinen et al., 2021).

In that regard, some tree traits can influence tree methane fluxes by
modulating the presence and activity of methanogens and methano-
trophs in the phyllosphere. The influence of traits on methanogens and
methanotrophs can also be through the modulation of the global phyl-
losphere microbiome and interaction with other microorganisms that
generate methanogenesis precursors (i.e., CO9, acetate, hydrogen), or
favorable conditions. For instance, the respiration of microbial com-
munities could promote the activity of methanogens by creating hypoxic
conditions. The relationships between tree traits are complex and
different predictions can be made about their effect on the phyllosphere
methanogenic and methanotrophic communities.

First, species growth strategy and heartwood formation influence the
presence and activity of methanogens in the wood. Wang et al. (2017)
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showed that the ratio of heartwood (Fig. 1.10) on trunk diameter
correlated positively with CH4 emissions. The proportion of sapwood in
the trunk varies with the species wood anatomy, especially between
annular pore xylem (e.g., Quercus spp.) and diffuse pore xylem (e.g., Tilia
spp.) (Hoch et al., 2003), and may partly explain the differential CHy4
emissions observed between species. Wood density may also modulate
the abundance and activity of methanogens and methanotrophs by
impacting oxygen levels in tree tissues (Feng et al., 2022).

Moreover, the rates of cortical photosynthesis and respiration of
species, which vary according to the proportion of living cells and
chloroplast content (Fig. 1.11) of tissues (Teskey et al., 2008), may
influence methanotrophy and methanogenesis in wood via modulation
of oxygen and CO; concentrations. Hardwoods have a larger volume of
living cells that carry out respiration (Teskey et al., 2008), which could
create favorable conditions for methanogenesis.

Wood humidity (Fig. 1.12) is implicated in differential CH4 pro-
duction and emissions between tree species (Wang et al., 2016, 2017).
Wang et al. (2017) showed that species with different wood water
content had different heartwood CH4 concentrations: Some species
(Populus spp., Ulmus spp.) had substantial concentrations (> 10,000 pL
L~1) associated with moist heartwood regardless of soil conditions; other
species (Pinus koraiensis, Betula platyphylla, Larix gmelinii, Acer trunca-
tum, Carpinus hupeana, Rhus chinensis, and Cornus spp.) had low or
negligible methane concentrations associated with low wood humidity
regardless of soil conditions; while other species (Acer, Tilia, Juglans, and
Quercus spp.) had CH4 concentrations that varied with wood water
content depending on soil conditions. The edaphic preference of the
species could therefore influence its emissions because of the soil water
content influence on heartwood humidity as well as on soil CH4 pro-
duction. In addition, there is a negative relationship between the wood
density of the species and the water saturation of sapwood (Ram-
ananantoandro et al., 2016), suggesting that wood density can also
indirectly modulate the production of methane. Wet wood promotes
anoxic conditions and therefore the microbial production of methane
and negatively influences the diffusion of the CH4 produced. Metha-
nogens are abundant in wet alkaline and carbonated wood, where the
absence of oxygen, lower density, high levels of bacterial fermentation
products (e.g., acetate, butyrate, propionate, ethanol, isobutyrate, iso-
propanol, methane) as well as destruction of ray-vessel membranes are
prevalent conditions (Zeikus et al., 1975; Schink et al., 1981; Moya et al.,
2009). The relationship between methane production and wood water
content could also differ between species as shown by Epron et al.
(2022).

The vulnerability to heart-rot and decay (Fig. 1.13) of the species is
also a trait explaining the differential production of methane between
species (Covey et al., 2012; Warner et al., 2017). Indeed, substantial
concentrations of CH4 have been measured in the trunk of temperate
upland species susceptible to rot (i.e., Acer rubrum, Quercus rubra, Betula
lenta) (Covey et al., 2012). The presence of fungi influences CHy4 fluxes
due to their ability to produce methanogenesis precursors. For instance,
members of Basidiomycota, which can degrade wood into precursors of
methanogenesis, have been identified in the wood of Populus euramer-
icana x deltoides where methanogens were also identified (Feng et al.,
2022). The vulnerability of the species to rot depends on its growth-
strategy, and on the nature and physicochemical properties of the sub-
stances synthesized during heartwood formation (Wagener and David-
son, 1954). Notably high-density wood would be more resistant to
decomposition (Chave et al., 2009). The progression of decomposition
also differs between species according to their defense strategy (Wage-
ner and Davidson, 1954). For instance, Gorgolewski et al. (2022a)
observed that Fagus grandifolia, which can compartmentalize rot, had
lower methane emissions than Acer saccharum.

Tissue pH (Fig. 1.14) exerts control over the presence of key
methane-oxidizing microorganisms. The optimal pH for methanotrophy
is 5-6.5 and it is generally reduced at pH < 4 (Chowdhury and Dick,
2013). However, there are some acidophilic and tolerant methanotrophs
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(e.g., Methylosinus, Methylomonas, Methylovulum, Methylocella, Methyl-
ocapsa, Methylocystis, Methylacidimicrobium and Methylacidiphilum)
(Dedysh et al., 2005, 2007; Pol et al., 2007; Kip et al., 2011; van Tee-
seling et al., 2014). For example, a bacterial community dominated by
acidophilic methanotrophs, which was found responsible for reducing
the tree emissions, was identified in the bark of Melaleuca quinquenervia,
characterized by acidic and low-density tissues (Jeffrey et al., 2021a,
2021b).

In addition, the nature and levels of secondary metabolites
(Fig. 1.15) in the wood of trees, which vary according to the species, can
stimulate (carbohydrates) or inhibit (phenolic compounds) the micro-
bial production of CHy4. Li et al. (2020) showed that the CH4 production
of wood was strongly dependent on the tree species and that the emis-
sion potential of trees was associated with the concentration and nature
of wood metabolites of the species. For instance, Salix matsudana had a
negligible production associated with a stronger inhibition of meth-
anogenesis by the phenolic compounds of its wood, compared to Populus
davidiana which exhibited substantial CH4 production. The high
phenolic compounds concentrations in wood of most upland species
would be responsible for lower emissions due to the inhibition of
methanogens. The metabolites would therefore act in concert with the
taxonomic diversity of the methanogenic community to explain the
differential methane production of the tree (Li et al., 2020). Besides,
non-structural carbohydrates produced by photosynthesis fuel methane
production by methanogenesis in living trees and their concentration
varies between species. They are more concentrated in the sapwood of
angiosperms than gymnosperms, which could suggest a greater potential
for CH4 production in hardwood species (Hoch et al., 2003; Wiirth et al.,
2005; Covey and Megonigal, 2019).

Secondary metabolites (e.g., methanol, amino acids, methane,
terpenes, and chloromethane) that can be released from leaves are likely
to modulate the leaf microbiome (Herrmann et al., 2021). Leaf micro-
biome can in turn regulate the release of volatile compounds, including
atmospheric trace gases (e.g. methane), into the atmosphere (Bringel
and Couée, 2015). Methanol formation by physiological processes in the
tree could support the growth of facultative methanotrophs (e.g.,
Methylocella) in leaves, and acetate formation in plant cells could in-
fluence acetic methanogenesis and the presence of microorganisms
carrying this function (e.g., Methanothrix identified in spruce needles)
(Putkinen et al., 2021). Production rates of volatile organic compounds,
and the amount of structural and antimicrobial compounds produced by
leaves are also traits that structure the microbiome (Whipps et al.,
2008). Yadav et al. (2005) demonstrated that the content of leaf
phenolic compounds explained the variation in leaf microbial coloni-
zation between different tree species, while Lajoie et al. (2020) observed
a strong effect of aluminum and copper concentrations in the leaves,
acting as antibiotics, on microbial functional variation between tree-
hosts species.

Factors associated with the species' resource acquisition strategy,
which are associated with the efficiency of photosynthetic resource use
(e.g., leaf mass per area LMA, nutrient concentrations, water content,
and leaf thickness), constitute functional traits influencing the microbial
structure of the canopy, and thus that could have an impact on metha-
nogens and methanotrophs (Yadav et al., 2005; Kembel et al., 2014;
Laforest-Lapointe et al., 2016). The ability of a tree to be resource-
conservative and to generate thicker leaves with a high leaf mass per
area is likely to limit the leaching of nutrients from the interior of leaves
to the surface, which may influence the functional structure of the leaf
microbiome. In trees with acquisitive resource strategy, the lower LMA
(Fig. 1.16) is associated with higher non-structural carbohydrates con-
tent (Zhang et al., 2024), which may favor microbial activity and could
support methanogenesis inside the leaves. Conversely, sapling leaves of
high LMA evergreen species are associated with higher phenolic content
which could limit microbial activity including CH4 production and
consumption (Yadav et al., 2005; Poorter et al., 2009). Leaf water
content (Fig. 1.17) and stomatal conductance (Fig. 1.8), which vary
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between tree species, could be particularly important traits regulating
the presence and activity of methanogens and methanotrophs in leaves
by controlling oxygen availability. The higher leaf water content in low
LMA species could favor anoxic conditions (Poorter et al., 2009). LMA is
associated with several chemical and anatomical traits (Wright et al.,
2004; Poorter et al., 2009) that could have different effects on metha-
nogens and methanotrophs, making the assessment of its effect on tree
CH4 fluxes complex.

Leaf traits could also influence the non-microbial aerobic production
through the photochemical reaction between leaf structural compounds
and UV, and emissions of CH,4 (Vigano et al., 2008). For instance, the
availability of CH4 precursors in the leaf (e.g., pectin, cellulose, lignin,
and waxes — Keppler et al., 2006; Messenger et al., 2009; Bruhn et al.,
2014) could influence leaf CH4 emissions (Wang et al., 2009). Traits
influencing the leaf exposition to UV radiation, such as cuticle reflec-
tance, UV-screening pigments or UV-photosensitizers could in turn in-
fluence leaf CH4 emissions (McLeod et al., 2008; Messenger et al., 2009;
Wang et al., 2009). Since stresses (e.g., hypoxia, physical injury, bac-
terial infection, and drought) could induce aerobic CH4 production
through the generation of ROS and subsequent reaction with leaf com-
pounds (McLeod et al., 2008; Wang et al., 2009; Qaderi and Reid, 2009),
other plant traits that regulate their response to stress (e.g., adaptations
to flood) could likely impact CH4 production. This could also imply
inter-specific variation of the aerobic CH4 production depending on the
environmental conditions. Considering ROS are also produced through
plant photosynthesis activity (Foyer et al., 2018), traits associated with
higher photosynthetic rates such as low LMA (Wright et al., 2004) could
likely result in higher production of ROS and subsequently higher CH4
production. It could explain the differences in leaf CH4 emissions among
plant species, with low-LMA species having higher emissions, under
aerobic conditions (Watanabe et al., 2012). More studies are needed to
confirm the mechanism of CH4 production through ROS generation in-
side leaf cells and, therefore, traits suggested as regulators of CH4 pro-
duction through this mechanism remain hypothetical.

2.4. Potential functional groups of trees influencing ecosystem methane
fluxes

Identifying functional groups of trees that share defining traits for
CH4 fluxes could help predict the role occupied by trees in ecosystem
methane fluxes. The predominance of species characterized by traits
favorable to the production of CHy in soils and its transport through the
tree or favorable to methanogens in the phyllosphere could result in the
increase of ecosystem emissions. It can be particularly useful in a context
of climate change which can increase the production of CH, in soils (Guo
et al.,, 2023), and cause a shift of the tree-species composition and
functional traits (Wu et al., 2023) that can have impact on CH4 emis-
sions. It could also be used to valorize taxonomic groups associated with
low emission in environments with a high methane production, and thus
inform forest management practice to reduce CHy4 emissions (Thomas
et al., 2022). We suggest different functional groups associated with key
traits that have been identified as influencing tree CH4 fluxes between
species in previous studies.

First, flood-adapted species share traits (i.e., pneumatophores,
aerenchyma, hypertrophied lenticels) favorable for stem CH4 transport
and release. These traits may be responsible for increasing the propor-
tion of soil CH4 that will be emitted due to CH4 uptake by roots in the
CH4 production zone and the bypass of the soil CH4 oxidation zones. As a
result, these species can form a functional group leading to increases in
the net CHy4 emissions of the ecosystem. They can play a significant role
in wetlands where CH4 production in soils is favored, resulting in sub-
stantial CHy transport in trees. Considering the trade-off between traits
of drought-tolerant species and flood-tolerant species, they may play
different roles in CH4 emissions (Niinemets and Valladares, 2006;
Puglielli et al., 2021; Pavanetto et al., 2024).

In addition, species with low wood density, in particular fast-
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growing species, could form a functional group characterized by a
relatively high potential for diffusion and emission of CHy4. In these
species, the higher water saturation potential of low-density wood could
result in particularly high microbial production and emissions when
edaphic conditions are favorable. Likewise, species characterized by
moist wood or species vulnerable to rot can form functional groups in
CH, fluxes through their potential for intrinsic microbial production of
CHj4. On the other hand, species with rather dry and dense wood, and
rot-resistant could form functional groups characterized by low or
negligible CH4 emissions.

We also suggest that species with low LMA could form a group
associated with higher leaf emissions in consequence of potentially
higher CH,4 production (microbial and non-microbial) resulting from the
higher carbohydrates and water content, and photosynthetic activity.

Understanding the effect of climate change on these functional
groups and traits can help predict the effect on tree-mediated methane
fluxes. Climate change can cause a shift on traits associated with
changing climatic variables (e.g. mean annual temperature and pre-
cipitations) and resistance to environmental stressors (Wieczynski et al.,
2019; Kiihn et al., 2021). Notably, higher wood density, which provides
xylem resistance, is positively associated with environmental stress (e.g.
drought) tolerance and warming temperatures (Simova et al., 2018;
Kithn et al., 2021; Wu et al., 2023). A transition from species with
resource-acquisition strategy and high hydraulic efficiency towards
slow-growing species with hydraulic-safety and higher wood density
resulting from drought (Wu et al., 2023) could reduce the potential of
methane transport in tree stems. Conversely, higher water-use efficiency
and deeper roots to cope with decreasing precipitations (Kiihn et al.,
2021) are traits associated with higher methane transport potential. In
addition, it is likely that flood-adapted species, with traits that can
facilitate tree methane emissions, would be favored with increasing
flood frequency and magnitude in other locations. For leaves, both lower
and higher leaf mass area can be associated with tree ability to cope with
increasing temperature depending on the biome (Kiihn et al., 2021)
which makes difficult the determination of the trait variation effect on
tree methane emissions under climate change.

3. Traits associated with tree life history and development
influencing methane fluxes

Methane fluxes can also vary between individuals of the same species
with traits that are not associated with the taxonomy of the species but
with the life history of the individual. For example, Machacova et al.
(2023) showed that Fagus sylvatica individuals of the same age exhibited
different emissions, whose contribution to the ecosystem fluxes may
vary from 1.5 %, to 46.5 %. In the study of Epron et al. (2022), the
potential of methane production in the heartwood varied more among
individuals than species. The variability in the amount of wood rot, and
the presence of wet heartwood, which can promote microbial produc-
tion of CHy, could explain the differential emissions between individuals
(Flanagan et al., 2021; Machacova et al., 2023). The presence and extent
of injuries are also responsible for differential emissions between in-
dividuals (Gorgolewski et al., 2022a).

Methane fluxes can also vary with tree age according to traits asso-
ciated with development (i.e., ontogenic traits). For instance, higher
stem emissions have been observed for saplings (Pangala et al., 2015;
Sjogersten et al., 2020). Lower wood density and diameter, and higher
lenticel density in young trees have been suggested as traits that may
explain their higher stem emissions. Otherwise, Pitz et al. (2018), sug-
gested that the development of a larger and deeper root system that can
reach methane producing zones in the soil, and other factors such as rot
development and non-structural carbohydrate levels in large mature
trees, could result in higher stem emissions. The concentration of non-
structural carbohydrates produced by photosynthesis can support mi-
crobial activity and thus regulate microbial production of methane in
wood, and consequently stem emissions. Moreover, oxygen availability
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in wood, which influences microbial methane production, may vary
according to tree age. For instance, internal re-fixation of CO, from
autotrophic respiration is generally greater for young trees due to better
light transmittance of thin bark and could increase the tissue oxygena-
tion (Teskey et al., 2008). Vulnerability to rot is a trait that also varies
between individuals according to age class (Wagener and Davidson,
1954; Carmichael et al., 2014). The stage of decay influences the wood
density, which influence wood emissions between individuals: advanced
decay limits microbial production by methanogenesis due to the lower
density and greater permeability which facilitates Oy diffusion (Covey
et al., 2012; Warner et al., 2017).

Factors that vary with individual age can also influence methano-
genic and methanotrophic communities of tree leaves and their methane
fluxes. Gorgolewski et al. (2022b), who observed differential leaf
methane fluxes between young and mature individuals in a temperate
forest, suggested that the higher rates of methane uptake by young
leaves may result from the greater potential for foliage colonization by
methanotrophs due to the greater proximity to soil. Tree height can also
influence the microbiome due to its influence on the chemical envi-
ronment and exposure to external pressures like the intensity of solar
radiation reaching the leaves (Herrmann et al., 2021). It can also in-
fluence the aerobic production of CH4 by controlling UV exposure.
Putkinen et al. (2021) associated the large variation of methane fluxes of
young Picea abies individuals to their dynamic growth phase. The greater
leaf impermeability of young trees due to the intact cuticle (Whipps
et al., 2008) could result in a different microbiome via modulation of the
chemical environment between young and mature trees. Finally, leaf
phenolics and condensed tannins can change with tree age (Wam et al.,
2017), which may influence methanogenic communities and methane
production as observed for wood in the study of Li et al. (2020).

4. Global analysis of tree methane fluxes according to land-type,
tree age, and taxonomy

We did a global analysis on tree methane fluxes to assess the
importance of inter-specific variability of methane fluxes in comparison
to other factors of influence (e.g., land, age, season). We also aimed to
validate the effect of key traits and associated functional groups sug-
gested in the previous section. Based on the literature review of func-
tional traits we delineate the following hypotheses for our global
analysis: In addition to being superior in lowland environments, tree
methane fluxes should be higher for younger individuals, species with
low wood density, low LMA, and angiosperms.

4.1. Method

To conduct the global analysis of methane fluxes with the aim to
assess the importance of interspecific variation in methane fluxes, a
search in the existing literature was performed as follows. First, a search
in Scopus, Science direct and Google scholar databases using the
searching terms presented in Table S1 identified a total of 607 papers.
Based on the title, papers respecting the inclusion and exclusion criteria
presented in Table S2 were selected for content assessment. Afterwards,
studies on CH4 fluxes from soil, global ecosystem (e.g., from Eddy
covariance measurements), non-natural ecosystems (e.g., landfill sites,
urban sites, or mesocosms), plants other than trees, or coarse woody
debris, were excluded. After reading the abstract of remaining papers,
studies on in situ tree stem or tree leaf CH,4 fluxes from chamber mea-
surements were kept, excluding papers on fluxes from incubations or
other in vitro experiments. We consider that studies relying on syringe
gas sampling method, tissue incubation in laboratory, and greenhouse
experiments, where conditions could be non-representative of the nat-
ural environment, could include particularly important methodological
biases (Kamakura et al., 2012; Salas-Rabaza et al., 2023), so we chose
not to include them in the analysis. Duplicates from the research results
of the three databases were removed, resulting in 57 articles
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downloaded. Those papers were read thoroughly to extract methane flux
data. Among them, papers that did not include in situ flux measurement
data from chambers in natural ecosystems, or that only reported fluxes
on ground area, were also excluded. Finally, papers presenting only the
mean for a group of species were excluded from species fluxes com-
parison. In the end, 50 publications were kept for the global analysis of
tree methane fluxes, resulting in 156 data points for taxonomic com-
parison. Those papers cover different ecosystems including temperate,
tropical, subtropical, intertropical, boreal forests and wetlands, and
mangroves. Methane fluxes were converted in pmol m~2 h™!. When
fluxes intervals were reported, the median was calculated. The methane
fluxes by study, species and ecosystem type in uplands and lowlands are
presented in Table S3.

Methane flux data were categorized according to land type (upland
or lowland), ecosystem, site with its mean annual precipitation and
temperature, tree species, tree age (mature or sapling), phyllosphere
compartment (stem, leaf) and methane flux measurement details (height
of measurements and season). Data analyses, including descriptive sta-
tistics and data visualisation, were conducted in the R statistical pro-
gramming environment (R Core Team, 2021). The distribution of fluxes
according to land type, ecosystems, tree age (mature or sapling), and
taxonomy (clade: gymnosperm or angiosperm, genus, and species) was
visualised using the functions of the ggplot2 R package. We then per-
formed ANOVA (function aov, package stats) to test the effect of land
type, taxonomy and tree age on stem and leaf fluxes. To overcome the
limited number of comparable studies for species fluxes comparison,
genus level comparisons were performed. Only genera for which mul-
tiple values (n > 4) were available were included in this comparison.
Post-hoc tests (function TukeyHSD, R package stats) were also performed
to assess which tree genera differed in terms of CH4 fluxes. The effect of
wood density and LMA of tree species based on data obtained from TRY
Plant Trait Database and Global Wood Density Database (Chave et al.,
2009; Kattge et al., 2020). Our analysis on the effect of traits on tree
fluxes was limited to wood density and LMA because of the lack of data
availability for other traits. We tested for the correlation of stem and leaf
CH4 fluxes with wood density and LMA (function cor.test, method
“Pearson”, R package stats). The relationship of stem fluxes with wood
density and LMA was plotted using the geom smooth function (R package
ggplot2). Finally, a linear regression model that explains the stem CHy
fluxes of mature trees based on different factors of influence was built
using the functions Im (R package stats) and stepAIC (R package MASS).
The distribution of the residuals was verified to ensure the model error
was normally distributed and stochastic. The importance of the factors
identified was assessed by calculating the proportion of variance
explained by the regressors using calc.relimp function (R package rela.

impo).
4.2. Results and discussion

We observed that stems have positive fluxes and act mainly as
methane sources. The mean stem flux tended to be higher in lowlands
(396.09 pmol m~2h~1) than in uplands (1.64 pmol m~2 h~?) although it
was not statistically significant (ANOVA P-value = 0.09) (Fig. 2a). It
became significantly different when nested on the ecosystem or site (P-
value < 0.05). For instance, in warm-temperate ecosystems, stem fluxes
were significantly higher in lowlands (mean of 26.67 pmol m 2 h™1)
than in uplands (mean of 3.86 pmol m~2 h™1). For leaf fluxes, we
observed negative mean for upland fluxes (—0.95 pmol m~2 h™1)
compared to positive mean (6.04 pmol m~2 h™') for lowland fluxes,
indicating that leaves can act as a source or sink depending on the land
type (ANOVA P-value < 0.01). This could be associated with higher
methane production in lowland soils resulting in more important
transport of methane in trees via transpiration, as demonstrated in
previous studies (Jeffrey et al., 2020; Moldaschl et al., 2021).

We observed differences in stem fluxes between young and mature
trees. For stem fluxes in lowlands, the mean flux of saplings was
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Fig. 2. Distribution of stem (a) and leaf (b) CH,4 fluxes (umol m2h Y (under
an inverse hyperbolic sine transformation) obtained from the literature between
land types. Asterisk indicates a significant difference according to the ANOVA
test. The horizontal bar of the boxplots represents the median, and the lower
and upper hinges represent the first and third quartile of flux data.

significantly higher than mature trees (3630.3 vs 259.19 pmol m 2 h ™!,
ANOVA P-value < 0.01) (Fig. 3a). This could be explained by higher
lenticel density on sapling stems and lower wood density (Pangala et al.,
2014). Upland fluxes tended to be lower for saplings (mean of 0.06 vs
2.69 pmol m~2 h™1), although it was not statistically significant and
sapling fluxes only came from Quercus petraea (Fig. 3b). Otherwise,
larger, and deeper root systems that can reach methane producing
zones, higher levels of wood carbohydrates and vulnerability to rot that
fuel methane production by methanogenesis could be traits of mature
trees resulting in higher stem methane emissions (Covey et al., 2012;
Warner et al., 2017).

Higher leaf emissions were observed for saplings compared to
mature trees in lowlands (mean of 16.70 vs 1.46 pmol m2hhH
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Fig. 3. Distribution of tree stem (a, b) and leaf (¢, d) CH, fluxes (qmol m2h™?)
(under an inverse hyperbolic sine transformation) obtained from the literature
between mature trees and saplings in lowlands (a, ¢) and uplands (b, d).
Asterisk indicates significant difference while ns indicates nonsignificant dif-
ference according to the ANOVA test. ANOVA test was not performed for leaf
fluxes in lowlands since n < 4 for mature trees. The horizontal bar of the
boxplots represents the median, and the lower and upper hinges represent the
first and third quartile of flux data.
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although there was not enough data to test the statistical significance
(Fig. 3c). The smaller surface of sapling stems could result in higher leaf
emissions in lowlands. We observed a higher mean uptake for saplings in
uplands (—1.08 vs —0.83 pmol m~2 h™!) although the ANOVA test
indicated that sapling fluxes were not significantly different from
mature trees (P-value > 0.05, Fig. 3d). A higher uptake for saplings in
uplands could be associated with a greater foliage colonization by
methanotrophs as suggested by Gorgolewski et al. (2022b). We suggest
that the influence of tree age on stem and leaf CH4 fluxes could differ
between uplands and lowlands, but more data are needed to assess the
effect of age class on tree methane fluxes. Leaf and sapling fluxes
measured in situ are particularly scarce. The relative contribution of the
microbial mechanisms, resulting from a different microbiome between
saplings and mature trees, could be more important in uplands while
variability associated to differential transport could be more important
in lowlands where important concentrations of soil-produced methane
can be transported.

For the taxonomic comparisons, there was no significant difference
of lowland fluxes between tree genera (ANOVA P-value = 0.07) (Fig. 4a).
The global analysis of methane fluxes in uplands showed a significant
effect of tree taxonomy on stem emissions (ANOVA P-value < 0.05)
(Fig. 4b). Populus spp. had significantly higher stem emissions (mean of
6.87 pmol m~2 h™?!) than Betula spp., Fagus spp. and Quercus spp. (mean
of 0.04, 2.24 and 0.34 pmol m~2h™1). A functional trait that can explain
the lower emission rates observed for Betula spp., Fagus spp., and
Quercus spp. is their resistance to rot, associated with their capacity to
compartmentalize infected tissues (Shigo and Shortle, 1979; Rade-
macher et al., 1984), which can limit intrinsic methane production from
wood decay as suggested in Warner et al. (2017). The higher stem
emissions for Populus spp. could be associated with its low-density wood
which facilitates methane diffusion. Stem methane fluxes of trees in
uplands were negatively correlated with wood density which also con-
firms the importance of the trait in regulating tree methane emissions
(Pearson correlation R = —0.31, p < 0.05) (Fig. 5b). This correlation was
not observed for lowland fluxes. A positive correlation was observed (R
= 0.32, P-value < 0.05), while it became not significant when excluding
outliers (i.e. fluxes from Jeffrey et al., 2020, 2021b) (R = 0.05, P-value >
0.05) (Fig. 5a).

Although there were less flux data for gymnosperms, we observed a
lower and close to zero (0.03 pmol m~2 h’l) mean stem flux compared
to a positive mean (2.84 pmol m 2 h™!) for angiosperms in uplands
(ANOVA P-value < 0.05) (Fig. 6b). The higher fluxes of angiosperms
could be linked to functional traits favorable to methane transport such
as the presence of vessel elements that results in higher transport ca-
pacity (Chave et al., 2009). Carbohydrates that are more concentrated in
the sapwood of angiosperms than in gymnosperms may also fuel
methanogenesis in the wood (Hoch et al., 2003; Covey and Megonigal,
2019).

For leaf fluxes, we observed taxonomic differences for upland fluxes
at the genus and clade level (ANOVA P-value < 0.05) (Figs. 4c, 6d).
Angiosperms (i.e. Acer spp.) had a higher mean CHy4 uptake (—1.80 pmol
m~2 h™!) compared to gymnosperms (i.e. Picea and Pinus spp.) (—0.44
pmol m~2 h™1). Angiosperms could support higher methanotrophic ac-
tivity due to higher nutrient leaching, lower phenolic content, and less
anoxic conditions in leaves, although microbial analysis are needed to
verify this hypothesis. There was no significant correlation between leaf
fluxes and LMA (R = —0.68 and — 0.65, P-value > 0.05) (Fig. 5c, d).
More data on different species are needed to assess the relationship with
LMA and verify the flux trend between angiosperms and gymnosperms.

We built linear regression models to explain the stem CH4 fluxes in
lowlands and uplands that include different explanatory factors. Factors
explaining the upland and lowland fluxes and their relative contribu-
tions are different (Tables S4-S6). The best model explaining upland
fluxes (R® = 0.70, P-value < 0.01) includes, in order of importance, tree
genus, season, mean annual temperature (MAT) and precipitation
(MAP). Notably, growth-season of temperate and boreal ecosystems had
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Fig. 4. Distribution of tree stem (a, b) and leaf (c) CH,4 fluxes (umol m~2 h™') (under an inverse hyperbolic sine transformation) obtained from the literature for
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Fig. 5. Regression (Pearson correlation) between stem CH, fluxes (pmol m~2
h~1) and wood density (data obtained from TRY Plant Trait and Global Wood
Density databases) in lowlands (a) and uplands (Poisson distribution, link =
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a positive effect on upland stem fluxes, which means higher stem
methane fluxes are observed during this time of year. The best model
explaining lowland fluxes R%= 0.63, P-value < 0.01) includes, in order
of importance, tree genus, season, measurement height, and longitude.
Notably, the wet season had a significant positive effect on lowland tree
fluxes.

Variability in environmental conditions, type of data (e.g., median vs
mean), and measurement height limits the reliability of flux compari-
sons between studies and the assessment of taxonomy effect on flux
differences. Moreover, differences in measurement methods (e.g.,
chamber design, gas analyzer) can create a bias that makes comparisons
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Fig. 6. Distribution of tree stem (a, b) and leaf (c, d) CH4 flux data (pmol m2
h™1) (under an inverse hyperbolic sine transformation) for tree clade in low-
lands (a, ¢) and uplands (b, d). Asterisk indicates a significant difference ac-
cording to the ANOVA test. There was not enough data for the comparisons of
fluxes in lowlands (n < 4 for gymnosperms). The horizontal bar of the boxplots
represents the median, and the lower and upper hinges represent the first and
third quartile of flux data.
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between studies difficult and thus have a negative impact on the reli-
ability of a global analysis for identifying species effect. For instance,
measurement duration can impact concentration buildup and lead to an
underestimation of fluxes (Salas-Rabaza et al., 2023). The chamber
design can impact CHy leak and consequently flux estimations (Salas-
Rabaza et al., 2023). The use of UV-opaque vs translucent chambers for
measurement of leaf fluxes could represent an important bias since UV
controls the aerobic production of methane (Kohl et al., 2023). Other
potential biases include the interference of volatile organic compounds
(VOCQ) that can result in measurement of artefacts rather than methane.
It varies with the analyzer used and could be particularly important for
leaf flux measurements (Kohl et al., 2019). Controlling and accounting
for leak and VOC interference in flux calculation can influence
estimations.

Despite the limitations of the global analysis, we were able to iden-
tify consistent factors explaining the variability of methane fluxes.
Taxonomy and season were the factors with the greatest explanatory
potential of tree methane fluxes. The importance of taxonomy can
indicate the effect of tree functional traits in methane cycling associated
with the taxonomy. This is a first step in assessing the importance of
inter-specific variability in tree CH4 fluxes globally. More studies that
target multiple species in the same ecosystem with trait measurements
are needed to better assess how methane fluxes differ between tree
species according to their features. Considering the low amount of data,
especially for leaf and sapling fluxes, we suggest that more studies
should focus on measuring these fluxes, and that the results of this global
analysis should be taken with caution. Because some functional traits
differ between individuals rather or as well as species, it would be
interesting to assess the contribution of individuals and their traits in
methane fluxes variability (e.g., Mochidome and Epron, 2024).

5. Conclusion

The review highlighted that differences in methane fluxes between
tree species and individuals can be explained by a diversity of taxonomic
and ontogenetic traits influencing methane transport and microbial
production of methane. For instance, wood density was identified as a
trait influencing methane emission, which was verified in the global
analysis. The global analysis demonstrated the importance of taxonomy
as an important control factor of stem CHy fluxes, along with season.
Knowledge on functional traits enables the identification of functional
taxonomic groups that share key traits in methane cycling which can
help predict the role played by trees in the ecosystemic methane budget
based on the forest composition. It is important to better understand,
quantify and predict tree methane fluxes considering they can play an
important role in modulating the ecosystemic methane budget.
Modeling tree CH4 fluxes, based on environmental conditions, tree
taxonomic composition and traits could be an interesting avenue to
include trees in ecosystemic methane budgets. Anttila et al. (2024) built
a model which integrates CH, transport in stems for boreal tree species,
based on sap flow, axial advection, and radial diffusion, with meteoro-
logical forcing variables and soil CH4 concentrations. More studies are
needed to incorporate tree traits (aerenchyma, wood structural prop-
erties, wood humidity) which influence transport mechanisms to these
equations. These models should also include equations for microbial
mechanisms based on wood and leaf chemistry (e.g., humidity, pH,
metabolites), and non-microbial production of CH,4 based on leaf traits
(e.g., LMA). More data is needed to test and define the precise functions
between tree traits and these mechanisms. We suggest that the rela-
tionship between leaf fluxes and LMA should be investigated since it
could regulate different mechanisms, and thus be an important variable
in models. The interaction between different tree traits should also be
assessed and accounted for in models. Traits that have additive or
opposite effects on CHy fluxes can result in different relationships with
tree CH4 emissions between species. In future studies, an effort should be
made to simultaneously measure tree CHy fluxes of different species and
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individuals, environmental conditions (e.g., soil humidity, UV expo-
sure), tree traits, and investigate the presence of methanogens and
methanotrophs within the phyllosphere. This should be done in different
ecosystems and seasons to account for interactions between traits and
environmental conditions. Both methane emissions and plant traits
could change under climate change, further supporting the need to
better understand the relationships between traits and environmental
conditions.

CRediT authorship contribution statement

Marie-Ange Moisan: Writing — original draft, Formal analysis,
Conceptualization. Genevieve Lajoie: Writing — review & editing,
Validation. Philippe Constant: Writing — review & editing, Validation.
Christine Martineau: Writing — review & editing, Validation, Super-
vision, Funding acquisition, Conceptualization. Vincent Maire: Writing
— review & editing, Validation, Supervision, Funding acquisition,
Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data associated to this article are available in Supplementary
material.

Acknowledgments

We would like to thank the Genomics Research and Development
Initiative (GRDI), the Fonds de recherche du Québec-Nature et tech-
nologies (FRQNT), the Conseil de recherches en sciences naturelles et en
génie du Canada (CRSNG) (Grant no. RGPIN-2023-05596), and the
Ministere de 1'Environnement, de la Lutte contre les changements cli-
matiques, de la Faune et des Parcs (MELCCFP) for their financial
support.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2024.173730.

References

Anttila, J., et al., 2024. Model of methane transport in tree stems: case study of sap flow
and radial diffusion. Plant Cell Environ. 47, 140-155. https://doi.org/10.1111/
pce.14718.

Barba, J., et al., 2019. Automated measurements of greenhouse gases fluxes from tree
stems and soils: magnitudes, patterns and drivers. Sci. Rep. 9 (1) https://doi.org/
10.1038/541598-019-39663-8.

Barba, J., et al., 2021. Spatiotemporal variability and origin of CO2 and CH4 tree stem
fluxes in an upland forest. Glob. Chang. Biol. 27 (19), 4879-4893. https://doi.org/
10.1111/GCB.15783.

Bastviken, D., et al., 2023. The importance of plants for methane emission at the
ecosystem scale. Aquat. Bot. 184 (103596) https://doi.org/10.1016/j.
aquabot.2022.103596.

Boakye, E.A., et al., 2023. Systematic review: climate and non-climate factors influencing
wood density in the boreal zone. BioResources 18 (4), 8757-8770. https://doi.org/
10.15376/biores.18.4.Boakye.

Boeckx, P., et al., 1997. Methane oxidation in soils with different textures and land use.
Nutr. Cycl. Agroecosyst. 49, 91-95. https://doi.org/10.1023/A:1009706324386.

Bringel, F., Couée, 1., 2015. Pivotal roles of phyllosphere microorganisms at the interface
between plant functioning and atmospheric trace gas dynamics. Front. Microbiol. 6,
1-14. https://doi.org/10.3389/fmicb.2015.00486.

Brodribb, T.J., Feild, T.S., 2000. Stem hydraulic supply is linked to leaf photosynthetic
capacity: evidence from new Caledonian and Tasmanian rainforests. Plant, Cell
Environ. 23 (12), 1381-1388. https://doi.org/10.1046/].1365-3040.2000.00647.x.


https://doi.org/10.1016/j.scitotenv.2024.173730
https://doi.org/10.1016/j.scitotenv.2024.173730
https://doi.org/10.1111/pce.14718
https://doi.org/10.1111/pce.14718
https://doi.org/10.1038/s41598-019-39663-8
https://doi.org/10.1038/s41598-019-39663-8
https://doi.org/10.1111/GCB.15783
https://doi.org/10.1111/GCB.15783
https://doi.org/10.1016/j.aquabot.2022.103596
https://doi.org/10.1016/j.aquabot.2022.103596
https://doi.org/10.15376/biores.18.4.Boakye
https://doi.org/10.15376/biores.18.4.Boakye
https://doi.org/10.1023/A:1009706324386
https://doi.org/10.3389/fmicb.2015.00486
https://doi.org/10.1046/j.1365-3040.2000.00647.x

M.-A. Moisan et al.

Bruhn, D, et al., 2014. Leaf surface wax is a source of plant methane formation under UV
radiation and in the presence of oxygen. Plant Biol. 16, 512-516. https://doi.org/
10.1111/plb.12137.

Carmichael, M.J., et al., 2014. The role of vegetation in methane flux to the atmosphere:
should vegetation be included as a distinct category in the global methane budget?
Biogeochemistry 119, 1-24. https://doi.org/10.1007/510533-014-9974-1.

Chave, J., et al., 2009. Towards a world wide wood economics spectrum. Ecol. Lett. 12,
351-366. https://doi.org/10.1111/j.1461-0248.2009.01285.x.

Chowdhury, T.R., Dick, R.P., 2013. Ecology of aerobic methanotrophs in controlling
methane fluxes from wetlands. Appl. Soil Ecol. 65, 8-22. https://doi.org/10.1016/J.
APSOIL.2012.12.014.

Covey, K.R., Megonigal, J.P., 2019. Methane production and emissions in trees and
forests. New Phytol. 35-51. https://doi.org/10.1111/nph.15624.

Covey, K.R,, et al., 2012. Elevated methane concentrations in trees of an upland forest.
Geophys. Res. Lett. 39 (15) https://doi.org/10.1029/2012GL052361.

Dedysh, S.N., et al., 2005. Methylocella species are Facultatively Methanotrophic.

J. Bacteriol. 187 (13), 4665-4670. https://doi.org/10.1128/JB.187.13.4665-
4670.2005.

Dedysh, S.N., et al., 2007. Methylocystis heyeri sp. nov., a novel type II methanotrophic
bacterium possessing “signature” fatty acids of type I methanotrophs. Int. J. Syst.
Evol. Microbiol. 57 (3), 472-479. https://doi.org/10.1099/1JS.0.64623-0.

Diaz-Pinés, E., et al., 2016. Nitrous oxide emissions from stems of ash (Fraxinus
angustifolia Vahl) and European beech (Fagus sylvatica L.). Plant Soil 398, 35-45.
https://doi.org/10.1007/5s11104-015-2629-8.

Epron, D., et al., 2022. Variability in stem methane emissions and wood methane
production of tree different species in a cold Temperate Mountain Forest. Ecosystems
26, 784-799. https://doi.org/10.1007/5s10021-022-00795-0.

Fajardo, A., 2022. Wood density relates negatively to maximum plant height across
major angiosperm and gymnosperm orders. Am. J. Bot. 109 (2), 250-258. https://
doi.org/10.1002/AJB2.1805.

Feng, H.,, et al.,, 2020. A review of the mechanisms and controlling factors of methane
dynamics in forest ecosystems. For. Ecol. Manage. 455, 117702 https://doi.org/
10.1016/j.foreco.2019.117702.

Feng, H., et al., 2022. Methane emissions may be driven by hydrogenotrophic
methanogens inhabiting the stem tissues of poplar. New Phytol. 233 (1), 182-193.
https://doi.org/10.1111/NPH.17778.

Feng, H., et al., 2023. Global estimates of forest soil methane flux identify a temperate
and tropical forest methane sink. Geoderma 429 (116239). https://doi.org/
10.1016/j.geoderma.2022.116239.

Flanagan, L.B., et al., 2021. Multiple processes contribute to methane emission in a
riparian cottonwood forest ecosystem. New Phytol. 229 (4), 1970-1982. https://doi.
org/10.1111/nph.16977.

Foyer, C.H., et al., 2018. Reactive oxygen species, oxidative signaling and the regulation
of photosynthesis. Environ. Exp. Bot. 154, 134-142. https://doi.org/10.1016/j.
envexpbot.2018.05.003.

Garnet, K.N., et al., 2005. Physiological control of leaf methane emission from wetland
plants. Aquatic Botany 81 (2), 141-155. https://doi.org/10.1016/J.
AQUABOT.2004.10.003.

Ge, M., et al., 2024. Plant-mediated CH4 exchange in wetlands: a review of mechanisms
and measurement methods with implications for modelling. Sci. Total Environ. 914,
169662 https://doi.org/10.1016/j.scitotenv.2023.169662.

Gorgolewski, A.S., et al., 2022a. Overlooked sources of methane emissions from trees:
branches and wounds. Can. J. For. Res. 52 (8), 1165-1175. https://doi.org/
10.1139/cjfr-2021-0289.

Gorgolewski, A.S., et al., 2022b. Tree foliage is a methane sink in upland temperate
forests. Ecosystems 26 (1), 174-186. https://doi.org/10.1007/s10021-022-00751-y.

Guo, J., et al., 2023. Global climate change increases terrestrial soil CH4 emissions.
Global Biogeochem. Cycles 37 (€2021GB007255). https://doi.org/10.1029/
2021GB007255.

Halmeenmaki, E., et al., 2017. Above- and belowground fluxes of methane from boreal
dwarf shrubs and Pinus sylvestris seedlings. Plant and Soil 420 (1-2), 361-373.
https://doi.org/10.1007/5s11104-017-3406-7.

van Haren, J., et al., 2021. A versatile gas flux chamber reveals high tree stem CH4
emissions in Amazonian peatland. Agric. For. Meteorol. 307, 108504 https://doi.
org/10.1016/j.agrformet.2021.108504.

He, Y., et al., 2019. Comparison of methane emissions among invasive and native
mangrove species in Dongzhaigang, Hainan Island. Sci. Total Environ. 697 https://
doi.org/10.1016/j.scitotenv.2019.133945.

Herrmann, M., et al., 2021. Canopy position has a stronger effect than tree species
identity on Phyllosphere bacterial diversity in a floodplain hardwood Forest. Microb.
Ecol. 81 (1), 157-168. https://doi.org/10.1007/500248-020-01565-y.

Hoch, G., et al., 2003. Non-structural carbon compounds in temperate forest trees. Plant,
Cell and Environment 26 (7), 1067-1081. https://doi.org/10.1046/j.0016-
8025.2003.01032.x.

IPCC, 2021. In: Masson-Delmotte, V., Zhai, P., Pirani, A., Connors, S.L., Péan, C.,
Berger, S., Caud, N., Chen, Y., Goldfarb, L., Gomis, M.I., Huang, M., Leitzell, K.,
Lonnoy, E., Matthews, J.B.R., Maycock, T.K., Waterfield, T., Yelekgi, O., Yu, R.,
Zhou, B. (Eds.), Climate Change 2021: The Physical Science Basis. Contribution of
Working Group I to the Sixth Assessment Report of the Intergovernmental Panel on
Climate Change. https://doi.org/10.1017/9781009157896.

Jeffrey, L. C. et al. (2020) ‘Tree stem methane emissions from subtropical lowland forest
(Melaleuca quinquenervia) regulated by local and seasonal hydrology’,
Biogeochemistry, 151(2-3), pp. 273-290. Doi:https://doi.org/10.1007/s10533-02
0-00726-y.

11

Science of the Total Environment 940 (2024) 173730

Jeffrey, L.C., et al., 2021a. Bark-dwelling methanotrophic bacteria decrease methane
emissions from trees. Nat. Commun. 12 (1), 1-8. https://doi.org/10.1038/s41467-
021-22333-7.

Jeffrey, L.C., et al., 2021b. Isotopic evidence for axial tree stem methane oxidation
within subtropical lowland forests. New Phytol. 230 (6), 2200-2212. https://doi.
org/10.1111/NPH.17343.

Kamakura, M., et al., 2012. Methane flux of leaves in a tropical rainforest and a
temperate conifer forest. Journal of Agricultural Meteorology 68 (1), 2012-2037.
https://doi.org/10.2480/agrmet.68.1.3.

Kattge, J., et al., 2020. TRY plant trait database-enhanced coverage and open access.
Glob. Chang. Biol. 26 (1), 119-188. https://doi.org/10.1111/gcb.14904.

Kembel, S.W., et al., 2014. Relationships between phyllosphere bacterial communities
and plant functional traits in a neotropical forest. Proc. Natl. Acad. Sci. U. S. A. 111
(38), 13715-13720. https://doi.org/10.1073/pnas.1216057111.

Keppler, F., et al., 2006. Methane emissions from terrestrial plants under aerobic
conditions. Nature 439, 187-192. https://doi.org/10.1038/nature04420.

Kip, N., et al., 2011. Detection, isolation, and characterization of acidophilic
methanotrophs from sphagnum mosses. Appl. Environ. Microbiol. 77 (16),
5643-5654. https://doi.org/10.1128/AEM.05017-11.

Kirschbaum, M.U.F., et al., 2006. A comment on the quantitative significance of aerobic
methane release by plants. Funct. Plant Biol. 33 (6), 521-530. https://doi.org/
10.1071/FP06051.

Kohl, L., et al., 2019. Technical note: interferences of volatile organic compounds (VOCs)
on methane concentration measurements. Biogeosciences 16, 3319-3332. https://
doi.org/10.5194/bg-16-3319-2019.

Kohl, L., et al., 2023. Radiation and temperature drive diurnal variation of aerobic
methane emissions from scots pine canopy. PNAS 120 (52). https://doi.org/
10.1073/pnas.2308516120.

Koslowski, T., 1997. Responses of woody plants to flooding and salinity. Tree Physiol. 17
(7), 490. https://doi.org/10.1093/treephys/17.7.490.

Kiihn, N., et al., 2021. Globally important plant functional traits for coping with climate
change. Frontiers of Biogeography 13 (4), 1-18. https://doi.org/10.21425/
F5FBG53774.

Laforest-Lapointe, L., et al., 2016. Host species identity, site and time drive temperate
tree phyllosphere bacterial community structure. Microbiome 4, 1-10. https://doi.
org/10.1186/540168-016-0174-1.

Lajoie, G., et al., 2020. Adaptive matching between phyllosphere bacteria and their tree
hosts in a neotropical forest. Microbiome 8 (1), 1-10. https://doi.org/10.1186/
540168-020-00844-7.

Lejon, D.P.H,, et al., 2005. Microbial community structure and density under different
tree species in an acid forest soil (Morvan, France). Microb. Ecol. 50 (4), 614-625.
https://doi.org/10.1007/500248-005-5130-8.

Li, H.L., et al., 2020. Microbial methane production is affected by secondary metabolites
in the heartwood of living trees in upland forests. Trees - Structure and Function 34
(1), 243-254. https://doi.org/10.1007/s00468-019-01914-6.

Machacova, K., et al., 2013. Inundation strongly stimulates nitrous oxide emissions from
stems of the upland tree Fagus sylvatica and the riparian tree Alnus glutinosa. Plant
and Soil 364 (1-2), 287-301. https://doi.org/10.1007/511104-012-1359-4.

Machacova, K., et al., 2016. Pinus sylvestris as a missing source of nitrous oxide and
methane in boreal forest. Sci. Rep. 6 (23410) https://doi.org/10.1038/srep23410.

Machacova, K., et al., 2023. Methane emission from stems of European beech (Fagus
sylvatica) offsets as much as half of methane oxidation in soil. New Phytol. 584-597.
https://doi.org/10.1111/nph.18726.

Maier, M., et al., 2018. Combining soil and tree-stem flux measurements and soil gas
profiles to understand CH4 pathways in Fagus sylvatica forests. J. Plant Nutr. Soil
Sci. 181 (1), 31-35. https://doi.org/10.1002/jpIn.201600405.

McCulloh, K., et al., 2010. Moving water well: comparing hydraulic efficiency in twigs
and trunks of coniferous, ring-porous, and diffuseporous saplings from temperate
and tropical forests. New Phytol. 186 (2), 439-450. https://doi.org/10.1111/j.1469-
8137.2010.03181.x.

McLeod, A.R., et al., 2008. Ultraviolet radiation drives methane emissions from
terrestrial plant pectins. New Phytol. 180 (1), 124-132. https://doi.org/10.1111/
j.1469-8137.2008.02571.x.

Megonigal, P.J., Schlesinger, W., 1997. Enhanced CH4 emissions from a wetland soil
exposed to elevated CO2. Biogeochemistry 37, 77-88. https://doi.org/10.1023/A:
1005738102545.

Messenger, D.J., et al., 2009. The role of ultraviolet radiation, photosensitizers, reactive
oxygen species and ester groups in mechanisms of methane formation from pectin.
Plant, Cell and Environment 32, 1-9. https://doi.org/10.1111/j.1365-
3040.2008.01892.x.

Mochidome, T., Epron, D., 2024. Drivers of intra - individual spatial variability in
methane emissions from tree trunks in upland forest. Trees 0123456789. https://doi.
org/10.1007/s00468-024-02501-0.

Moldaschl, E., et al., 2021. Stem CH4 and N»O fluxes of Fraxinus excelsior and Populus
alba trees along a flooding gradient. Plant and Soil 461 (1-2), 407—420. https://doi.
org/10.1007/s11104-020-04818-4.

Moles, A.T., 2018. Being John Harper: using evolutionary ideas to im- prove
understanding of global patterns in plant traits. J. Ecol. 106 (1), 1-18. https://doi.
org/10.1111/1365-2745.12887.

Moya, R., et al., 2009. Visual identification, physical properties, ash composition, and
water diffusion of wetwood in Gmelina arborea. Can. J. For. Res. 39 (3), 537-545.
https://doi.org/10.1139/X08-193.

Niinemets, U., Valladares, F., 2006. Tolerance to shade, drought, and waterlogging of
temperate northern hemisphere trees and shrubs. Ecological monographs 76 (4),
521-547. https://doi.org/10.1890/0012-9615.


https://doi.org/10.1111/plb.12137
https://doi.org/10.1111/plb.12137
https://doi.org/10.1007/s10533-014-9974-1
https://doi.org/10.1111/j.1461-0248.2009.01285.x
https://doi.org/10.1016/J.APSOIL.2012.12.014
https://doi.org/10.1016/J.APSOIL.2012.12.014
https://doi.org/10.1111/nph.15624
https://doi.org/10.1029/2012GL052361
https://doi.org/10.1128/JB.187.13.4665-4670.2005
https://doi.org/10.1128/JB.187.13.4665-4670.2005
https://doi.org/10.1099/IJS.0.64623-0
https://doi.org/10.1007/s11104-015-2629-8
https://doi.org/10.1007/s10021-022-00795-0
https://doi.org/10.1002/AJB2.1805
https://doi.org/10.1002/AJB2.1805
https://doi.org/10.1016/j.foreco.2019.117702
https://doi.org/10.1016/j.foreco.2019.117702
https://doi.org/10.1111/NPH.17778
https://doi.org/10.1016/j.geoderma.2022.116239
https://doi.org/10.1016/j.geoderma.2022.116239
https://doi.org/10.1111/nph.16977
https://doi.org/10.1111/nph.16977
https://doi.org/10.1016/j.envexpbot.2018.05.003
https://doi.org/10.1016/j.envexpbot.2018.05.003
https://doi.org/10.1016/J.AQUABOT.2004.10.003
https://doi.org/10.1016/J.AQUABOT.2004.10.003
https://doi.org/10.1016/j.scitotenv.2023.169662
https://doi.org/10.1139/cjfr-2021-0289
https://doi.org/10.1139/cjfr-2021-0289
https://doi.org/10.1007/s10021-022-00751-y
https://doi.org/10.1029/2021GB007255
https://doi.org/10.1029/2021GB007255
https://doi.org/10.1007/s11104-017-3406-7
https://doi.org/10.1016/j.agrformet.2021.108504
https://doi.org/10.1016/j.agrformet.2021.108504
https://doi.org/10.1016/j.scitotenv.2019.133945
https://doi.org/10.1016/j.scitotenv.2019.133945
https://doi.org/10.1007/s00248-020-01565-y
https://doi.org/10.1046/j.0016-8025.2003.01032.x
https://doi.org/10.1046/j.0016-8025.2003.01032.x
https://doi.org/10.1017/9781009157896
https://doi.org/10.1007/s10533-020-00726-y
https://doi.org/10.1007/s10533-020-00726-y
https://doi.org/10.1038/s41467-021-22333-7
https://doi.org/10.1038/s41467-021-22333-7
https://doi.org/10.1111/NPH.17343
https://doi.org/10.1111/NPH.17343
https://doi.org/10.2480/agrmet.68.1.3
https://doi.org/10.1111/gcb.14904
https://doi.org/10.1073/pnas.1216057111
https://doi.org/10.1038/nature04420
https://doi.org/10.1128/AEM.05017-11
https://doi.org/10.1071/FP06051
https://doi.org/10.1071/FP06051
https://doi.org/10.5194/bg-16-3319-2019
https://doi.org/10.5194/bg-16-3319-2019
https://doi.org/10.1073/pnas.2308516120
https://doi.org/10.1073/pnas.2308516120
https://doi.org/10.1093/treephys/17.7.490
https://doi.org/10.21425/F5FBG53774
https://doi.org/10.21425/F5FBG53774
https://doi.org/10.1186/s40168-016-0174-1
https://doi.org/10.1186/s40168-016-0174-1
https://doi.org/10.1186/s40168-020-00844-7
https://doi.org/10.1186/s40168-020-00844-7
https://doi.org/10.1007/s00248-005-5130-8
https://doi.org/10.1007/s00468-019-01914-6
https://doi.org/10.1007/S11104-012-1359-4
https://doi.org/10.1038/srep23410
https://doi.org/10.1111/nph.18726
https://doi.org/10.1002/jpln.201600405
https://doi.org/10.1111/j.1469-8137.2010.03181.x
https://doi.org/10.1111/j.1469-8137.2010.03181.x
https://doi.org/10.1111/j.1469-8137.2008.02571.x
https://doi.org/10.1111/j.1469-8137.2008.02571.x
https://doi.org/10.1023/A:1005738102545
https://doi.org/10.1023/A:1005738102545
https://doi.org/10.1111/j.1365-3040.2008.01892.x
https://doi.org/10.1111/j.1365-3040.2008.01892.x
https://doi.org/10.1007/s00468-024-02501-0
https://doi.org/10.1007/s00468-024-02501-0
https://doi.org/10.1007/s11104-020-04818-4
https://doi.org/10.1007/s11104-020-04818-4
https://doi.org/10.1111/1365-2745.12887
https://doi.org/10.1111/1365-2745.12887
https://doi.org/10.1139/X08-193
https://doi.org/10.1890/0012-9615

M.-A. Moisan et al.

Pangala, S.R., et al., 2013. Trees are major conduits for methane egress from tropical
forested wetlands. New Phytol. 197 (2), 524-531. https://doi.org/10.1111/
nph.12031.

Pangala, S.R., et al., 2014. Controls on methane emissions from Alnus glutinosa saplings.
New Phytol. 201 (3), 887-896. https://doi.org/10.1111/NPH.12561.

Pangala, S.R., et al., 2015. The contribution of trees to ecosystem methane emissions in a
temperate forested wetland. Glob. Chang. Biol. 21 (7), 2642-2654. https://doi.org/
10.1111/GCB.12891.

Pangala, S.R., et al., 2017. Large emissions from floodplain trees close the Amazon
methane budget. Nature. Nature Publishing Group 552 (7684), 230-234. https://
doi.org/10.1038/nature24639.

Pavanetto, N., et al., 2024. Trait dimensions of abiotic stress tolerance in woody plants of
the northern hemisphere. Glob. Ecol. Biogeogr. 33 (2), 272-285. https://doi.org/
10.1111/geb.13788.

Pitz, S., Megonigal, J.P., 2017. Temperate forest methane sink diminished by tree
emissions. New Phytol. 214 (4), 1432-1439. https://doi.org/10.1111/NPH.14559.

Pitz, S.L., et al., 2018. Methane fluxes from tree stems and soils along a habitat gradient.
Biogeochemistry 137 (3), 307-320. https://doi.org/10.1007/s10533-017-0400-3.

Plain, C., et al., 2019. Impact of vegetation on the methane budget of a temperate forest.
New Phytol. 221 (3), 1447-1456. https://doi.org/10.1111/nph.15452.

Pol, A., et al., 2007. Methanotrophy below pH 1 by a new Verrucomicrobia species.
Nature 450 (7171), 874-878. https://doi.org/10.1038/nature06222.

Poorter, H., et al., 2009. Causes and consequences of variation in leaf mass per area
(LMA): a meta-analysis. New Phytol. 182, 565-588. https://doi.org/10.1111/
j.1469-8137.2009.02830.x.

Puglielli, G., et al., 2021. The triangular space of abiotic stress tolerance in woody
species: a unified trade-off model. New Phytol. 229 (3), 1354-1362. https://doi.org/
10.1111/nph.16952.

Putkinen, A., et al., 2021. New insight to the role of microbes in the methane exchange in
trees: evidence from metagenomic sequencing. New Phytol. 231 (2), 524-536.
https://doi.org/10.1111/NPH.17365.

Qaderi, M.M., Reid, D.M., 2009. Methane emissions from six crop species exposed to
three components of global climate change: temperature, ultraviolet-B radiation and
water stress. Physiol. Plant. 137, 139-147. https://doi.org/10.1111/j.1399-
3054.2009.01268.x.

R Core Team, 2021. R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna.

Rademacher, P., et al., 1984. Characteristics of xylem formed after wounding in Acer,
Betula, and F Agus. IAWA Journal 5 (2), 141-151. https://doi.org/10.1163/
22941932-90000879.

Ramananantoandro, T., et al., 2016. Influence of tree species, tree diameter and soil
types on wood density and its radial variation in a mid-altitude rainforest in
Madagascar. Ann. For. Sci. 73 (4), 1113-1124. https://doi.org/10.1007/s13595-
016-0576-z.

Rice, A.L., et al., 2010. Emissions of anaerobically produced methane by trees. Geophys.
Res. Lett. 37 (3), 3807. https://doi.org/10.1029/2009GL041565.

Sakabe, A., et al., 2021. Controlling factors of seasonal variation of stem methane
emissions from Alnus japonica in a riparian wetland of a temperate Forest.

J. Geophys. Res. Biogeo. 126 (10), 1-15. https://doi.org/10.1029/2021JG006326.

Salas-Rabaza, J.A., et al., 2023. Impacts of leaks and gas accumulation on closed
chamber methods for measuring methane and carbon dioxide fluxes from tree stems.
Sci. Total Environ. 904 (166358) https://doi.org/10.1016/j.scitotenv.2023.166358.

Schindler, T., et al., 2020. Short-term flooding increases. CH4 and N3O emissions from
trees in a riparian forest soil-stem continuum’, Scientific Reports 2020 10:1 10 (1),
1-10. https://doi.org/10.1038/541598-020-60058-7.

Schink, B., et al., 1981. Microbiology of Wetwood: importance of pectin degradation and
Clostridium species in living trees. Appl. Environ. Microbiol. 42 (3), 526. https://doi.
org/10.1128/AEM.42.3.526-532.1981.

Shigo, A.L., Shortle, W.C., 1979. Compartmentalization of discolored wood in heartwood
of red oak. Phytopathology 69, 710-711.

Shvaleva, A., et al., 2015. Environmental and microbial factors influencing methane and
nitrous oxide fluxes in Mediterranean cork oak woodlands: trees make a difference.
Front. Microbiol. 6 (1104) https://doi.org/10.3389/FMICB.2015.01104.

Simova, L., et al., 2018. Spatial patterns and climate relationships of major plant traits in
the New World differ between woody and herbaceous species. J. Biogeogr. 45 (4),
895-916. https://doi.org/10.1111/jbi.13171.

Sjogersten, S., et al., 2020. Methane emissions from tree stems in neotropical peatlands.
New Phytol. 225 (2), 769-781. https://doi.org/10.1111/NPH.16178.

Soosaar, K., et al., 2022. High methane emission from palm stems and nitrous oxide
emission from the soil in a Peruvian Amazon peat swamp Forest. Frontiers in Forests
and Global Change 5, 1-10. https://doi.org/10.3389/ffgc.2022.849186.

Sorz, J., et al., 2006. Gas diffusion through wood: implications for oxygen supply. Trees
20, 34-41. https://doi.org/10.1007/500468-005-0010-x.

Sundgyvist, E., et al., 2012. Atmospheric methane removal by boreal plants. Geophys. Res.
Lett. 39 (21) https://doi.org/10.1029/2012GL053592.

12

Science of the Total Environment 940 (2024) 173730

van Teeseling, M.C.F., et al., 2014. Expanding the Verrucomicrobial Methanotrophic
world: description of three novel species of Methylacidimicrobium gen. Nov. Appl.
Environ. Microbiol. 80 (21), 6782. https://doi.org/10.1128/AEM.01838-14.

Terazawa, K., et al., 2007. Methane emissions from stems of Fraxinus mandshurica var.
japonica trees in a floodplain forest. Soil Biol. Biochem. 39 (10), 2689-2692. https://
doi.org/10.1016/j.s0ilbio.2007.05.013.

Terazawa, K., et al., 2015. Spatial and temporal variability in methane emissions from
tree stems of Fraxinus mandshurica in a cool-temperate floodplain forest.
Biogeochemistry 123 (3), 349-362. https://doi.org/10.1007/510533-015-0070-Y.

Teskey, R.O., et al., 2008. Origin, fate and significance of CO3 in tree stems. New Phytol.
177 (1), 17-32. https://doi.org/10.1111/J.1469-8137.2007.02286.X.

Thomas, S.C., et al., 2022. Managed forests and methane: recent research and prospects
for best management practices. In: The Handbook of Environmental Chemistry.
https://doi.org/10.1007/698_2022_937.

Vainio, E., et al., 2022. Soil-tree-atmosphere CH4 flux dynamics of boreal birch and
spruce trees during spring leaf-out. Plant and Soil 478 (1-2), 391-407. https://doi.
org/10.1007/511104-022-05447-9.

Vann, C.D., Megonigal, J.P., 2003. Elevated CO, and water depth regulation of methane
emissions: comparison of woody and non-woody wetland plant species.
Biogeochemistry 63 (2), 117-134. https://doi.org/10.1023/A:1023397032331.

Vigano, 1., et al., 2008. Effect of UV radiation and temperature on the emission of
methane from plant biomass and structural components. Biogeosciences 5 (3),
937-947. https://doi.org/10.5194,/bg-5-937-2008.

Wagener, W.W., Davidson, R.W., 1954. Heart rots in living trees. Bot. Rev. 2, 61-119.

Wam, H.K,, et al., 2017. Compositional changes in foliage Phenolics with plant age, a
natural experiment in boreal forests. J. Chem. Ecol. 43, 920-928. https://doi.org/
10.1007/510886-017-0881-5.

Wang, Z.P., et al., 2016. Methane emissions from the trunks of living trees on upland
soils. New Phytol. 211 (2), 429-439. https://doi.org/10.1111/NPH.13909.

Wang, Z.P., et al., 2017. Methane production explained largely by water content in the
heartwood of living trees in upland forests. J. Geophys. Res. Biogeo. 122 (10),
2479-2489. https://doi.org/10.1002/2017JG003991.

Wang, Z.-P., et al., 2009. Physical injury stimulates aerobic methane emissions from
terrestrial plants. Biogeosciences 6, 615-621. https://doi.org/10.5194/bg-6-615-
20009.

Warner, D.L., et al., 2017. Carbon dioxide and methane fluxes from tree stems, coarse
Woody debris, and soils in an upland temperate Forest. Ecosystems 20 (6),
1205-1216. https://doi.org/10.1007/510021-016-0106-8.

Watanabe, M., et al., 2012. Dark aerobic methane emission associated to leaf factors of
two Acacia and five Eucalyptus species. Atmos. Environ. 54, 277-281. https://doi.
org/10.1016/j.atmosenv.2012.02.012.

Welch, B., et al., 2019. Tree stem bases are sources of CH4 and N»O in a tropical forest on
upland soil during the dry to wet season transition. Glob. Chang. Biol. 25 (1),
361-372. https://doi.org/10.1111/GCB.14498.

Whipps, J.M., et al., 2008. Phyllosphere microbiology with special reference to diversity
and plant genotype. J. Appl. Microbiol. 105 (6), 1744-1755. https://doi.org/
10.1111/j.1365-2672.2008.03906.x.

Whittman, F., et al., 2006. Wood specific gravity of trees in Amazonian white-water
forests in relation to flooding. IAWA J. 27 (3), 255-268. https://doi.org/10.1163/
22941932-90000153.

Wieczynski, D.J., et al., 2019. Climate shapes and shifts functional biodiversity in forests
worldwide. Proc. Natl. Acad. Sci. U. S. A. 116 (2), 587-592. https://doi.org/
10.1073/pnas.1813723116.

Wright, 1.J., et al., 2004. The worldwide leaf economics spectrum. Nature 428, 821-827.
https://doi.org/10.1038/nature02403.

Wu, A, et al., 2023. Climate change reshapes plant trait spectrum to explain biomass
dynamics in an old-growth subtropical forest. Front. Plant Sci. 14, 1-14. https://doi.
org/10.3389/fpls.2023.1260707.

Wiirth, M.K.R., et al., 2005. Non-structural carbohydrate pools in a tropical forest.
Oecologia 143 (1), 11-24. https://doi.org/10.1007/500442-004-1773-2.

Yadav, R.K.P., et al., 2005. Bacterial colonization of the phyllosphere of mediterranean
perennial species as influenced by leaf structural and chemical features. Microb.
Ecol. 50 (2), 185-196. https://doi.org/10.1007/s00248-004-0171-y.

Yang, H., et al., 2024. Global patterns of tree wood density. Glob. Chang. Biol. 30
(e17224) https://doi.org/10.1111/gcb.17224.

Yip, D.Z., et al., 2019. Methanogenic Archaea dominate mature heartwood habitats of
eastern cottonwood (Populus deltoides). New Phytol. 222 (1), 115-121. https://doi.
org/10.1111/NPH.15346.

Zeikus, J.G., et al., 1975. Methanobacterium arbophilicum sp.nov. an obligate anaerobe
isolated from wetwood of living trees. Antonie Van Leeuwenhoek 41, 543-552.
Zhang, C., et al., 2022. Massive methane emission from tree stems and pneumatophores
in a subtropical mangrove wetland. Plant and Soil 473, 489-505. https://doi.org/

10.1007/511104-022-05300-Z.

Zhang, G., et al., 2024. Not all sweetness and light: non-structural carbohydrate storage
capacity in tree stems is decoupled from leaf but not from root economics. Funct.
Ecol. 38 (3), 668-678. https://doi.org/10.1111/1365-2435.14492.


https://doi.org/10.1111/nph.12031
https://doi.org/10.1111/nph.12031
https://doi.org/10.1111/NPH.12561
https://doi.org/10.1111/GCB.12891
https://doi.org/10.1111/GCB.12891
https://doi.org/10.1038/nature24639
https://doi.org/10.1038/nature24639
https://doi.org/10.1111/geb.13788
https://doi.org/10.1111/geb.13788
https://doi.org/10.1111/NPH.14559
https://doi.org/10.1007/s10533-017-0400-3
https://doi.org/10.1111/nph.15452
https://doi.org/10.1038/nature06222
https://doi.org/10.1111/j.1469-8137.2009.02830.x
https://doi.org/10.1111/j.1469-8137.2009.02830.x
https://doi.org/10.1111/nph.16952
https://doi.org/10.1111/nph.16952
https://doi.org/10.1111/NPH.17365
https://doi.org/10.1111/j.1399-3054.2009.01268.x
https://doi.org/10.1111/j.1399-3054.2009.01268.x
http://refhub.elsevier.com/S0048-9697(24)03877-4/rf3990
http://refhub.elsevier.com/S0048-9697(24)03877-4/rf3990
https://doi.org/10.1163/22941932-90000879
https://doi.org/10.1163/22941932-90000879
https://doi.org/10.1007/s13595-016-0576-z
https://doi.org/10.1007/s13595-016-0576-z
https://doi.org/10.1029/2009GL041565
https://doi.org/10.1029/2021JG006326
https://doi.org/10.1016/j.scitotenv.2023.166358
https://doi.org/10.1038/s41598-020-60058-7
https://doi.org/10.1128/AEM.42.3.526-532.1981
https://doi.org/10.1128/AEM.42.3.526-532.1981
http://refhub.elsevier.com/S0048-9697(24)03877-4/rf0460
http://refhub.elsevier.com/S0048-9697(24)03877-4/rf0460
https://doi.org/10.3389/FMICB.2015.01104
https://doi.org/10.1111/jbi.13171
https://doi.org/10.1111/NPH.16178
https://doi.org/10.3389/ffgc.2022.849186
https://doi.org/10.1007/s00468-005-0010-x
https://doi.org/10.1029/2012GL053592
https://doi.org/10.1128/AEM.01838-14
https://doi.org/10.1016/j.soilbio.2007.05.013
https://doi.org/10.1016/j.soilbio.2007.05.013
https://doi.org/10.1007/S10533-015-0070-Y
https://doi.org/10.1111/J.1469-8137.2007.02286.X
https://doi.org/10.1007/698_2022_937
https://doi.org/10.1007/S11104-022-05447-9
https://doi.org/10.1007/S11104-022-05447-9
https://doi.org/10.1023/A:1023397032331
https://doi.org/10.5194/bg-5-937-2008
http://refhub.elsevier.com/S0048-9697(24)03877-4/rf0550
https://doi.org/10.1007/s10886-017-0881-5
https://doi.org/10.1007/s10886-017-0881-5
https://doi.org/10.1111/NPH.13909
https://doi.org/10.1002/2017JG003991
https://doi.org/10.5194/bg-6-615-2009
https://doi.org/10.5194/bg-6-615-2009
https://doi.org/10.1007/s10021-016-0106-8
https://doi.org/10.1016/j.atmosenv.2012.02.012
https://doi.org/10.1016/j.atmosenv.2012.02.012
https://doi.org/10.1111/GCB.14498
https://doi.org/10.1111/j.1365-2672.2008.03906.x
https://doi.org/10.1111/j.1365-2672.2008.03906.x
https://doi.org/10.1163/22941932-90000153
https://doi.org/10.1163/22941932-90000153
https://doi.org/10.1073/pnas.1813723116
https://doi.org/10.1073/pnas.1813723116
https://doi.org/10.1038/nature02403
https://doi.org/10.3389/fpls.2023.1260707
https://doi.org/10.3389/fpls.2023.1260707
https://doi.org/10.1007/S00442-004-1773-2
https://doi.org/10.1007/s00248-004-0171-y
https://doi.org/10.1111/gcb.17224
https://doi.org/10.1111/NPH.15346
https://doi.org/10.1111/NPH.15346
http://refhub.elsevier.com/S0048-9697(24)03877-4/rf0635
http://refhub.elsevier.com/S0048-9697(24)03877-4/rf0635
https://doi.org/10.1007/S11104-022-05300-Z
https://doi.org/10.1007/S11104-022-05300-Z
https://doi.org/10.1111/1365-2435.14492

	How tree traits modulate tree methane fluxes: A review
	1 Introduction
	2 Traits associated with inter-specific variability in tree methane fluxes
	2.1 Inter-specific variability in tree methane fluxes
	2.2 Traits regulating methane transport and diffusion in trees
	2.3 Traits regulating the presence and activity of methane cycling microorganisms in the phyllosphere
	2.4 Potential functional groups of trees influencing ecosystem methane fluxes

	3 Traits associated with tree life history and development influencing methane fluxes
	4 Global analysis of tree methane fluxes according to land-type, tree age, and taxonomy
	4.1 Method
	4.2 Results and discussion

	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References




