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Abstract

Methane is a powerful greenhouse gas, more potent than carbon dioxide, and emitted from a variety 

of natural sources including wetlands, permafrost, mammalian guts, and termites. As increases in 

global temperatures continue to break records, quantifying the magnitudes of key methane sources 

has never been more pertinent. Over the last 40 years, the contribution of termites to the global 

methane budget has been subject to much debate. The most recent estimates of termite emissions 

range between 9 and 15 Tg CH4 y-1, approximately 4% of emissions from natural sources (excluding 

wetlands). However, we argue that the current approach for estimating termite contributions to the 

global methane budget is flawed. Key parameters, namely termite methane emissions from soil, 

deadwood, living tree stems, epigeal mounds and arboreal nests, are largely ignored in global 

estimates. This omission occurs because data are lacking and research objectives, crucially, neglect 

variation in termite ecology. Furthermore, inconsistencies in data collection methods prohibit the 

pooling of data required to compute global estimates. Here, we summarise the advances made over 

the last 40 years and illustrate how different aspects of termite ecology can influence the termite 

contribution to global methane emissions. Additionally, we highlight technological advances that may 

help researchers investigate termite methane emissions on a larger scale. Finally, we consider 

dynamic feedback mechanisms of climate warming and land-use change on termite methane 

emissions. We conclude that ultimately the global contribution of termites to atmospheric methane 

remains unknown and thus present an alternative framework for estimating their emissions. To 

significantly improve estimates, we outline outstanding questions to guide future research efforts.

Keywords: deadwood, methane budget, methane emissions, methane oxidation, methanotrophs, 

termites, termite mesocosm, tree stems
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1. Introduction

The latest IPCC report highlights the role of methane in the historic rise in global temperatures, 

accounting for 0.5oC of warming since pre-industrial times (IPCC, 2021). The global methane budget 

has therefore received mounting scrutiny (Kirschke et al., 2013; Saunois et al., 2020). Uncertainty 

remains, however, due to an incomplete understanding of heterogeneous natural sources, unknown 

biogeochemical feedback mechanisms and the difficulties unravelling the complex atmospheric 

chemistry influencing the breakdown of methane (Nisbet et al., 2019; Skeie et al., 2023).

Natural sources of methane account for between 38% and 50% of global methane emissions (Saunois 

et al., 2020). The least understood is vegetation decomposition (Carmichael et al., 2014; Saunois et 

al., 2020), to which termites make a considerable contribution in the tropics (Griffiths et al., 2019; 

Walker et al., 2022). Termites are therefore recognised as one of the four largest natural sources of 

methane, comprising around 4% of non-wetland emissions, and are usually included in global 

methane budgets (Kirschke et al., 2013; Saunois et al., 2020; Stavert et al., 2022). The decadal 

negative shift in the isotopic signature of atmospheric methane implies marked changes in the relative 

proportion of emissions from methane sources and possible increases in microbial sources (Chandra 

et al., 2024; Nisbet et al., 2019). Comparable to enteric fermentation of ruminant animals, methane is 

a by-product from microbial digestion of lignocellulose in the hindgut of termites (Brune, 2014). 

However, as the carbon isotopic signature of methane emitted from termites is indistinguishable from 

other methanogenic bacteria (i.e., from ruminants or wetlands) (Sherwood et al., 2017), a bottom-up 

approach is needed to better understand biogenic methane sources and help explain the shift in the 

isotopic signature of atmospheric methane. The global biomass of termites, estimated at 

approximately 0.8 Gt and equivalent to that of livestock (Bar-On et al., 2018; Rosenberg et al., 2023), 

is concentrated in tropical latitudes where emissions from methanogenic bacteria are highest 

(Chandra et al., 2024), so termites are potentially contributing to this significant biogenic source of 

methane to the global methane budget. 
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The inaugural paper by Zimmerman et al., (1982) on global termite methane emissions stimulated 

active debate and a new research field. Initial global estimates relied on laboratory experiments with 

limited termite species and upscaled measurements based on population size or estimates of plant 

biomass consumed by termites (Rasmussen & Khalil, 1983; Seiler et al., 1984; Zimmerman et al., 

1982). Later studies attempted to improve estimates by using more termite species, differentiating 

emissions among feeding groups, taking field measurements from mounds, accounting for oxidation 

rates, and using estimates of termite biomass in a wider range of ecological regions to upscale (Table 

S1). With more data, the estimated contribution of termites to the methane budget dropped from 

~30% to ≤2% of the annual global total (Ito, 2023; Saunois et al., 2020; Zimmerman et al., 1982). 

Over the last 40 years, empirical measurements have largely focused on two main areas: methane 

production rates from individual termites at the species level, and emissions from termite mounds. 

However, emissions directly quantified from individual termites remain decoupled from upscaled 

ecosystem estimates where substantial questions remain regarding accuracy.

Most upscaled estimates quantify global termite methane emissions as the product of an emission 

factor (µg CH4 g-1
(termite)h-1) and biomass density (g(termite)m-2), summed across ecosystems (Ito, 2023; 

Saunois et al., 2020). This method is problematic because existing emission factors only account for 

<5% of termite species (105/2951 named species from individuals) (Constantino, 2018). Families, 

feeding groups and biogeographical areas are also unevenly represented (six subfamilies comprise 

76% of emission factors and 68% are from wood or soil-feeders, Tables S4.1 and S4.2, Fig. 2), and 

factors can vary by two orders of magnitude (Zhou et al., 2023) amplifying uncertainties when using 

a single emission factor to represent all termite diversity. In addition, quantification of how individual 

emission factors scale with colony emissions is scarce, and methane oxidation by methanotrophs 

occurring within and near the termite colony (i.e., in mound material, soil or wood) is unaccounted 

for in incubation experiments, so emission factors do not accurately reflect net methane emissions 

from the colony to the atmosphere. A lack of termite biomass data (Rosenberg et al., 2023) means 

that current estimates of global termite methane emissions (Kirschke et al., 2013; Saunois et al., 

2020) either rely heavily on data which is almost thirty years old (Sanderson, 1996), or estimate 
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termite biomass within an ecosystem from regression analyses with ecosystem GPP based on a 

limited number of measurements (Kirschke et al., 2013). Furthermore, emission factors omit 

important aspects of termite ecology.  Termites are included in the methane budget as a homogenous 

group using a single estimate of biomass density for each ecosystem, yet termite distributions across 

the landscape differ widely among functional groups. While mound building termites can form 

predictable patterns in some ecosystems (Castillo Vardaro et al., 2021; Tarnita, 2018), quantifying 

subterranean nests is inherently more challenging (Davies et al., 2021). Additionally, climate can 

influence community structure, such as feeding groups (e.g., wood, soil, or fungus feeder) and nesting 

strategy (above or belowground) (Lind et al., 2022; Wijas et al., 2022) which in turn has implications 

for methane emissions. For example, as methane emission rates differ between feeding groups (Zhou 

et al., 2023) and nesting substrate (Sugimoto et al., 1998), differences in the distribution of termite 

biomass among functional groups can substantially alter upscaled estimates. 

Net methane emissions by termites are achieved only where termite biomass is sufficiently 

concentrated to overcome methane oxidation. Therefore, key questions remain about how termite 

biomass is distributed and how methane oxidation differs in areas where termites are found. Termites 

occur in multiple locations that could potentially produce net methane emissions, including in 

deadwood, living tree stems, termite mounds, arboreal nests or in the ground. Yet the relative 

importance of each source for global termite methane emissions remains unclear.  For example, while 

biomass of subterranean termites is high (Rosenberg et al., 2023), termite biomass may seldom reach 

the density required to overcome high levels of methane oxidation in unsaturated, oxic soil 

(MacDonald et al., 1998, 1999; Saunois et al., 2020). A lower termite biomass in deadwood or 

arboreal nests, however, could make a greater contribution to global termite methane emissions if 

abundance of methanotrophs is substantially lower than in soil.

Here, we present an alternative framework for estimating global termite-methane emissions 

considering the distribution of termites across the landscape and the factors that ultimately influence 

net methane emissions from termites. First, we outline progress made and existing understanding in 
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methane emissions from different termite sources, including wood, mounds, and soils, highlighting 

current limitations and uncertainties. Second, we discuss future directions for advancing estimates of 

global termite methane emissions, specifically we consider new remote sensing technology (e.g., gas 

mapping LiDAR), the potential role of termite mesocosms and the implications of anthropogenic 

global change on termite methane production. Third, we propose research objectives needed to 

address the current paucity in data and better estimate the contribution of termites to the global 

methane budget. We present the parameters required in our alternative framework for estimating the 

global contribution of termite-related methane emissions and the dynamic factors influencing net 

methane emissions in Fig. 1 and Table 1 which we refer to throughout. 

2. Progress and challenges

2.1 Emissions from deadwood and tree stems

The importance of termites in breaking down wood across different habitats has been highlighted in 

several recent studies (Flores-Moreno et al., 2023; Law et al., 2023; Seibold et al., 2021; Wijas et al., 

2024; Yatsko et al., 2024; Zanne et al., 2022) yet there have been no studies measuring termite-

related methane emissions from decomposing wood. While microbial methanogenesis in the 

heartwood of tree stems has received increasing attention (Barba et al., 2019; Covey & Megonigal, 

2019), methane emissions have not been linked to termite presence despite termites, e.g. 

Coptotermes, causing high levels of tree stem decay (Werner & Prior, 2007; Yatsko et al., 2024). 

Emissions from wood-feeding termites may have been overlooked because incubation experiments 

indicate that emission factors for wood-feeding termites are generally smaller than for soil-feeders 

(Fig. S4.1). Preliminary experimental data (see supplementary materials, S2, for details, Table 1) 

shows for the first time that methane emissions from deadwood can be as much as 30 times greater 

when termites are present compared with their absence, and that termite-related methane emissions 

from deadwood can vary between ecosystems suggesting greater termite-related methane emissions 

from deadwood in savanna landscapes compared with rainforest (Fig. S2.1). Using these preliminary 

data, back-of-the-envelope calculations indicate that methane emissions from deadwood are likely to 
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be negligible when compared with termite mound emissions (Table S2.5). However, these upscaled 

estimates are made from few data points and without local data on termite biomass in deadwood. 

Net methane emissions from wood-feeding termites may be substantial if the biomass density of 

termites in deadwood is large and if methane oxidation is low. The available data suggest that in some 

tropical forests between 15% (rainforest) and 21% (dry-forest) of termite biomass is present in 

deadwood, equivalent to that found in epigeal mounds (Vasconcellos, 2010; Yamada et al., 2003) 

(Fig. 1b). Furthermore, encounter rates in Australian savanna have also indicated a similar 

distribution between deadwood (standing and fallen deadwood) and epigeal mounds (Dawes-

Gromadzki, 2008), although there can be large differences in termite distribution between ecosystems 

(Clement et al., 2021). Methanotrophs have also been detected in bark but with lower oxidative 

capacity than soil-based epigeal mounds, reducing methane emissions from tree stems by 36% 

(Jeffrey et al., 2021) compared with a mean 50% reduction from mounds (range across three termite 

species was 20 to 80%) (Nauer, Hutley, et al., 2018). If termite biomass in deadwood is comparable 

with epigeal mounds we could expect equivalent methane emissions, particularly if less methane is 

oxidised. Furthermore, emissions from foraging and nesting termites in deadwood are likely to 

depend on termite biomass and how long they spend in deadwood. More extensive studies are needed 

to determine the contribution of deadwood-feeding termites to global termite emissions (Fig. 1a). 

2.2 Emissions from mounds

Epigeal termite mounds (visible mound aboveground) have received attention primarily because they 

are where termite biomass is obviously concentrated and can overcome methane oxidation in soils or 

mound material resulting in a point source of methane (Chiri et al., 2020, 2021; Nauer, Hutley, et al., 

2018). However, existing research on termite mounds is largely focused on northern Australia and 

Central Africa (Fig. 2) and covers only 1% of named termite species (30/2951, Table S4.3)  

(Constantino, 2018). Most of the mound emission estimates (64%) were based on just 3 subfamilies, 

and 68% were from wood or soil feeders (Flores-Moreno et al., 2024, Table S4.1, Table S4.2). While 

it is not feasible to collect data on all species, a broader representation is needed. 
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Drawing comparisons among existing studies on termite mounds is challenging due to insufficient 

data and inconsistencies in methods and reporting (Table 1). Limited data indicates that patterns at the 

individual level may not hold true at the colony level. For example, differences in emissions across 

feeding groups are smaller at the mound level (Fig. S4.1) (Zhou et al., 2023). Colony biomass, mound 

structure and degree of methane oxidation, rather than individual capacity to produce methane, are 

likely to be more important for determining net emissions at the mound level (Fig. 1a) and need to be 

considered when scaling up mound-based methane emissions.  

Little is known regarding differences in oxidative capacity of methanotrophs among termite mounds. 

All current studies are based on epigeal, soil-based, mounds (Table S4.3), for which recorded 

estimated rates of oxidation vary between 20% and 83% across nine species (Khalil et al., 1990; 

MacDonald et al., 1998; Nauer, Hutley, et al., 2018; Sugimoto et al., 1998). In epigeal mounds the 

methanotroph community of three termite species was found to have adapted to elevated levels of 

methane, yet mound methanotrophs remained rare and were derived from the microbial community in 

surrounding soil (Chiri et al., 2020). However, to date, the presence of methanotrophs in termite nests 

within deadwood (section 2.1) or in arboreal, carton-based nests remains undocumented. 

Accordingly, as they have no connection with surrounding soil, we predict that few methanotrophs 

occur in arboreal termite nests. This potential absence of methanotrophs, along with differences in 

mound structure, may explain greater than expected methane emissions in arboreal nests than epigeal 

mounds (Fig. S4.1).

Interspecific variation in methane emissions from epigeal mounds is influenced by several factors 

including: (1) methanotroph location; oxidation can occur in the mound wall or in soil beneath the 

mound (Nauer, Hutley, et al., 2018); (2) concentration of termite biomass within the mound and 

proximity to methanotrophs; e.g. nests of Macrotermes michaelseni (Sjöstedt, 1914) are largely 

located below the ground leaving the mound essentially empty of termites, and instead termites are in 

direct contact with soil methanotrophs such that methane emissions can be detected from both the 
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mound and surrounding soils (Korb, 2011; Räsänen et al., 2023); (3) the permeability of mound 

material; less dense, porous material can increase methanotroph abundance in mound material (Chiri 

et al., 2020) but also aid gas emissions to the atmosphere (Singh et al., 2019); and (4) mound 

structures can control permeating gases in a trade-off between gas-exchange and thermoregulation 

(Korb, 2003); mound chimneys, or better connectivity between cavities, improve ventilation and limit 

time for methane oxidation resulting in greater emissions (Darlington et al., 1997; Sugimoto et al., 

1998), while mounds with fewer conduits and limited ventilation may have lower emissions.

Intraspecific variation in mound emissions is not well documented, yet within species, mound 

structure can vary greatly between habitats (Fagundes et al., 2021; Korb, 2003, 2011). Gas emissions 

from mounds vary both diurnally and seasonally (Jamali, Livesley, Dawes, Cook, et al., 2011; Jamali, 

Livesley, Dawes, Hutley, et al., 2011; Räsänen et al., 2023). Greater methane emissions are linked to 

enhanced methanogenesis in the termite gut at higher temperatures (Jamali, Livesley, Dawes, Cook, 

et al., 2011) and increased mound termite biomass during wet seasons (Jamali, Livesley, Dawes, 

Hutley, et al., 2011). Yet few data exist regarding the proportion of termite biomass present in the 

mound at any time and, while some methane produced within a mound will be oxidised by 

methanotrophs, methane produced by termites foraging above ground will not be removed. However, 

in the absence of more rigorous data, rough calculations indicate that it is unlikely that foraging 

termites can produce methane in amounts comparable with a mound. For example, using estimates of 

methane emissions, the biomass density of the harvester termite Tumulitermes pastinator (Hill, 1912) 

would need to reach 0.7 g(termite)m-2 with termites foraging continuously above ground to produce the 

same emissions as a mound (see S4 for details). Still, questions remain regarding how within mound 

population dynamics and termite behaviour affect methane emissions.

Because quantifying termite biomass from termite mounds is laborious and difficult, many biomass 

estimates arise from regression analyses using abundance and mound volume (Josens & Soki, 2010) 

and, as with regressions based on GPP at the ecosystem level (Kirschke et al., 2013; Saunois et al., 

2020), they are based on few data points. Following the paucity of biomass data, mound emissions 
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can be upscaled using mound density or mound basal area. Yet this approach presents additional 

problems. Like individual emission factors, using mound emissions from one or two species fails to 

account for species-specific variations. Furthermore, extrapolating mound density across ecosystems 

is problematic. For example, mound density in northeast Australian savanna was approximately 

threefold that in the Northern Territory Australian savanna (Clement et al., 2021; Jamali, Livesley, 

Grover, et al., 2011). Using a single estimate of mound density can vastly under or overestimate 

emissions across the landscape. Additionally, estimating termite methane contribution by solely 

upscaling mound estimates overlooks other potential sources such as arboreal nests and deadwood 

(see Fig. 1a). 

2.3 Termite-related soil emissions (excluding termite mounds)

In some ecosystems, most termites are subterranean (Vasconcellos, 2010; Wijas et al., 2022; Yamada 

et al., 2003) and soils represent a potentially large source of termite-related methane. However, soils 

are frequently characterised as methane sinks due to the high presence of methanotrophs and are only 

considered as potential methane sources when inundated with water as anoxic conditions favour 

methanogenic bacteria (IPCC, 2021; Le Mer & Roger, 2001; Saunois et al., 2020). For subterranean 

termites to be a significant source of soil methane emissions, their biomass and thus methane 

production would have to outweigh methane oxidation by soil methanotrophs (Fig. 1a). Although 

subterranean termites are present in waterlogged soils and anoxic peatlands (Kouakou et al., 2022; 

Muhammad et al., 2012; Saputra et al., 2018), it is unlikely that subterranean termite biomass 

contributes significantly to the high methane emissions measured from wetlands (IPCC, 2021; 

Saunois et al., 2020). Conversely, methane produced from non-inundated, aerobic soils is likely to be 

due to the presence of subterranean termites, yet they are rarely considered.  

Few studies quantify biomass density of soil inhabiting termites. Most studies instead ask whether 

methane emissions from termite mounds offset the soil’s sink capacity (Jamali et al., 2013; Jamali, 

Livesley, Grover, et al., 2011; van Asperen et al., 2021). When quantified, subterranean termite 

biomass varies based on species and season, and only turns soils to a methane source at densities 
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between 3.8 g(termite)m-2 and 18 g(termite)m-2, a range that was rarely observed; however, methane 

production was not determined from the colony centre (MacDonald et al., 1998, 1999). Moreover, 

data quantifying methane emissions from soil above subterranean nests report negligible fluxes 

(Seiler et al., 1984) suggesting that the importance of subterranean nests for the methane budget is 

probably minor. Furthermore, emissions from non-inundated, upland soils are often minimal when 

compared with emissions from adjacent termite mounds. For example, emission factors (e.g. μg CH4 

m-2 h-1) from termite mounds were between 100 and 600 times greater than emission factors from soil 

in the same savanna and rainforest sites respectively (Brümmer et al., 2009; van Asperen et al., 2021). 

However, as mounds are only a fraction of the landscape, soil emissions can be substantially higher 

when scaled up. For instance, Brümmer et al., (2009) reported a methane flux of 3.45 kg CH4 ha-1 y-1 

from soils compared with 0.27 kg CH4 ha-1 y-1 from mounds, although the causes of soil emissions 

were not directly established. The spatial variability in soil emissions due to the patchy distribution of 

termite biomass has not been well quantified and presents problems in upscaling estimates of methane 

emissions (Fig. 1a). 

To truly exclude soils as a significant source of termite-related methane, more data are needed on (1) 

emissions above subterranean nests along with soil termite biomass, and (2) variation in the 

distribution of soil methanotrophs and correspondingly the sink capacity of soil, according to 

biogeography, ecosystem, and level of disturbance.

3. Future directions

3.1 Technological advances

The development of remote sensing techniques such as LiDAR and optical satellite imagery provides 

new methods to improve estimates of mound density, revealing predictable patterns in spatial 

distribution of mounds across the landscape (Davies et al., 2014, 2016; D’hont et al., 2021; Martin et 

al., 2018), and mound dimensions (D’hont et al., 2021). However, the ability of these techniques to 

detect mounds below dense forest canopies needs to be improved before these technologies can be 

expanded beyond open (e.g., grasslands) and partially open (e.g., savannas) canopy ecosystems. 
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Methane detection techniques have also utilised these technologies, e.g. gas mapping LiDAR and 

unmanned aerial vehicles (UAVs, e.g. drones) with absorption spectroscopy and hyperspectral 

imaging capabilities, enabling aerial detection and quantification of methane sources, including from 

some natural sources (Bell et al., 2022; Erland et al., 2022; Hollenbeck et al., 2021; Kumar et al., 

2020; Shaw et al., 2020). However, the sensitivity required to detect emissions from termite sources, 

including concentrated points like mounds, is below current detection limits for most remote sensing 

techniques (Bell et al., 2022; Shaw et al., 2020; Thompson et al., 2015). It is feasible that such 

technology will become available in the future and could be used to detect methane hotspots 

attributable to termites. For now, data on mound distributions collected via remote sensing should be 

coupled with information on mound occupation and termite biomass data to accurately scale up 

emissions from mound observations or experiments. Recent application of ground imaging techniques 

(including CT and X-ray scanning, photogrammetry, and cross-sectional imagery) to termite mounds 

is not only improving estimates of mound volume but providing a mechanistic understanding of how 

mound structure influences gas diffusion and emissions through the porosity of mound material and 

connectivity of chambers (Nauer, Chiri, et al., 2018; Singh et al., 2019). Moreover, ground 

penetrating radar, a non-destructive tool able to locate subterranean termite nests and tunnels (Xu et 

al., 2010; Yang et al., 2009), could be used to identify areas where subterranean termite biomass is 

concentrated.  

3.2 Termite mesocosms

Mesocosms present an alternative method to study mound emissions, by allowing for experimental 

manipulation of termite mounds under controlled conditions. Field mesocosms have addressed 

questions regarding gas exchange and thermoregulation (Korb & Linsenmair, 1998; Schmidt et al., 

2014), still the ability to manipulate field conditions is limited. Laboratory mesocosms have been 

established for a few termite species (Fraser et al., 1986; Harit et al., 2017; Lee & Lee C. Y., 2015), 

yet these studies lack sufficient replication. Moreover, most studies investigate termite ecology at the 

microcosm level (i.e. using incipient colonies or subterranean termites) or maintain colonies for 

weeks or months rather than years (Donovan et al., 2001; Hartke & Rosengaus, 2013; Neupane et al., 
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2015). The difficulties of successful translocation and maintenance of large termite mounds may have 

prevented the widespread use of termite mesocosms. However, once termite mesocosms are 

established, questions regarding factors that influence methane production from mounds can be 

addressed. This method may be particularly useful for collecting data to predict methane production 

under future scenarios, be it land-use change and subsequent different feeding substrates (e.g., wood 

species) or a response to changes in temperature (see supplementary materials S3 for details of a 

preliminary mesocosm study on Microcerotermes, an epigeal mound-building termites). 

3.3 Implications of anthropogenic change on termite methane production

Ito (2023) estimates that global termite methane emissions have increased by ca. 0.7 Tg CH4 y-1 (from 

1901-2021) and will continue to increase by 0.5 to 5.9 Tg CH4 y-1 through 2100, attributed chiefly to 

projected global increases in termite biomass driven by greater GPP. While such recent assessments 

of available data highlight the importance of termites to the methane budget, broad statements can be 

misleading as estimates do not account for differing responses among feeding groups or nesting 

substrates. Although the range of wood-feeding termites is predicted to expand under climate change 

scenarios, enhancing decomposition processes and potentially resulting in greater methane emissions 

(Zanne et al., 2022), impacts of climate change on soil-feeding termites are largely unknown. Any 

impact of climate change on termite distribution and biomass is likely to be compounded by land 

conversion and agricultural development. Several studies indicate that wood-feeding termites persist 

and sometimes thrive following logging or conversion to plantations, yet soil-feeding termites do not 

(Eggleton et al., 1996; Jones et al., 2003; Luke et al., 2014). Thus, while soil-feeding termites are 

generally thought to have greater methane emission rates, the contribution of wood-feeding termites 

to global termite methane emissions may become more important in the future. 

Greater methane production from termite mounds may not solely be attributed to greater termite 

biomass but also to a greater production rate of methane as temperatures rise. The thermal response of 

methane production can be quantified by estimating the effective Q10 value (i.e., the rate of change in 

methane production for a 10oC increase in temperature). Existing effective Q10 values for methane 
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production from epigeal-mound building termites are estimated by comparing production rates at two 

discrete temperatures (Jamali, Livesley, Dawes, Cook, et al., 2011; Jamali, Livesley, Dawes, Hutley, 

et al., 2011). An alternative approach is to fit thermal performance curve models to methane 

production rates across a range of temperatures (see supplementary material S3 for details). We 

carried out a pilot study on the thermal response of an epigeal-mound building termite of the genus 

Microcerotermes by fitting thermal response curves and found that, while the estimated effective Q10 

for methane production rate of 2.09 was in line with previous estimates from Microcerotermes 

(Jamali, Livesley, Dawes, Cook, et al., 2011; Jamali, Livesley, Dawes, Hutley, et al., 2011), methane 

production rate fell at temperatures over 35oC (Fig. S3.6) Thus, while methane production rate is 

likely to increase with rising temperatures, responses may attenuate in extremely hot areas, and 

further studies on methane production may be needed where termites exist at their extreme thermal 

limits. 

An important parameter, overlooked in predictions of termite methane emissions, is the impact of 

climate change and disturbance on the oxidative capacity of methanotrophs in mounds and soils. 

Complex, dynamic interactions regulate methane oxidation, including among temperature, soil water-

content, ammonium toxicity and methane diffusivity (King, 1997). However, it is likely that water 

stress and anthropogenic disturbance will cause a decrease in methane oxidative capacity (King, 

1997; MacDonald et al., 1999). We speculate that any increase in atmospheric methane resulting from 

a decline in soil oxidation will be compounded by the persistence of termites in dry environments. 

Notably, mound building termites are better suited to resist environmental change via the homeostatic 

properties of mounds (Korb, 2011) and have a greater impact on ecosystem processes in dry 

environments (Veldhuis et al., 2017). Thus, we predict the relative contribution of termite mounds to 

methane emissions will increase in drier climates, particularly if oxidative capacity falls. 

Ultimately, there remains a dearth of knowledge on the dynamic interactions between termite-related 

methane-emissions under different climatic scenarios and in disturbed environments. Future research 

must address this shortcoming to predict current and future roles of termites in the methane budget.
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4. Research Objectives

To significantly improve global estimates of termite methane emissions, we suggest a focus on 

addressing the following seven areas: (1) expand estimates of mound emissions to include a wider 

range of species (subfamilies and feeding groups) and biogeographical areas, particularly in South 

America where data are lacking (Fig. 2); (2) examine how variation in diel and seasonal methane 

emissions depend on abiotic conditions and colony dynamics; (3) determine the significance of 

termite methane emissions from deadwood and tree stems; (4) define methane oxidation capacity for 

a variety of termite-associated substrates, including arboreal carton-nests, epigeal soil-based mounds, 

deadwood and soil; (5) quantify termite biomass distribution for each substrate (wood, mound, soil) 

across different ecosystems, and understand the breakdown of species and feeding guild within each 

of these groups; (6) improve estimates of landscape level distribution of epigeal termite mounds, 

arboreal nests and subterranean nests; and (7) evaluate impacts of temperature, precipitation and land-

use change on termite-related methane emissions. 

Constructing a database or open repository with these areas in mind would facilitate the development 

of data-driven models incorporating uncertainties and variation in methane emissions from a variety 

of sources at local to global scales. In Table 1, we outline key parameters needed to produce a more 

accurate global estimate of termite methane emissions. Where possible, we include approximate 

figures from existing literature, illustrating the large range in values. The level of uncertainty for most 

parameters is high due to a paucity of data. We argue that future research efforts should homogenise 

methods and units of data collected to facilitate data comparison and integration. By constraining the 

parameters outlined in Table 1 we can arrive at a more accurate estimate of global termite-related 

methane emissions and potentially help resolve some of the discrepancy between top-down and 

bottom-up methane estimates. By determining the true significance of termites on the global methane 

budget we can improve predictions of future methane emissions.  

5. Conclusion
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Despite more than 40 years of research on termite-related methane emissions, there remains 

inadequate data to accurately account for termite ecology and contributions to the methane budget. 

We argue that the distribution of termite biomass must be accounted for in estimates of global termite 

methane flux. Specifically, studies must address where and when termite biomass is sufficiently 

concentrated to overcome methane oxidation, turning the substrate from a methane sink to a source. 

Termite mounds are likely locations, yet further research is needed to exclude deadwood, living tree 

stems and subterranean nests as potential sources. Without additional studies to reduce uncertainty in 

emission sources, we conclude that the global contribution of termites to atmospheric methane 

remains unknown. Prior estimates are poorly informed by relevant data, making them irrelevant at 

best and misleading at worst, especially if they are used in projections of future atmospheric 

greenhouse gas levels. On the bright side, a growing focus on termite methane emissions in studies 

around the world combined with advances in remote sensing and modelling offer promise that 

estimates of termite contribution to global methane budgets can be constrained to a useful range. 
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Figure Legends

Figure 1: Schematics illustrating termite contribution to the methane budget. Panel (a) depicts aspects 

of termite ecology to consider when estimating termite methane flux at the ecosystem scale. Box 

borders signify the certainty of each parameter: dotted border indicates no certainty (i.e., no available 

data), dot-dash border indicates low certainty (i.e., data available from < 5 studies), and dashed border 

indicates fair certainty (i.e., estimates ≥ 2 ecosystems and ≥ 5 studies). Parameter ID (corresponding 

to those in Table 1) are given in italics. Four main pathways of termite-related methane emissions are 

colour coded (mounds in blue, fallen deadwood in brown, living stems in green and soil in red). Panel 

(b) indicates probable differences in the distribution of termite biomass and net methane flux between 

ecosystems and among key termite sources (EM: Epigeal mounds; SN: Subterranean nests; F: 

Foragers; DW: Dead wood; LS: Living stems; and AN: Arboreal nests). Data are absent for most 

sources. For tropical forests, termite biomass data were taken from Vasconcellos, (2010) (Atlantic-

forest, Brazil) and Yamada et al., (2003) (dry evergreen forest, Thailand) and for savanna, occurrence 

data by nesting substrate were taken from Dawes-Gromadzki, (2008) (savanna, Australia) to represent 

distribution of termite biomass. Ecosystems are likely to vary within and between regions. Mean net 

methane flux for mounds and soils for tropical forest were taken from MacDonald et al., (1998, 1999) 

(premontane tropical forest, Cameroon and tropical rainforest, Malaysia); and van Asperen et al., 

(2021) (tropical rainforest, Brazil), and for savanna from Jamali et al., (2013) and Jamali, Livesley, 

Grover, et al., (2011) (savanna, Australian); see Table S4.4. * Includes damp-wood and dry-wood 

termites.
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Figure 2. Geographic distribution of termite methane studies. Dots represent location given in termite 

methane studies (either origin of termite sampled or of termite mound), scaled in size by the number 

of studies at each location. Some studies measured methane emissions across more than one location. 

Panel (a) shows 25 locations identified across 20 studies measuring termite methane emissions at the 

individual level (5 additional studies did not provide location information) (Flores-Moreno et al., 

2024; Zhou et al., 2023). Panel (b) indicates 11 locations identified across 15 studies on termite 

mound emissions (including 1 unpublished, Yatsko, A., personal communication) (Flores-Moreno et 

al., 2024). Existing data are most limited for South America where estimated termite contribution to 

the methane budget is highest, alongside Africa (Ito, 2023; Kirschke et al., 2013), largely because 

upscaled estimates use termite biomass densities derived from ecosystem GPP, which is greatest in 

these regions.
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Table 1: Parameters needed from different ecosystems to estimate global termite emissions. 

Parameter ID (P.ID) and description is included with example values from existing literature where 

possible. If no data are available for given units, data for alternative units are shown in italics. 

Biomass of termites is in fresh weight. A qualitative assessment of certainty is given using the 

following arbitrary classification system: (e.g. Very low: estimates from a single ecosystem or study; 

Low: estimates from ≥ 2 ecosystems and < 5 studies; Fair: estimates ≥ 2 ecosystems and ≥ 5 studies). 

For each P.ID the paucity in data can be addressed by focusing on specific research objectives (1 -7) 

described in section 4.

P.ID Description Range Units (alternative) Certainty Ref. Research 

objective

Fmd Emissions from termites in mounds** 0.1 – 3.02 kg CH4 ha-1 y-1 Fair c 1, 2, 7

Fdw Emissions from termites in fallen deadwood 0.01 – 0.13 kg CH4 ha-1 y-1 Very low Table 

S2.5

2, 3, 7

Fls Emissions from termites in living stems NA kg CH4 ha-1 y1 None NA 2, 3, 7

Fsn Emissions from termites in soils (subterranean nests)* NA

0 - 123

kg CH4 ha-1 y-1

μg CH4 Nest-1h-1

NA

Very low

NA

a, b

2, 7

Gmd Gross emissions from termites in mounds 

(before methane oxidation)

NA

2.0 – 105

kg CH4 ha-1 y-1

μg CH4 kg-1
(mound) y-1

None

Very low

NA

d

1, 2, 7

Gdw Gross emissions from termites in fallen deadwood NA kg CH4 ha-1 y-1 None NA 2, 3, 7

Gls Gross emissions from termites in living stems NA kg CH4 ha-1 y-1 None NA 2, 3, 7

Gsn Gross emissions from termites in soils NA kg CH4 ha-1 y-1 None NA 2, 7

Omd Oxidation by methanotrophs in mounds NA

1.1 – 62 

kg CH4 ha-1 y-1

μg CH4 kg-1
(mound) y-1

None

Very low

NA

d

4, 7

Odw Oxidation by methanotrophs in fallen deadwood NA kg CH4 ha-1 y-1 None NA 4, 7

Ols Oxidation by methanotrophs in living stems NA kg CH4 ha-1 y-1 None NA 4, 7

Osn Oxidation by methanotrophs in soil NA

4 - 299

kg CH4 ha-1 y-1

μg CH4 kg-1
(soil) y-1

None

Low

NA

e, f

4, 7

BDmdBiomass density of termites in mounds 346 – 5841 g(termite)m-2 Low n 5, 7

BDdw Biomass density of termites in fallen deadwood 1.3 – 3.53 g(termite)m-2 Low g, i 5, 7

BDls Biomass density of termites in living stems NA g(termite)m-2 None NA 5, 7

BDsn Biomass density of termites in soils 0.97 – 9.35 g(termite)m-2 Low g, h, i, j 5, 7
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Ctb Methane emissions per termite biomass 0 – 25.26 μg CH4 g-1
(termite)h-1 Fair k 1

Dmd Termite mound areal density 4 - 215 mound ha-1 Fair l, m, n, o, 

p, 

6

Bmd Termite biomass per mound 8 - 4160 g(termite)mound-1 Low o, q, r 5, 6

Ddw Fallen deadwood areal density 1.05 – 100.4 Mg(wood)ha-1 Low s, t 6

Bdw Termite biomass per mass fallen deadwood NA g(termite)Mg-1
(deadwood) None NA 6

Dls Living stem areal density 40 - 320 Mg(wood)ha-1 Very low u 6

Bls Termite biomass per mass living stems NA g(termite)Mg-1
(living wood) None NA 6

Dsn Subterranean nests areal density NA nests ha-1 None NA 6

Ai Geographic range of termite species i*** NA km2 None NA 5

*Number of subterranean nests per hectare is unreported. **More common estimates from mounds are given in μg CH4 

mound-1
(mound) h-1 or μg CH4 m-2

(mound) h-1 (see S3). ***Upscaled estimates use geographic range of an ecosystem rather than 

of termites. a: Seiler et al., 1984; b: Sugimoto et al., 1998; c: Jamali et al., 2013; d: Nauer, Hutley, et al., 2018; e: Nauer & 

Schroth, 2010; f: Urmann et al., 2007; g: Yamada et al., 2003; h: Inoue et al., 2001; i: Vasconcellos, 2010; j: Abensperg-

Traun & de Boer, 1990; k: Zhou et al., 2023; l: Jamali, Livesley, Grover, Dawes, et al., 2011; m: Brümmer et al., 2009; n: 

MacDonald et al., 1998; o: MacDonald et al., 1999; p: van Asperen et al., 2021; q: Martius et al., 1993; r: Meyer et al., 

2001; s: Cheesman et al., 2018; t: Clement et al., 2021; u: Flores-Moreno et al., 2023.
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Figure 1: Schematics illustrating termite contribution to the methane budget. Panel (a) depicts aspects of 
termite ecology to consider when estimating termite methane flux at the ecosystem scale. Box borders 

signify the certainty of each parameter: dotted border indicates no certainty (i.e., no available data), dot-
dash border indicates low certainty (i.e., data available from < 5 studies), and dashed border indicates fair 
certainty (i.e., estimates ≥ 2 ecosystems and ≥ 5 studies). Parameter ID (corresponding to those in Table 
1) are given in italics. Four main pathways of termite-related methane emissions are colour coded (mounds 

in blue, fallen deadwood in brown, living stems in green and soil in red). Panel (b) indicates probable 
differences in the distribution of termite biomass and net methane flux between ecosystems and among key 

termite sources (EM: Epigeal mounds; SN: Subterranean nests; F: Foragers; DW: Dead wood; LS: Living 
stems; and AN: Arboreal nests). Data are absent for most sources. For tropical forests, termite biomass 

data were taken from Vasconcellos, (2010) (Atlantic-forest, Brazil) and Yamada et al., (2003) (dry 
evergreen forest, Thailand) and for savanna, occurrence data by nesting substrate were taken from Dawes-
Gromadzki, (2008) (savanna, Australia) to represent distribution of termite biomass. Ecosystems are likely 
to vary within and between regions. Mean net methane flux for mounds and soils for tropical forest were 

taken from MacDonald et al., (1998, 1999) (premontane tropical forest, Cameroon and tropical rainforest, 
Malaysia); and van Asperen et al., (2021) (tropical rainforest, Brazil), and for savanna from Jamali et al., 

(2013) and Jamali, Livesley, Grover, et al., (2011) (savanna, Australian); see Table S4.4. * Includes damp-
wood and dry-wood termites. 
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Figure 2. Geographic distribution of termite methane studies. Dots represent location given in termite 
methane studies (either origin of termite sampled or of termite mound), scaled in size by the number of 

studies at each location. Some studies measured methane emissions across more than one location. Panel 
(a) shows 25 locations identified across 20 studies measuring termite methane emissions at the individual 
level (5 additional studies did not provide location information) (Flores-Moreno et al., 2024; Zhou et al., 

2023). Panel (b) indicates 11 locations identified across 15 studies on termite mound emissions (including 1 
unpublished, Yatsko, A., personal communication) (Flores-Moreno et al., 2024). Existing data are most 

limited for South America where estimated termite contribution to the methane budget is highest, alongside 
Africa (Ito, 2023; Kirschke et al., 2013), largely because upscaled estimates use termite biomass densities 

derived from ecosystem GPP, which is greatest in these regions. 
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