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Wetlands cover only ~8% of the total land area on Earth1 
but store 29–45% of the terrestrial organic carbon (C) 
(refs. 2–4). Carbon dioxide (CO2) and methane (CH4) 

are the dominant gaseous end-products of the remineralization 
of organic C as well as the two greatest contributors to the anthro-
pogenic greenhouse effect5,6. Increasing temperature is expected 
to accelerate the decomposition of wetland organic C, stimulat-
ing additional soil CO2 and CH4 emissions and triggering a posi-
tive soil C–climate feedback loop7–9; this effect is especially notable 
for CH4, a particularly potent GHG that has 34 times the radiative 
forcing potential of CO2 by mass over the course of a century6,10. 
Temperature dependence represents a key parameter of previ-
ously developed biogeochemical models that simulate GHG emis-
sions8,11,12. When these models are applied at regional and global 
scales, small inaccuracies in this parameter can result in large err
ors8,10,11,13. Quantifying the temperature dependence of the emis-
sions of these GHGs is thus critical to projections of the feedbacks 
among wetland ecosystems, C cycling and climate change8,14.

However, there is substantial uncertainty regarding the tempera-
ture dependence of wetland GHG emissions7,10,15,16. The activation 
energy is the lowest amount of energy required to initiate a reac-
tion11 and temperature dependence can be described in terms of the 
apparent activation energy which describes the emergent response of 
many biotic and abiotic processes associated with GHG effluxes17,18. 
Studies of the temperature dependence of ecosystem-level CH4 
emissions have reported highly variable apparent activation ener-
gies of 0.2–2.5 eV (1 eV = 96 kJ mol−1)7,18–21. Numerous experiments 
under both field and short-term laboratory conditions have shown 
that CH4 efflux is more sensitive to temperature change than CO2 
efflux due to the differences in the biochemical kinetics of metha-
nogenesis and respiration10,19,22–24. Consistent with this conclusion, 
a global meta-analysis by Yvon-Durocher et al.18 showed that the 
temperature dependence of CH4 efflux (corresponding to an activa-
tion energy of 0.96 eV) was considerably higher than that of CO2 
efflux (0.65 eV), resulting in a higher CH4:CO2 emission ratio as the 

temperature increased. This increase in the CH4:CO2 emission ratio 
suggests that wetland ecosystems around the world may become 
more methanogenic in the future5,25, leading to stronger positive 
feedbacks between global warming and C cycling.

It remains unclear whether CH4 emissions are invariably more 
sensitive to temperature change than CO2 emissions. The major-
ity of the most relevant previous studies were performed in wet-
land ecosystems with water-saturated soils or under anaerobic soil 
incubation conditions10,18,19,22–24 but wetland topsoil is not always 
water-saturated and is often subject to water table fluctuations26–28. 
Previous studies have shown that the threshold water table depth 
(WTD) of global wetlands ranges from −150 to 0 cm (refs. 29,30) 
and even a small change in the wetland WTD may have profound 
impacts on the relative importance of GHGs in terms of over-
all C emissions27,31–33. Until now, however, there has been a lack 
of global-scale evaluation of the temperature dependence of CO2 
and CH4 emissions from diverse wetland ecosystems representing 
diverse climatic and hydrological regimes.

Here, we compiled a database comprising 3,345 paired obser-
vations of seasonally measured CO2 and CH4 emissions from 204 
field sites around the world that encompasses a very wide range of  
wetland ecosystem types and hydrological regimes (Extended Data 
Fig. 1). We then used these data to assess the temperature depen-
dence of wetland CO2 and CH4 emissions and analysed different 
WTD intervals to determine whether these relationships changed 
with variations in WTD.

The analysis of the field data revealed exponential relationships 
between wetland GHG emissions and temperature across 204 sites 
(Extended Data Fig. 2). To characterize the temperature depen-
dence of wetland CO2 and CH4 emissions, we fitted the Boltzmann–
Arrhenius function17,18,34 (which describes the exponential 
relation ship between metabolic rates and temperature) to the data in 
our global database and then evaluated this temperature dependence 
using a linear mixed-effects model. The analysis of wetland CO2 and  
CH4 emission rates revealed that the estimated average apparent 
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activation energy (reflecting the temperature dependence) of CO2 
emissions (EC) did not differ significantly (P > 0.05) from that of 
CH4 emissions (EM) (Fig. 1), suggesting that CO2 and CH4 emissions 
showed similar temperature dependence. Similarly, the intersite 
response of CO2 emissions to the mean temperatures at the sites was 
consistent with that of CH4 emissions (Extended Data Fig. 3).

As expected from the similar responses of CO2 and CH4  
emissions to temperature, the CH4:CO2 emission ratio was not  

significantly affected by temperature across all sites (P = 0.82; Fig. 2a).  
Additionally, the frequency distribution of the site-level temperature 
dependence of the CH4:CO2 emission ratio could be characterized 
by a Gaussian (normal) distribution, yielding an average tempera-
ture dependence of 0 eV on a global scale (P < 0.0001; Fig. 2b).

Our findings of the similar temperature dependence of  
CO2 and CH4 emissions and an invariant CH4:CO2 emission ratio 
with increasing ambient temperature differ from the prevailing  
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Fig. 1 | temperature dependence of wetland CO2 and CH4 emissions. a,b, the temperature dependence values of wetland CO2 (a) and CH4 (b) emissions 
were separately characterized using mixed-effects models after fitting Boltzmann–Arrhenius functions to the emissions data with site-level random effects 
on the apparent activation energy and emission rate at a fixed temperature (Methods). the fitted solid lines correspond to the average apparent activation 
energies estimated from the mixed-effects models (EC  = 0.65 eV for the CO2 emissions (a) and EM  = 0.63 eV for the CH4 emissions (b)). Emissions are 
expressed in standardized form as ln[Ri(T)/Ri(TC)], where Ri(T) is the measured CO2 or CH4 emission rate at site i and Ri(TC) is the site-specific estimate  
of the CO2 or CH4 emission rate at a fixed temperature (TC = 14.7 °C, the average measured temperature in the field emissions dataset). these standardizations 
are provided only as a visual representation of the data.
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Fig. 2 | temperature dependence of the CH4:CO2 emission ratio. a, the relationship between the CH4:CO2 emission ratio and the standardized inverse 
absolute temperature shown was analysed using a mixed-effects model after fitting a Boltzmann–Arrhenius function with site-level random effects on 
the temperature dependence and the emission ratio at a fixed temperature. b, the curve represents a Gaussian distribution fitted to the frequency data 
for the temperature dependence of the CH4:CO2 emission ratio. the distribution of site-level temperature dependence values yielded an average of 0 eV 
(represented by a dashed line in b). Note that 27 outliers of CH4:CO2 ratios were identified, and hence excluded in the analysis in a.
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consensus, which suggests CH4 emissions are more sensitive to tem-
perature than are CO2 emissions. The majority of relevant previous 
laboratory and field studies were performed under water-saturated 
anaerobic soil conditions10,18,19,22–24. By contrast, the GHG emission 
data in our database were derived from diverse hydrological condi-
tions spanning a wide range of WTDs. We suggest that the tempera-
ture dependence of wetland GHG emissions is likely to be altered  
by variations in water table in our database.

To assess the effect of WTD on the temperature dependence of 
GHG emissions, we further analysed a subset of the data in which 

WTD and CO2 and CH4 emissions were measured simultaneously. 
This dataset comprised 1,580 paired observations from 88 field 
sites at which the WTD was not significantly correlated with the 
ambient temperature (Supplementary Fig. 1). The aeration status of 
wetland topsoil often has a strong influence on GHG fluxes, espe-
cially CH4 emissions19. Generally, when the WTD is below −30 cm, 
wetland topsoil is relatively well-aerated and is conducive to micro-
bial aerobic CH4 oxidation and CO2 respiration35–39; by contrast, 
when the water table is close to or above the soil surface (generally 
WTD > −5 cm), wetland soils as a whole experience water-saturated 
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Fig. 3 | temperature dependence of CO2 and CH4 emissions at different WtD ranges. a–f, the temperature dependence values of CO2 and CH4 emissions 
were separately characterized using mixed-effects models after fitting Boltzmann–Arrhenius functions to the emissions data with site-level random effects 
on the apparent activation energy and rate at a fixed temperature (Methods). the fitted solid lines correspond to the average apparent activation energies 
estimated from the mixed-effects models (EC  for CO2 emissions (a,c,e) and EM  for CH4 emissions (b,d,f)). WtD > –5 cm (a,b), –30 cm < WtD < –5 cm 
(c,d), WtD < –30 cm (e,f). Standardized emissions are expressed as ln[Ri(T)/Ri(TC)], where Ri(T) is the measured rate of CO2 or CH4 emissions at site i 
and Ri(Tc) is the site-specific estimate of the CO2/CH4 emission rate at a fixed temperature (TC = 14.7 °C, the average measured temperature in the field 
emissions dataset). these standardizations are provided only as a visual representation of the data.
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anaerobic conditions, which promote the production and release of 
CH4 but suppress microbial CO2 respiration19,40,41. Thus, we divided 
all the GHG emission data on the basis of three WTD intervals: 
<−30 cm, −30 to −5 cm and >−5 cm. Furthermore, by analysing the 
influences of temperature and water table on GHG emissions, we 
found that the variations in WTD significantly (P < 0.001) affected 
CO2 and CH4 emissions when all depths were combined but had no 
significant influence on CO2 and CH4 emissions within each of the 

established WTD intervals (Supplementary Table 1). These results 
suggest that the three WTD intervals reflected different hydrologi-
cal regimes for GHG emissions.

Across the different WTD intervals, our results revealed similar-
ities in the temperature dependence of CO2 emissions but dissimi-
larities in that of CH4 emissions (Fig. 3). Specifically, the EC  values 
corresponding to the different WTD intervals were statistically 
indistinguishable from one another, while the EM  values markedly 
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decreased with decreasing WTD (P < 0.01) (Extended Data Fig. 4). 
A similar pattern was also observed for the temperature dependence 
of CO2 and CH4 emissions from the sites in our database at which 
the water table was relatively static throughout the time period of 
GHG emissions measurements (Extended Data Fig. 5). The remark-
able variation in the temperature dependence of CH4 emissions with 
changing WTD that we observed here might partially explain the 
wide range in previous estimates of the temperature dependence of 
ecosystem-level CH4 emissions, between 0.2 and 2.5 eV (refs. 7,18–21).  
These results also support the idea that models describing CH4 
emissions based on fixed temperature dependence are inadequate 
to predict GHG emissions across wetland ecosystems11 but suggest 
that the varying temperature dependence of CH4 emissions can be 
attributed to changing WTDs.

In addition, we found that at a high water level (WTD > −5 cm), 
the EM  value (1.15 eV) was considerably higher (P < 0.01) than the 
EC  value (0.72 eV) (Fig. 3a,b and Extended Data Fig. 4), resulting in 
a significant increase in the CH4:CO2 emission ratio with increas-
ing temperature (Fig. 4a,b). In contrast, when the water table was 
low (<−30 cm), the temperature dependence of CH4 emissions 
(0.35 eV) was much weaker than that of CO2 emissions (0.73 eV)  
(Fig. 3e,f and Extended Data Fig. 4), leading to a significant decline  
in the CH4:CO2 emission ratio as the temperature increased (Fig. 4e,f).  
These contrasting results indicate that with increasing ambient tem-
perature, the relative contribution of CH4 to overall GHG emissions 
might be enhanced in ecosystems with permanently water-saturated 
soils but reduced in those with lower water tables.

However, at intermediate WTD levels (from −30 to −5 cm), 
CO2 and CH4 emissions showed similar temperature dependence 
(Fig. 3c,d and Extended Data Fig. 4) and the CH4:CO2 emission 
ratio did not significantly change with increasing temperature  
(Fig. 4c,d). The site-level mean WTDs in this dataset followed a 
Gaussian distribution (P < 0.0001), with an average of −18 cm rang-
ing from −144 to 134 cm (Extended Data Fig. 6); this dataset reflects 
the water-level characteristics of global wetlands29,30. Most mean 
WTD values at the sites considered in our study were between −30 
and −5 cm (Extended Data Fig. 6) and the global average wetland 
WTD (−25 cm) also falls within this range29,30. Thus, the dominance 
of the intermediate WTD category may help explain the observed 
consistency in the temperature dependence of CO2 and CH4 emis-
sions on a global scale (Fig. 1 and Supplementary Fig. 2).

Wetlands represent transitional zones between aquatic and 
terres trial environments. Their hydrology is projected to be affected 
by global climate change and these effects are expected to show sub-
stantial spatial variation42. Specifically, wetlands in some places (for 
example, the Mediterranean) will become drier, while those in others  
(for example, Northern Hemisphere high latitudes) will become 
wetter; the general projected global trend is towards drying6,43. In 
addition to the weaker temperature dependence of CH4 compared 
to that of CO2 emissions at lower water levels (Fig. 3e,f), our analysis 
of field data further showed that the lower water tables (<−30 cm) 
could significantly increase CO2 emissions but decrease CH4 emis-
sions and that the higher water tables (>−5 cm) have the opposite 
effect (Supplementary Fig. 3). A similar pattern of CH4 emissions 
has been found in global peatlands44. As such, we conclude that even 
if warming stimulates the decomposition of organic C in wetland 
ecosystems, the potential contribution of CH4 efflux in relation 
to total gaseous C emissions would probably decline under future 
wetland drying. Even so, it should be noted that the wetland water 
table is also affected by locally intensive human activities45–47. For 
example, many wetlands that have been drained in the past due to 
land-use change are being rewetted (for example, peatland restora-
tion in Europe), which could result in higher water tables46,47. As 
raising water levels might enhance CH4 emissions (Supplementary 
Figs. 3 and 4), the coincidence of high CH4 emission with high tem-
perature dependence at high water table levels may further enhance 

the strength of climate change–CH4 feedback. Therefore, to enhance 
our understanding of GHG emissions in global wetland ecosystems 
in a warmer world, future work is need to assess the combined 
effects of global climate change and human activities on wetland 
water tables from local to global scales.

Overall, our findings provide an empirical basis for refining 
representations of the temperature dependence of wetland GHG 
emissions in coupled climate–carbon cycle models12,48,49. The aver-
age temperature dependence (0.63 eV) of wetland CH4 emissions 
reported here is considerably lower than that (0.96 eV) reported for 
anaerobic systems18; this discrepancy suggests that biogeochemical 
models may overestimate wetland CH4 emission rates under cli-
mate warming if only the temperature dependence of CH4 emis-
sions under water-saturated conditions is considered. In addition, 
we provide evidence that the difference in the temperature depen-
dence of wetland CO2 and CH4 emissions varies with WTD. The 
results of this study provide a cross-hydrological perspective for 
the analyses of the temperature dependence of wetland GHG emis-
sions by considering both water-saturated and water-unsaturated 
conditions, and highlight that determining the impact of the water 
table on the temperature dependence of GHG emissions is critical 
to understanding the dynamics of wetland soil C processes in the 
context of global warming.
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Methods
Database compilation. Data were collected by searching for all peer-reviewed 
articles investigating soil CO2 and CH4 emissions that were published before 1 
April 2020, using the Web of Science (http://apps.webofknowledge.com), the 
Google Scholar (https://scholar.google.com) and the China National Knowledge 
Infrastructure Databases (http://www.cnki.net). To avoid bias in publication 
selection, three criteria were used to screen the literature. (1) Both CO2 and CH4 
emissions were measured simultaneously in the field, enabling us to calculate the 
response of the CH4:CO2 ratio to changes in the ambient temperature. (2) The 
studied ecosystem could be considered to represent a category of wetlands defined 
by the Ramsar Convention50: “areas of marsh, fen, peatland or water, whether 
natural or artificial, permanent or temporary, with water that is static or flowing, 
fresh, brackish or salt, including areas of marine water, the depth of which at low 
tide does not exceed six metres”. (3) The study had a duration of at least 3 months to 
avoid short-term noise. Site-specific data such as latitude, longitude, mean annual 
temperature, water temperature, soil temperature and WTD were also obtained 
from the original publications, with all original data extracted from tables and 
figures. The software GetData (v.2.26) was used to extract the data from figures.

In total, the database comprised 3,345 paired observations of CO2 and CH4 
emissions taken from 204 field sites across the globe (Extended Data Fig. 1). In 
addition, to explore whether and how the dependence of wetland GHG emissions 
on temperature varied with WTD, we analysed the data for the subset of sites for 
which simultaneous measurements of GHG emissions and WTD were available. 
This dataset comprised 1,580 paired observations from 88 field sites.

Statistical analyses. Mixed-effects models represent a flexible and powerful tool 
for performing meta-analyses of the kind of data compiled in this study. These 
models allow for nested covariance structures where site-level relationships are 
nested within overall relationships. They can also accommodate unbalanced 
designs in which the number of measurements varies among experimental sites. 
Their use enabled us to determine the overall average temperature dependence  
of efflux for a collection of sites while accounting for the fact that multiple  
efflux–temperature relationships are nested within this overall relationship; they 
also allowed us to explicitly quantify the variation in temperature dependence 
among sites.

We used linear mixed-effects modelling51,52 to assess the temperature 
dependence of CO2 and CH4 emissions, quantified on the basis of a Boltzmann–
Arrhenius function of the form:

ln Ri (T) =
(

Ē + ϵ
i
E

)

(

1
kTC

−

1
kT

)

+ ln R (TC) + ϵ
i
R (1)

where lnRi(T) represents the natural logarithm of the CO2 or CH4 respiration 
rate at absolute temperature T (K) for arbitrary site i; Ē is the average apparent 
activation energy (E) among sites, which characterizes the temperature dependence 
of wetland GHG emissions; and k is the Boltzmann constant (8.62 × 10−5 eV k−1). 
We centred the temperature data using the mean temperature in the dataset, TC, 
so that lnR(TC) corresponds to the average respiration (R) rate among sites at TC. 
Because biotic (for example, substrate supply, microbial community structure 
and/or composition, physiological acclimation and/or adaptation) and abiotic 
(for example, mean annual air temperature) variables may have important roles 
in regulating the response of GHG emissions to ambient temperature14,18 and may 
vary among sites, we expected the estimates of the apparent activation energy, E, 
and the rate of GHG efflux at a fixed temperature, lnR(TC), to also vary among sites. 
This variation was accounted for in our linear mixed-effects models by treating 
the slopes and intercepts as random variables with averages of Ē and ln R (TC), 
respectively, and defining site-specific deviations from these averages of ϵiE and ϵiR 
for each site, i. Although this statistical approach did not allow us to identify the 
particular variables that contribute to differences in flux–temperature relationships 
among sites, it did allow us to quantify the overall magnitude of their effects as 
standard deviations of the random-effects terms. Soil temperature at 5 cm was  
used to assess the temperature dependence of GHG emissions for this study.  
On the basis of some sites with soil temperature at different depths, it was  
shown that the temperature measurement depth had no significant effect on the 
estimated apparent activation energy (Supplementary Fig. 5). We quantified the 
temperature dependence of the CH4:CO2 emission ratio in exactly the same way  
as described above.

To assess whether the temperature dependence of GHG emissions was affected 
by the wetland water table, we divided all the GHG emission data on the basis 
of three WTD intervals: <−30 cm, −30 to −5 cm and >−5 cm. We then assessed 
the potential differences in the temperature dependence of wetland CO2 and 
CH4 emissions among these three WTD intervals. For wetlands in the ‘<−30 cm’ 
WTD interval, the wetland topsoil is mainly aerobic, which is conducive to 
aerobic decomposition and CH4 oxidation35–39. By contrast, for wetlands in the 
‘>−5 cm’ interval, the wetland soil is water-saturated, which is conducive to 
methanogenesis19,40,41.

The linear mixed-effects modelling analysis was performed with the ‘lme’ 
function in the ‘nlme’ package in R statistical software (v.3.6.3)53. To determine 
whether it was necessary to include random effects corresponding to the variations 

in both the slope and intercept among sites18,51,52, the likelihood ratio test was used 
to assess the improvement in model fit between the null model (including all 
potential fixed effects and only one random effect (corresponding to the intercept 
variation)) and an alternative model (including all potential fixed effects and both 
random effects (that is, those corresponding to the slope and the intercept)). By 
analysing the statistical results of likelihood ratio tests and comparing the Akaike 
information criterion (AIC) values of the two models (Supplementary Table 2),  
we found that the random-effects structure that best described each dataset 
included random variation in both the slope and intercept. Thus, we applied 
a random-effects structure including random variation in both the slope and 
intercept to assess the significance of the fixed effects (averages across sites for the 
apparent activation energy and intercept) and other potential covariates. We used 
the confidence interval overlap method54,55 to compare the slopes and intercepts 
generated from the mixed-effects models corresponding to the different datasets.

The frequency distributions of relevant site-level parameters (that is, the 
temperature dependence of the CH4:CO2 emission ratio and mean WTD) were 
plotted to reflect their variability among the different studies on the basis of a 
Gaussian function (that is, a normal distribution):

y = ae
(x−μ)2

2σ2 (2)
where y is the frequency of the parameter values within an interval; x is the mean 
of the parameter for that interval; μ and δ2 are the mean and variance of all values 
of the parameter, respectively; and a is a coefficient indicating the expected value of 
the parameter at x = μ. Origin 2021 software (OriginLab Corporation) was used to 
fit the data to a normal distribution.

Data availability
The original data for this study will be publicly available at: https://doi.org/10.5281/
zenodo.5113602.

Code availability
The code used in this study is available from the corresponding author on 
reasonable request.
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Extended Data Fig. 1 | geographical distribution of the study sites. Some of the sites are very close to one another, and the corresponding symbols  
thus overlap to some extent.
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Extended Data Fig. 2 | the relationship between wetland CO2 (a, c) and CH4 (b, d) emission rates and temperature across 204 sites. Regression lines 
represent the fitted efflux–temperature exponential (a, b) and linear (c, d) relationships.
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Extended Data Fig. 3 | Correlations of average site temperatures with average CO2 and CH4 emissions in globally distributed ecosystems. the average 
site temperature is positively correlated with the average CO2 (a) and CH4 (b) emissions, lnR̄(T), across 204 sites.
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Extended Data Fig. 4 | influence of water table depth (WtD) on the temperature dependence of wetland CH4 and CO2 emissions. Different letters 
denote significant differences (P < 0.01). the sample sizes by greenhouse gas type and water table depth interval are as follows: CO2, < −30 = 332; CO2, 
−30 to −5 = 675; CO2, > −5 = 592; CH4, < −30 = 331; CH4, −30 to −5 = 676; CH4, > −5 = 589. the data are represented as the mean and s.e. (the s.e. 
values among different water table depth intervals were obtained from the mixed-effects models).
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Extended Data Fig. 5 | Correlation of water table depth (WtD) with the temperature dependence of CO2 and CH4 emissions for wetland sites with 
relatively static water tables. the apparent activation energy was used to reflect the temperature dependence of CO2 and CH4 emissions (more details in 
the Method).
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Extended Data Fig. 6 | Frequency distribution of site-level mean water table depth (WtD) values. the solid line represents a Gaussian distribution fitted 
to the frequency data for WtD. the distribution of site-level mean WtD values yields an average of −18 cm (represented by the dashed line).
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