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ENVIRONMENTAL STUDIES

The large role of declining atmospheric sulfate
deposition and rising CO, concentrations in stimulating

future wetland CH4 emissions

Lu Shen1'2*, Shushi Peng3, Zhen Zhang4, Chuan Tongs, Jintai Lin1, Yang Li5, Huiru Zhong1,

Shuang Ma’%, Minghao Zhuang’, Vincent Gauci'®'"?

Existing projections of wetland methane emissions usually neglect feedbacks from global biogeochemical cycles.
Using data-driven approaches, we estimate wetland methane emissions from 2000 to 2100, considering effects of
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meteorological changes and biogeochemical feedbacks from atmospheric sulfate deposition and CO, fertilization.
In low-CO; scenarios (1.5° and 2°C warming pathways), the suppressive effect of sulfate deposition on wetland
methane emissions largely diminishes by 2100 due to clean air policies, with resulting emission increases (7 + 2 Tg
a~") being 35 and 22% of total wetland emission changes. In mid-CO, scenarios (2.4° to 3.6°C warming pathways),
sulfate deposition changes modestly, and CO, fertilization contributes >30% of wetland emission increases. Across
all scenarios, biogeochemical feedbacks can stimulate 30 to 45% of future wetland emission rises. Under 1.5° and
2°C pathways, wetland methane emissions will likely increase by 20 to 34 Tg a~' by 2100, representing 8 to 15% of
the allowable space for anthropogenic methane emissions, a factor not yet considered by current assessments.

INTRODUCTION

Atmospheric methane (CHy) is a potent greenhouse gas, which has
been responsible for 0.6°C global warming since preindustrial
times (1). Natural wetlands are the largest individual source con-
tributing 120 to 210 Tg of methane annually as the result of anaero-
bic microbial decomposition of organic matter [90% confidence
intervals (Cls), data S1], accounting for 20 to 40% of the global
emission budget (2-5). The negative isotopic shift of 8Ccpa im-
plies that the renewed methane growth after 2007 is likely caused
by increases in microbial emissions, particularly from wetland
methane feedbacks (6-9). The exceptionally high growth in atmo-
spheric methane concentrations of 2020 and 2021 was also linked
to intensified wetland emissions (8, 10-14). In the past decade, the
growth in field experiments has shown that wetland methane emis-
sions should be closely linked to long-term changes in meteorology
(e.g., temperature and precipitation) (15) and biogeochemical feed-
backs (e.g., CO, enrichment and suppressive effects of sulfate depo-
sition) (16, 17). To date, few studies have sought to quantify future
wetland methane emissions associated with the meteorological
feedback (18-24), along with further evaluation of the biogeo-
chemical feedback regarding CO, enrichment (19, 20, 24), in
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combination. Current Integrated Assessment Models, which design
and evaluate mitigation pathways, do not directly incorporate fu-
ture changes of wetland methane emissions (25).

Wetland CH4 production is known to depend on climate, with in-
creasing temperature and precipitation expected to stimulate methane
emissions (19). Higher temperatures can facilitate microbial metha-
nogenesis, increase substrate availability, and cause permafrost thaw-
ing, thus resulting in greater CH, production in wetlands (15, 26-30).
Increased precipitation can expand inundation extents, thereby rising
methane emissions (18). In particular, there are still substantial uncer-
tainties in parameterizing meteorological dependences of CH4 emis-
sions in process-based biogeochemical models (27, 31-34), which
hinders an accurate prediction of their responses to climate change.
By the end of this century, previous studies projected an increase of
wetland CH, emissions by 40 to 270 Tga™" in the “worst-case” [Rep-
resentative Concentration Pathway 8.5 (RCP8.5) or equivalent] sce-
nario (22-24, 35) and by 14 to 50 Tg a~! in a low-CO, scenario
(RCP2.6 or equivalent) (18, 19), which are highly uncertain.

Disturbances to wetland biogeochemistry, which have not yet
been adequately assessed, could lead to large uncertainty in the esti-
mated wetland methane emissions. Site-scale field experiments have
demonstrated that atmospheric sulfate deposition can substantially
suppress CH, emissions from natural wetlands by as much as 40%
(16). This is because sulfate can stimulate the growth of sulfate-
reducing bacteria, which outcompete methane-producing archaea
for the same substrates (36, 37). With sulfur emissions increasing
substantially in the late 1990s, previous studies in the early 21st cen-
tury predicted this suppressive effect to strengthen by the end of this
century, thus offsetting warming-induced increases in wetland meth-
ane emissions (16). However, the projected decline of anthropogenic
sulfur emissions by 2100 (38) implies that this conclusion needs to be
revisited. Nitrogen deposition more likely stimulates methane emis-
sions in natural wetlands by enhancing carbon substrates and metha-
nogenic activities (39, 40), but the magnitude of its influence on
future wetland methane emissions is likely to be controversial (39-
41) and is complicated by runoff of nitrogen fertilizers from nearby
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cropland especially in northern boreal areas, Africa and upper
Amazonia (8). On the other hand, the effects of rising atmospheric CO,
on wetland CH, emissions remain largely ambiguous: It stimulates
CH, production by increasing soil carbon availability (17, 42) but de-
creases CH, emissions because of enhanced oxidation due to more
oxygen supplied by plant roots (43, 44). From paleoclimate records,
the strong correlation between 8'*Ccpi4 and CO, concentrations im-
plies that CO, fertilization was an important active feedback on wet-
land methane emissions, especially for C3 plants (8, 45). However, to
our knowledge, only simplified CO, fertilization mechanisms (e.g.,
stimulate vegetation production and soil carbon availability) have
been included in present-day biogeochemical models (10, 19, 24).
Nevertheless, the wealth of field experiments in recent years has sub-
stantially enriched our knowledge of these biogeochemical effects on
methane emissions at the site scale, which we will synthesize here for
a better and more accurate global estimate.

RESULTS

Overview of our approach and wetland emission baselines
We present a cross-disciplinary approach for extrapolating methane
emissions into the future, building on a suite of empirical datasets and
modeling results to constrain meteorological and biogeochemical
feedback effects (Fig. 1). To model the meteorological feedback, we
develop a regression model that considers both local and regional me-
teorological effects on wetland methane emissions, trained by wet-
land methane fluxes from 31 process-based inventories and 8
atmospheric inversions (table S1, text S1, and figs. S1 to S5). This re-
gression model directly simulates the apparent sensitivity to meteo-
rology, thus including confounding effects from other environmental
and ecological factors. We apply this model to climate projections
from an ensemble of Shared Socioeconomic Pathway (SSP) and RCP
scenarios (39 climate models, 423 realizations, and seven climate sce-
narios) from 1900 to 2100 (table S2). To quantify the biogeochemical
feedbacks, we compile available field measurements of methane fluxes

in response to sulfate deposition and CO, enrichment (data S2 and
S3), most of which are located in Northern Hemisphere. These em-
pirical relationships are applied to deposition rates of sulfate, which
are simulated by climate-chemistry models that participate in the
Aerosol Chemistry Model Intercomparison Project (AerChemMIP)
(4 to 10 models) (table S3) (46), and to future atmospheric CO, con-
centrations (47, 48). Throughout this study, the uncertainties are ex-
pressed as 90% ClIs from a Monte Carlo analysis, which considers
errors arising from biogeochemical feedback pathways, empirical
models trained by different wetland inventories, and meteorology
projections from different CMIP6 models.

We determine the baseline of wetland methane emissions by col-
lecting estimates from recently published data, in the context of their
reporting periods dating back to the 2000s and using either bottom-
up or top-down approaches. The bottom-up approach usually uses
process-based biogeochemical models (49, 50), and they report in-
creasing trends between 2000 and 2019 (fig. S6). The top-down ap-
proach attributes the variability of in situ and satellite CHy
concentrations to surface fluxes (11, 13, 51), by applying weight to
prior guesses (usually from prior inventories) with observations.
Thus, it can provide a unique opportunity to validate emission inven-
tories where observations are abundant. Overall, wetland methane
emissions from 2000 to 2019 are estimated to be 174 + 45 Tga™" (90%
CI) from 135 studies, with similar magnitudes between bottom-up
(173 + 55 Tg a™', n = 74) and top-down (175 + 29 Tga™", n = 61)
approaches (fig. S7 and data S1). The high uncertainty from bottom-
up methods is linked to the inadequate representations of abiotic in-
puts [e.g., the inundation extent (52, 53) and water table depths (54)],
as well as the complexity of the parameterizations in methane biotic
processes (30, 49, 55) and egress pathways (56). For example, mea-
sured methane emissions in Zambian wetlands were an order of mag-
nitude higher than those simulated by land surface models (57).
Top-down approaches can reduce some of these uncertainties, al-
though these assessments cannot rule out the biases resulting from
incomplete coverage of observations, modeled atmospheric transport,

Biogeochemical and meteorological feedbacks on future wetland methane emissions from 2000 to 2100
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Fig. 1. Our data-driven framework to evaluate future wetland methane emissions. This work evaluates the combined effects of biogeochemical and meteorological
feedbacks on wetland methane emissions. The numbers in the parenthesis denote methane emission changes (not absolute emissions) from 2000 to 2100 for two mitiga-
tion scenarios (ssp119 and ssp126) targeting 1.5° and 2°C goals, with contributions by two feedback pathway effects.The icons used in this figure are from Integration and
Application Network (ian.umces.edu/media-library) under Attribution-ShareAlike 4.0 International (CC BY-SA 4.0).
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observation sources (4) (e.g., satellite and isotope), flux partitioning
(51), and the uncertainties in wetland extents used in the inver-
sion system.

Biogeochemical sensitivities to sulfate deposition and

CO, enrichment

Figure 2A reveals an emergent pattern of increasing suppression of
wetland methane emissions with increasing sulfate deposition up to
40 kg of Sha™> a™". This empirical relationship is based on collected
data from 30 independent field and controlled environment experi-
ments (data S2). These suppressive relationships are consistent with
what Gauci et al. (16) found from 15 measurements. These suppres-
sion effects arise from sulfate-reducing bacteria, which can outcom-
pete methanogens for substrates and use sulfate as a terminal
electron acceptor for the degradation of organic compounds (text
S2) (16, 58), thereby mitigating the production of methane. The sup-
pression effect substantially increases with sulfate deposition rates
less than 40 kg of S ha™® a™', and then it reaches a saturation state
(~40%) for larger rates (Fig. 2A). This saturation effect arises likely

due to the confounding presence of other factors (substrate avail-
ability and temperature), which become the limiting factors rather
than sulfate supply.

Because sulfur pollution is expected to decrease considerably in
response to global efforts in curbing air pollution and acid rain (fig.
S8A) (38), it is important to examine how it may alter wetland meth-
ane emissions. Figure 2B displays the amount of sulfate deposited
on wetlands from 1900 to 2100 in historical and different future tra-
jectories (38). The peak time of sulfate deposition is in the 1980s at
the global scale (Fig. 2B), mainly driven by the peak of anthropo-
genic SO, emissions in North America and Europe (fig. S9) in the
same period. Emissions in China and South Africa peaked in the
2010s and are projected to decrease in the future in all scenarios.
However, in many other developing regions including India, Africa,
Middle East, South America, and Southeast Asia, future changes of
anthropogenic SO, emissions highly depend on socioeconomic sce-
narios (fig. S9). In the cleanest ssp119 scenarios with strong clean air
policies, sulfate deposition on wetlands will return to the 1900 level
after 2050, implying higher methane emissions due to alleviated

Effects of atmospheric sulfur deposition and CO, enrichment on wetland methane emissions
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Fig. 2. Effects of atmospheric sulfate deposition and CO, fertilization on wetland methane emissions. (A) Suppressive effects of sulfate deposition on wetland
methane emissions (data S2). Shaded area denotes the 90% Cls of fitted relationships from 1000 bootstrap experiments. (B) Global wetland sulfate deposition from 1900
to 2100 along different climate and socioeconomic pathways, calculated from Aerosol Chemistry Model Intercomparison Project (AerChemMIP) models. The global wet-
land area is from Wetland Area and Dynamics for Methane Modeling (82). (C) The natural log of global mean response ratio (InRR), which describes the sensitivity of wet-
land methane emissions to per 100-part-per-million (ppm) increase of atmospheric CO, concentrations collected from published studies. The mean InRR is obtained from
randomly selecting samples from observations (data S3), weighted by replication of each experiment, using a Monto Carlo method. The hinges in boxplots refer to the
5th, 25th, 50th, 75th, and 95th quantiles. (D) Global mean atmospheric CO, concentrations (48) from 1900 to 2100 in seven future scenarios. The dashed line denotes the
average elevated CO; concentrations in CO; fertilization experiments (data S3).
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sulfate suppression. In more polluted ssp370 scenarios, sulfate de-
position will remain at 70% of the 1980s’ level globally by the end of
this century and increase in tropical areas where large wetland areas
are located (fig. S8).

We assess the response of wetland methane emissions to CO,
enrichment by compiling published experimental data from 43 field
sites from published literature (data S3), which encompass a wide
range of wetland ecosystem types. These experiments, primarily
conducted in northern mid- to high-latitude wetlands, typically el-
evated CO, concentrations from 300 to 400 parts per million (ppm)
to 600 to 800 ppm (data S3). Overall, we identify positive responses
of wetland methane emissions to rising CO, concentrations, and the
magnitude does not show a notable dependence on wetland types or
water table levels (fig. S10), although controlled environment CO,
manipulation experiments do suggest a nutrient status contingency
on wetland methane emission responses to variable CO, concentra-
tions (59). We use the mean value of all experimental data to upscale
the global total and apply it to future climate scenarios. On the basis
of this dataset, increased CO, stimulates CH4 emissions from natu-
ral wetlands at an exponential rate of 0.038% (0.01 to 0.067%)
ppm ™' (Fig. 2C). C4 plants are less responsive to elevated CO, con-
centrations (8, 60, 61); thus, later, we include a sensitivity test by
excluding C4-dominated wetlands (fig. S11) (62) from our calcula-
tion of CO, fertilization effects while retaining them in the calcula-
tions of meteorological effects (temperature and precipitation) and
sulfate suppression. However, our understanding of the latitudinal
distribution of C4 vegetation and its response to CO, fertilization
still remain limited, as these factors are not adequately constrained
by current observations. Figure 2D shows the changes in CO; con-
centrations under different climate scenarios (47, 48). In 2000, the
global mean CO, concentration was 370 ppm. By 2100, CO; levels
will be 390 ppm after an overshoot to 440 ppm around 2050 in

ssp119 or almost triple (~1150 ppm) in the extreme warming sce-
nario ssp585.

Future wetland CH; emissions and attribution to different
driving factors

Our objective is to assess the share between meteorological and bio-
geochemical (sulfate suppressive effect and CO, fertilization) feed-
back effects in the projected trajectories of natural wetland methane
emissions using our empirical models (Fig. 3) in different radiative
forcing and socioeconomic scenarios (Fig. 4), as predicted by CMIP6.
However, projections to extreme warming scenarios (ssp370 and
ssp585) by 2100 are subject to very high uncertainties for three rea-
sons. First, CO; levels in these two scenarios will far exceed (by up to
50%) the concentration range of CO, fertilization experiments (Fig.
2D), making the extrapolation of fertilization effects to 2100 highly
uncertain. Second, the effects of CH, released from permafrost thaw-
ing are not well represented in CMIP6 models (25, 63) and, thus,
cannot be accurately quantified in this work. Third, plants are ex-
pected to adapt to warming environment, e.g., the evolution of C3
and C4 plant distribution in a warmer climate (64, 65), which is dif-
ficult to accurately characterize (18). Thus, we only display future
changes regarding these low- to mid-CO, scenarios in the main text,
and the results about high-CO, climate scenarios are in the Supple-
mentary Materials.

As shown in Fig. 3A, over the 1900-2000 period, wetland emis-
sions remain relatively stable, and the lowest emissions are around
the 1980s partly due to the peaking suppressive effects from anthro-
pogenic sulfur emissions (Fig. 3B and fig. S12). The influence of me-
teorology and CO, fertilization becomes evident since 2000,
stimulating much faster increase of methane emissions than in the
20th century (Fig. 3B), consistent with previous work (10, 19). Our
results show that mean global CH4 emissions from natural wetlands

Trajectories of global wetland CH, emissions with individual feedback effects from 1900 to 2100
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Fig. 3. Global wetland methane emissions from 1900 to 2100 with contributions from individual feedback effects. (A) Global wetland CH, emissions from 1900 to
2100 in historical and seven future scenarios. The right panel of (A) shows the range of +1c for the emissions at the end of the 21st century. The horizontal line denotes
the average emissions over the 2000-2019 period (174 Tg a~") collected from 135 studies (data S1). For the two high-CO5 scenarios, ssp370 and ssp585, the projections
are subject to large uncertainty because of extreme extrapolations of CO; fertilization effects and underrepresentation of mechanisms like permafrost thawing and plant
adaptation in CMIP6 models and, thus, denoted as dashed lines. The rises in global surface air temperature from 1850-1900 to 2081-2100 (47, 86) under different climate
scenarios are shown inset. (B) Individual feedback effects on wetland CH, emissions from meteorology, sulfate deposition, and CO, enrichment. All feedback effects are
shown as changes relative to the year 2000 (171 Tg a~'). Additional details on the contributions from each feedback pathway, along with the total emission trajectories on

a decadal scale, can be found in fig. S13.
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Changes of natural wetland methane emissions in low- to mid-CO, climate scenarios from 2000 to 2100
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Fig. 4. Contributions of meteorological and biogeochemical feedbacks (CO, fertilization and sulfate suppressive effect) in wetland methane emission. The
changes are calculated using as reference the year 2000. (A and B) Methane increases from meteorological feedback, sulfate deposition effects, and CO, enrichment in
low- to mid-CO, scenarios from 2000 to 2100. On the right y axis of (A) and (B) shows the comparison with major global emissions from the ocean (66), the US oil/gas in-
dustry (67), China’s coal (68), global oil/gas and coal industry (68), and global livestock (3). Calculated average meteorological effects based on inventories from WetCHARTs,
GCP wetland models, and atmospheric inversions are shown inset (table S1). The upward triangles denote the CO, fertilization effects after excluding C4 plants in calcula-
tion. The downward triangles denote the calculated CO, feedback by lowering the response sensitivity of wetland fluxes north of 50°N (see fig. S21 for details). Detailed
numbers of contribution from different feedback effects are displayed in table S4. (C and D) Time series of wetland methane emissions relative to the 2000 level for the
two mitigation scenarios targeting 1.5° (C) and 2°C (D) goals, with the contribution of different driving factors included.

may increase from 171 Tg of CHy a™" in 2000 by 20, 34, 44, 62, and
85 Tg of CHy a™" in ssp119, ssp126, ssp434, ssp245, and ssp460, re-
spectively, in 2100 (Fig. 3). In the strongest climate mitigation sce-
nario (sspl19), wetland CH,4 emissions peak around the 2050s
(~198 Tg of CH, a™") and decline slightly thereafter. In the two ex-
treme warming scenarios, ssp370 and ssp585, wetland CH,4 emis-
sions increase by 60 to 110% by the 2100s, with an increasing trend
throughout the century but with very high uncertainty. The contri-
bution of each feedback effect alongside total emissions on a decadal
scale for all scenarios can be found in fig. S13.

In low-CO; scenarios (ssp119 and ssp126, 1.5 to °2°C warming
pathways), climate warming and declining sulfate deposition are the
primary drivers of increasing wetland methane emissions (Fig. 4A).
In response to clean air policies, anthropogenic sulfur emissions are
expected to return to the 1900 level by the 2100s (fig. S8), substan-
tially alleviating their suppression effects on wetland methane for-
mation. Such alleviating effects are most notable between 2020 and
2050 (fig. S8), during which period anthropogenic sulfur emissions
decrease by ~50 Tg of SO, a™" (or by ~70% relative to 2020). Conse-
quently, the induced increase in methane emissions from 2000 to
2100 is 6.9 + 1.8 Tga~ " in ssp119 and 7.0 + 1.8 Tg a™" in ssp126,
amounting to 61 and 33% of the wetland methane emissions from
meteorological effects alone (temperature and precipitation effects,
table S4). By 2100, methane increases from the ssp119 and ssp126
scenarios are estimated to be 20 and 34 Tg a™, respectively, and the

Shenetal., Sci. Adv. 11, eadn1056 (2025) 5 February 2025

biogeochemical feedback explains 43 and 38% of these increases.
More specifically, in these two scenarios, CO, enrichment explains
9 and 17%, and decreasing sulfate deposition explains 35 and 21% of
the total increase in methane emissions. These emission enhance-
ments are 2.2 to 3.8 times global oceanic sources (9 Tg a™) (66), 1.6
to 2.7 times emissions from the oil-gas industry of the US (12.5 Tg
a1 (67), and comparable to the emissions from China’s coal (21 Tg
a Hor global coal industry (33 Tg a~1) (68). In the ssp126 scenario
(equivalent to RCP2.6 in CMIP5), the emission increases resulting
from meteorological and CO, feedbacks are 27 Tga™" in this study,
which is in the range of 14 to 36 Tg a™" [an exceptionally high pro-
jection of 50 Tg a™" from Zhang et al. (19) is not considered here]
from five previous estimates (table S5) (10, 18, 20, 21, 24). The me-
teorological feedback alone is expected to increase wetland emis-
sions by 21 + 4 Tga™', higher than the estimate (14 Tga™") of Koffi
et al. (18) who accounted for plant adaption to rising temperatures
using an empirical approach. However, after including the biogeo-
chemical feedback from sulfate deposition, our estimated methane
increases (34 Tg a™") in ssp126 are almost the highest of all studies
in the low-CO, scenario (18, 24).

In mid-CO; scenarios (ssp434, ssp245, and ssp460, 2.4° to 3.6°C
warming pathways), climate warming and CO, enrichment are the
primary drivers of amplifying wetland methane emissions by 44 to
85 Tga~' (Fig. 4B) in 2100 relative to 2000. In these scenarios, tem-
perature and precipitation will experience substantial increases
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(figs. S14 and S15), promoting microbial activities and expanding
wetland areas, especially in northern boreal regions (fig. S16). The
estimated stimulations range from 31 to 56 Tg a~" through meteo-
rological feedback and 8 to 27 Tga™" through increased atmospher-
ic CO; concentrations. The effects of sulfate deposition in driving
future wetland methane emissions change relative to 2000 (1 to 5 Tg
a~!) are much less than those of other feedback pathways. If we as-
sume that the C4-dominated wetlands (fig. S11) (62) are not respon-
sive to elevated CO; concentrations (60, 61), then the magnitude of
CO, fertilization effects on wetland methane emissions will be low-
ered by 3.1 and 4.4 Tg a™' (or ~16%) in 2100 relative to 2000 in
ssp245 and ssp460. Overall, biogeochemical feedback, mainly aris-
ing from CO; enrichment, contributes 30 to 40% of the total meth-
ane emission increases in ssp434, ssp245, and ssp460, and 40 to 50%
in ssp370 and ssp585 (table S4).

In reference to policy questions, anthropogenic emission needs
to be mitigated by 180 Tg a~' and 130 Tg a™ toward the 1.5° and
2°C warming goal from 2020 to 2050 (38), respectively. On the basis
of our assessment, wetland methane emissions will increase by 14
and 19 Tg a™" along these two trajectories (Fig. 4, C and D) for the
same period (table S6), amounting to 8 to 15% of the mitigation
target, which has not been taken into account in present-day climate
assessment. The Global Methane Pledge aims to reduce anthropo-
genic methane emissions by ~100 Tg a™" (30%) from 2020 to 2030
(69); during this same period, wetlands emissions are estimated to
increase by 10 Tga™" in ssp119 (Fig. 4, C and D, and table $6). These
results suggest that achieving the 1.5° or 2°C warming goal needs
11 + 4% more aggressive mitigation, which is lacking in the present-
day climate assessment.

DISCUSSION

Our estimates of future emission paths are still hampered by the
relative scarcity of reliable field manipulation experiments. For
CO;, fertilization effects, the response sensitivity calculated from
these limited number of experiments has a high range (the relative
SD is 30%), which results in highly uncertain projections of wet-
land methane emissions in these mid- to high-CO, scenarios (figs.
S17 and S18). For example, in ssp245 and ssp460 scenarios, the
difference of CO, fertilization effects from 2000 to 2100 can be 30
to 40 Tg a~' between using the lower and upper bounds of CO,
fertilization sensitivities (fig. S18). In addition, CO; concentrations
were only elevated to 600 to 800 ppm in past field experiments (Fig.
2D), much lower than the expected 900 to 1150 ppm by 2100 in the
two extreme warming scenarios (ssp370 and ssp585). For the sup-
pressive effects of sulfate deposition, we assume that the response
of wetland methane emissions is instantaneous and the suppressive
effects from last year will not persist to the next year. This is sup-
ported by a field experiment showing that CH, emissions could
return to baseline levels in 2 years if the sulfate deposition rate is
less than 25 kg of S ha=%a™! (70), and >90% wetlands in the future
will be below half of this deposition rate. On the basis of field mea-
surements from FLUXNET-CH4, we also find notably lower meth-
ane emissions in salted wetland ecosystems (e.g., salt marsh and
mangrove), linked to the suppressive effects of high sulfate concen-
trations in the water environment (fig. S19). However, even after
including observations dating back to the early 2000s, we still can-
not find statistically significant evidence of increasing methane
emissions that can be directly ascribed to declining atmospheric
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sulfate deposition. Detecting the effect of diminishing sulfate sup-
pression amidst the highly variable flux data in FLUXNET-CH4 is
challenging. This is because the interannual variability of wetland
methane fluxes at the site scale (~25%) is influenced by a variety of
environmental variables, such as temperature and water table
depths, which cause far greater flux fluctuations than the effects of
sulfate deposition (<5%) from 2000 to 2020. This disparity makes
it difficult to isolate the impacts of sulfate deposition based on in-
terannual observations (fig. S20).

Current field experiments regarding CO, fertilization effects are
mainly conducted in northern mid- to high latitudes, raising a ques-
tion whether these observed feedbacks are valid globally. Because it
is not feasible to obtain additional experimental data from wetlands
across all latitudes, we use process models to gain insights into this
issue. Here, we examine the response sensitivity of wetland methane
emissions in two land process model ORCHIDEE (71) and LPJ-wsl
[Lund-Potsdam-Jena-Wald, Schnee and Landschaft; (10, 19)]. Both
models simulate similar magnitudes of CO; fertilization sensitivities
across (sub)tropical and temperate wetlands (fig. S21). However,
this consistency does not guarantee that these results hold valid in
the tropics due to the lack of observations there. In north of 50°N,
such a sensitivity slightly decreases in LPJ-wsl but substantially de-
creases in ORCHIDEE (fig. S21), because the influence of CO, on
photosynthesis (the substrate for methanogens) at high latitudes is
limited due to low temperatures (72). Thus, to simulate this declin-
ing CO, fertilization effects at higher latitudes, we conduct a sensi-
tivity test assuming that the CO, fertilization effects of C3 plants
gradually decline to zero from 50°N to 75°N (with minimal wetland
presence north of 75°N). This adjustment results in a reduction in
the magnitude of future changes in wetland methane emissions by
<2 Tg a~! in low- and mid-CO, scenarios (Fig. 4). Nevertheless,
there is still substantial latitudinal variability in CO, fertilization ef-
fects across different process-based models (fig. S21) (72), which
needs future investigation.

Current field experiments about the suppressive effects of sulfate
deposition on natural wetlands are predominantly conducted in the
mid- to high-latitude regions, whether these findings can be applied
to lower latitudes remain unclear. However, similar reduction in
methane emissions has been repeatedly observed in rice paddy ag-
riculture experiments (73, 74), which are a reasonable analog of
natural wetlands across the tropics (fig. S22). These experiments
conducted on rice paddies typically involve a single, high-dose ap-
plication of sulfate, differing from natural wetlands that receive
continuous, low dose of atmospheric deposition. This large single
dose can therefore promote a more substantial inhibition (up to
70%, fig. S22) compared to the chronic, continuous low doses of
sulfate in natural wetlands (Fig. 2A). Meanwhile, management in-
terventions used in rice paddies, application of N-based fertilizers
and incorporation of organic matter, would mitigate part of sup-
pressive effect by sulfate because N fertilizers would have their own
inhibitory effect and sulfate suppression relies on limited organic
substrates over which competition with methanogens can occur
(73). Despite these differences, the observed methane suppression
by sulfate addition in rice paddies suggests that the interaction is as
relevant in the tropics as it is in northern wetlands and would obey
similar dose-response patterns.

Our framework is a data-driven approach that synthesizes results
from recently published field measurements in combination with
state-of-art modeling outputs. It may neglect some important
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physical mechanisms, especially those not yet being constrained by
observations, including permafrost thawing (25), ecological adapta-
tion to warming climate (I8), the evolution of methanogen and
methanotroph communities (15), nitrogen (8) and sulfate runoff
from nearby anthropogenic sources (cropland and cities), and the
limited understanding of wetland extent sensitivity to warming
(10, 18). The effects of atmospheric nitrogen deposition on wetland
methane emissions is still controversial (39-41) and is complicated
by runoft of nitrogen fertilizers from nearby cropland (8), which
needs further investigation in the future. Net methane emissions
represent the imbalance between microbial methane production
(methanogenesis) and oxidation (methanotrophy), but the latter has
been subject to far less investigation in previous studies (15) and is
not well parameterized in biogeochemical models (43), which adds
uncertainty to future projections. In high-CO, scenarios, wetland
CH, emissions may act as positive feedback in amplifying the warm-
ing effects, which is not evaluated in this work. Because of the above
reasons, our projections for extreme warming scenarios (ssp370 and
ssp585) are subject to high uncertainties. Moreover, our empirical
approach is designed in a way that it directly simulates the apparent
sensitivity of wetland methane emissions to meteorological and bio-
geochemical factors. It cannot cancel out the confounding factors
and their interaction if these factors influence methane fluxes dis-
tinctly in the future. This will introduce some uncertainty, which is
difficult to quantify from field measurements.

In the context of climate change mitigation, future trajectories of
wetland methane emissions under the lowest-CO, emission scenar-
ios (ssp119 and ssp126) reduce the allowable space for anthropo-
genic methane emissions by 8 to 15%. This means that policy
instruments such as the Global Methane Pledge will require steeper
cuts to anthropogenic methane emission sources than stipulated if
we are to stay within Paris Agreement guardrails of 1.5°C warming.

MATERIALS AND METHODS

Database 1: Wetland methane emissions from bottom-up
and top-down approaches

Natural wetlands are defined as areas with soils permanently or tem-
porarily covered by water, excluding those small ponds, rivers, and
lakes. Here, we compiled peer-reviewed studies published before
December 2022 using keywords including “wetland” and “methane
emissions” Our efforts identified a total of 135 estimates from 100
publications (data S1), which use either bottom-up or top-down ap-
proaches. Results show that bottom-up (173 + 55 Tg a~*, 90% CI,
n = 74) and top-down (176 + 29 Tga ™", 90% CI, n = 61) approach-
es are consistent in magnitude. Synthesizing estimates from all stud-
ies, wetland methane emissions are determined to be 174 + 45 Tg
a~! (90% CI) over the 20002019 period.

Database 2: Suppressive effects of sulfate deposition on
wetland methane emissions
We extracted results for sulfate suppressive effects on wetland meth-
ane emissions using keywords including “sulfate” and “methane
emissions” until December 2022. Our efforts identified a total of 30
experiments (data S2). Consistent with (16), we fit the observed sup-
pression effects using the form of the Michaelis-Menten equation,
which is written as

ax

b+x

gt = (1)
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where g(x) is the percent suppression of wetland methane emissions
(%) and x is the sulfate deposition rate (kg of S ha=!a™). g refers to
the maximum of the suppressive effects and is optimized to be
—42.8%, and bis 13.0 kg of Sha™" a™". This empirical model is fitted
to the available observations with a coefficient of determination
(R?) of 0.77.

Database 3: Effects of CO, enrichment on wetland
CH; emissions
Responses of CHy emissions to atmospheric CO, concentrations
were collected by searching for all peer-reviewed articles that were
published before December 2022. For each study, we collected the
coordinates of sites, wetland types, water table levels, ambient and
elevated CO, concentrations, and methane fluxes. The final dataset
(data S3) includes 118 experiments from 34 individual sites. These
experiments increased atmospheric CO, concentration from 300 to
400 ppm to 600 to 800 ppm on average. We also examined whether
any covariates, such as water table levels, latitudes, and ecosystem
types, can explain the variability of the effect of increased CO,, and
none of such analyses is statistically significant (fig. S10).

Following (17), we use the natural log of the response ratio
(InRR) to assess the effect of CO, enrichment on methane fluxes
from the wetland for each pair of data points

In(y./y,)
Ce - Ca

InRR = @)
where y is measured CHy flux under elevated (e) or ambient (a)
CO; concentrations (denoted as C, and C,). We use the mean
values of InRR to upscale the global total and apply it to future
climate scenarios.

In part of the work, we explore the response of wetland fluxes to
CO, enrichments in two land surface models [ORCHIDEE (71) and
LPJ-wsl (10, 19)], aiming to examine the CO, fertilization effects at
different latitudes and also verify our empirical results using these
models. In ORCHIDEE, the methane scheme includes a detailed
representation of methanogenesis from different carbon pools, oxi-
dation and transport by plants, and ebullition and diffusion in soil
(75). In LPJ-wsl, CH,4 emissions are modeled as a function of wet-
land extents, soil temperature, heterotrophic respiration, and an
emitting factor empirically fitted to match latitudinal wetland CH,4
fluxes from an atmospheric inversion study (10, 19). In both models,
we perturb the ambient CO, concentrations by an increase of 200 to
300 ppm and maintain the meteorology at the present-day level, and
the response sensitivity of wetland CH, emissions to CO; enrich-
ment is displayed in fig. S21.

Wetland methane emissions from bottom-up inventories
and top-down inversions

We examine present-day meteorological sensitivities of wetland
methane emissions using methane fluxes from 31 bottom-up invento-
ries and eight top-down inversions (table S1). For bottom-up esti-
mates, we rely on 18 inventories from WetCHARTSs v1.3.1 (49, 50) and
13 land surface models that participate in the Global Carbon Project
(GCP) (3). For top-down inversions, we use these inverted fluxes
from Copernicus Atmosphere Monitoring Service and Monitoring
Atmospheric Composition and Climate — Phase III (76). These esti-
mates are produced using CH,4 concentrations from surface air mea-
surements (discrete or in situ) or atmospheric CH4 columns observed
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by satellites (11, 13). These two top-down inversions use the same in-
version scheme (76), so our results may underestimate the uncertainty
arising from different settings in inversion methods.

Statistical models to describe current meteorological
sensitivities of wetland methane emissions

We select surface air temperature (T) and precipitation (P) (77) as
the key variables driving the monthly and interannual variability of
wetland methane emissions, consistent with those in the previous
studies (18). Overall, wetland methane emissions exhibit positive
dependencies on P ubiquitously across the globe, positive depen-
dence on T at high latitudes, but divergent correlations with T in the
tropics (fig. S23). This is because the annual cycle of wet to dry sea-
sons varies considerably in the tropics, making wetland methane
emissions more sensitive to water limitations rather than tempera-
tures, which are further modulated by large-scale ocean-atmosphere
interactions (e.g., El Nino, La Nina, and India Ocean Dipole)
(8, 78, 79).

Here, we consider local and regional meteorological effects in the
model (text S1). The use of regional meteorological patterns can in-
crease the model’s predictive capability for two reasons. First, water
moves across the earth’s surface through runoff and streamflow;
such spatial connections can be represented by satellite-constrained
wetland extent but not necessarily by local meteorological factors
(figs. S2 and S3). Second, local meteorology is usually subject to
large bias in CMIP6 models due to inadequate representation of lo-
cal terrestrial processes with a low spatial resolution (~100 to 200 km)
(80), and regional climate patterns can be more accurate. Fol-
lowing (81), we construct regional climate patterns through the use
of singular value decompositions (SVDs) of the spatial correlations
between methane fluxes in each grid cell and meteorological vari-
ables (T and P) in grid boxes in the surrounding regions (1000 km).
We do so for all the wetland grid cells across the globe, and the mod-
els are of two forms

E=a,T +a,P +B,S, +B,S, (3)

log(E) = a, T + a,log(P) + B, S, + B,S, (4)

where T and P refer to local temperature and precipitation, and S,
and S, refer to regional climate patterns using the SVD. In each pix-
el, we fit the data with both models and select the one with a higher
R% Overall, Eq. 4 is a better option at mid- to high latitudes, and Eq.
3 is used in the tropics where water limitation is a more determining
factor in monthly variability (fig. S5). We find that local T and P and
regional climate patterns (S, and S,) collectively explained 70 to 90%
of the variance in monthly wetland methane emissions, 20 to 30%
higher than only using local meteorological variables (fig. S4).

Verification of the designed empirical models

We verify our empirical models with flux measurements from
FLUXNET-CH4 and with the methane emission budget predicted by
the Upscaling Wetland CH4 (UpCH4) model. The UpCH4 is a six-
predictor random forest model trained on 43 freshwater sites from
FLUXNET-CH4, which then generates monthly, globally wetland
methane emissions after taking into account wetland extents [e.g.,
Wetland Area and Dynamics for Methane Modeling; (82)]. According
to McNico et al. (83), the UpCH4 product is subject to very high un-
certainty in (sub)tropical regions due to observation scarcity (seven
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sites) and is more suitable for comparison in nontropical wetlands. At
the site scale (fig. S24), the monthly temporal correlations of wetland
methane fluxes between our empirical models and FLUXNET-CH4
data are 0.72 (90% CI, 0.05 to 0.89), and the ratios of annual mean flux
rates are 0.98 (90% CI, 0.27 to 7.0). Outliers are attributed to the fact
that our empirical models, trained at a 100-km horizontal resolution,
may not accurately reflect the flux at the site location. When integrat-
ing fluxes by latitude bands, our designed empirical models show
good consistency in total methane fluxes (fig. S25) and seasonality (fig.
S$26) with these observation-based datasets in nontropical regions, as
well as with process-based models. We also verify the temperature de-
pendence (Q10) in these Arctic-boreal and temperate wetland areas.
In contrast, the temporal correlation of methane fluxes and surface air
temperature is very low [correlation coefficient (r) < 0.2] in seven
(sub)tropical sites, so the Q10 values are not calculated for these re-
gions. In these nontropical areas, the Q10 metric of our empirical
models is consistent with the observational estimates from FLUXNET-
CH4 and UpCH4 (fig. S27).

Future projections of temperature and precipitation

Here, we select seven harmonized combinations of RCP and SSP
scenarios (sspl19, ssp126, ssp245, ssp370, ssp434, ssp460, and
ssp585), which encompass a wide range of radiative forcing values
(1.9 to 8.5 W m™?) and anthropogenic emission trajectories (table
S2) (84). The quantile delta mapping (85) is applied to correct any
systematic distributional biases in temperature and precipitation
from CMIP6 models. In future scenarios, wetlands in mid- to high
latitudes will become wetter and warmer; tropical wetlands are ex-
posed to increasing T but to divergent trends in P. Meanwhile,
northern high-latitude ecosystems are experiencing more rapid in-
creases in temperature and precipitation than elsewhere (figs. S14
and S15). From 2000 to 2100, global wetland area (available in five
CMIP6 models) remains largely unchanged (—3 to 5%) in low-CO,
scenarios (ssp119 and ssp126) and increases by ~10% with large dis-
crepancies across models (5 to 25%) in ssp585 (text S3 and figs.
S$28 and S29).

Future projections of atmospheric sulfur deposition and

CO, concentrations

Future atmospheric deposition of sulfate is obtained from historical
transient (1900 to 2014) and future (2015 to 2100) model simula-
tions participating in AerChemMIP (table S3). These models in-
clude detailed tropospheric and stratospheric chemistry but may
neglect some important processes like lateral nitrogen input into
wetlands through runoff from nearly croplands (8). We use global
monthly distributions of atmospheric CO, concentrations with 1°
resolution under historical (1850 to 2013) and future (2015 to 2150)
scenarios from Cheng et al. (48). The present-day CO, concentra-
tions were 390 ppm in 2019 and will increase to 1150 ppm in ssp585
and to 390 ppm in ssp119 by the end of this century.

Estimate projections of wetland methane emissions in
different scenarios

We combined current meteorological dependences and biogeo-
chemical sensitivities with 1900-2100 projections of meteorology, S
deposition, and CO, concentrations to generate wetland methane
emissions. The final equation is written as

Emonth,i,j =f(Tm0nth,i,ij0nth,i,j) X g(syear,i,j) X h(C02year,i,j) (5)
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h (Cozyear,i,j) — RRCseurii=Co o

where E, o is methane emission in the (i, j)th grid cell in a spe-

cific month. f (Tmomh’i,j,Pmomh,i J) is estimated wetland emission on
the basis of on Tand Pusing statistical approaches (Eqs. 3 and 4). Be-
cause all inputs are at the monthly scale, thus already including the
information of variability in wetland areas, we do not scale up our
prediction using wetland area changes simulated by CMIP6 models.
Future trends in wetland areas are driven by meteorological variables
and, thus, can be represented by our model. For g and , they refer to
the relative changes to the observation period (2000 to 2019) for sup-
pressive effects of sulfate deposition (Eq. 2) and CO, fertilization (Eq.
6). In Eq. 6, RR is the response ratio determined in Eq. 2, and C,, is the
average CO, concentration during 2000 to 2019 (390 ppm).

Uncertainty assessment
To quantify the overall parametric uncertainty in projected trajecto-
ries of wetland methane fluxes, we conducted a Monte Carlo analysis
by considering errors in each subprocess. (i) For the feedback effects
of sulfate deposition and CO, fertilization, we estimate the range of
response sensitivity from field experiments through bootstrap resa-
mpling. (ii) The empirical models, which assess the response to me-
teorology, are trained from 39 wetland inventories. (iii) Future
projections of meteorology are obtained from different climate mod-
els, and the number of models varies across climate scenarios.
Throughout this work, the uncertainty is reported as the 90% CL
Figures S17 and S18 further demonstrate the influence of differ-
ent levels (for low to high) of biogeochemical feedback sensitivity on
future projections of wetland methane emissions. More specifically,
we calculate emission changes from 2000 to 2100 (fig. S18) by as-
suming the response sensitivities of methane emissions to sulfate
deposition and CO, enrichment at their 1st, 20th, 50th, 80th, and
99th percentile levels (fig. S17).
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