'.') Check for updates

Global Change Biology

WILEY

% Blobal Change Biology

| REVIEW

Managing the Global Wetland Methane-Climate Feedback:
A Review of Potential Options

Emily A. Ury! @ | Eve-Lyn S. Hinckley?3 (© | Daniele Visioni* ¥ | Brian Buma’®

!Environmental Defense Fund, Boston, Massachusetts, USA | 2Cooperative Institute for Research in Environmental Sciences, University of Colorado,
Boulder, Colorado, USA | *Department of Ecology and Evolutionary Biology, University of Colorado, Boulder, Colorado, USA | “Department of Earth and
Atmospheric Sciences, Cornell University, Ithaca, New York, USA | >Environmental Defense Fund, Boulder, Colorado, USA

Correspondence: Brian Buma (bbuma@edf.org)
Received: 5 April 2024 | Revised: 23 October 2024 | Accepted: 28 October 2024
Funding: This work was supported by National Science Foundation, EAR-1945388.

Keywords: climate change | climate feedback | indirect emissions | management | methane | wetlands

ABSTRACT

Methane emissions by global wetlands are anticipated to increase due to climate warming. The increase in methane represents
a sizable emissions source (32-68 Tg CH, year~! greater in 2099 than 2010, for RCP2.6-4.5) that threatens long-term climate sta-
bility and poses a significant positive feedback that magnifies climate warming. However, management of this feedback, which is
ultimately driven by human-caused warming and thus “indirectly” anthropogenic, has been largely unexplored. Here, we review
the known range of options for direct management of rising wetland methane emissions, outline contexts for their application,
and explore a global scale thought experiment to gauge their potential impact. Among potential management options for meth-
ane emissions from wetlands, substrate amendments, particularly sulfate, are the most well studied, although the majority have
only been tested in laboratory settings and without considering potential environmental externalities. Using published models,
we find that the bulk (64%-80%) of additional wetland methane will arise from hotspots making up only about 8% of global wet-
land extent, primarily occurring in the tropics and subtropics. If applied to these hotspots, sulfate might suppress 10%-21% of the
total additional wetland methane emissions, but this treatment comes with considerable negative consequences for the environ-
ment. This thought experiment leverages results from experimental simulations of sulfate from acid rain, as there is essentially
no research on the use of sulfate for intentional suppression of additional wetland methane emissions. Given the magnitude of
the potential climate forcing feedback of methane from wetlands, it is critical to explore management options and their impacts
to ensure that decisions made to directly manage—or not manage—this process be made with the best available science.

1 | Introduction primarily from wetlands (Peng et al. 2022; Skeie, Hodnebrog,
and Myhre 2023)—especially in the tropics (Feng et al. 2023).

Methane is the second strongest contributor to global warm-

ing and is about 84 times stronger than carbon dioxide (CO,)
on 20-year timelines (Myhre et al. 2013). Atmospheric meth-
ane (CH,) is increasing rapidly; levels since 2020 are higher
than any previously recorded, with 14-18 ppb annual increases
between 2020 and 2022 (NOAA 2023). The increase in atmo-
spheric methane has been tied to anthropogenic emissions,
changes in atmospheric chemistry, and microbial sources,

Methane emissions from wetlands are anticipated to increase
globally due to the combination of changes in air temperature,
precipitation, and wetland area associated with climate change
(Zhang et al. 2017). The amplifying feedback for enhanced
methane production is stronger with increasing warming; for
example, cold regions (e.g., boreal wetlands) could nearly double
their proposed contribution to global emission increases from
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16% to 28% under the more intense projected warming scenar-
ios (RCP6.0 and 8.5; Koffi et al. 2020). Ground-based estimates
indicate that global wetland methane emissions are already
on the rise, increasing at a rate of 1.3-1.4 Tg CH, year™' from
2000 to 2021 (Zhang et al. 2023). Models suggest that this rate
of increase will remain consistent for ~30years under low and
moderate emission scenarios or could accelerate further under
higher emission scenarios (Zhang et al. 2023). Annual wetland
methane emissions are projected to increase from 190 Tg CH,
year~! in 2010 to 222-338 Tg CH, year~' by the end of this cen-
tury (RCP 2.6-8.5, Zhang et al. 2017). The additional wetland
methane (32-148 Tg CH, year™) is equivalent to 9%-41% of
present-day emission from all anthropogenic sources combined
(Saunois et al. 2020).

Mitigating climate change requires reducing total anthropogenic
greenhouse gas emissions. Ideally, the reduction of greenhouse
gas emissions would be achieved directly, via decreases in fos-
sil fuel use. Due to many challenges associated with decreasing
global fossil fuel consumption, there is widespread interest in
other avenues for halting climate change. The wetland methane
feedback is functionally an indirect, or secondary, anthropo-
genic emission; this represents an increase over baseline natu-
ral emissions and can be attributed to human activity (Ripple
et al. 2023). While increasing methane emissions from wetlands
are a natural response to a modified climate, this perturbation
is still driven by anthropogenic change. Thus, a management
choice arises: do we attempt to mitigate these additional wetland
emissions directly or simply account for them in net greenhouse
gas (GHG) budgets addressed via overall emissions reduction
plans (see Comyn-Platt et al. 2018)? The direct management
option does not mean the elimination of all wetland methane
emissions but rather management of the additional secondary
anthropogenic emissions directly attributable to human activity.
An analogy could be made with forest fire suppression, by rec-
ognizing that fire is an inherent part of ecosystems but increases
in fire associated with climate change might be managed with-
out eliminating its fundamental ecological role (e.g., Phillips
et al. 2022).

Management of natural wetland methane emissions is largely
unpracticed, although options have been considered (Singh
et al. 2010; Stolaroff et al. 2012). Challenges arise primarily
because these emissions originate from non-point sources, are
relatively low concentration, and are emitted over large spatial
areas (Johannisson and Hiete 2020). Methane management has,
however, been more thoroughly explored for constructed wet-
lands (Yu et al. 2023), rice paddies (Hussain et al. 2015), land
conversion to and from wetlands (i.e., restoration and drain-
age; Abdalla et al. 2016), and via laboratory experiments (Zhu
et al. 2021; Rubin, Anderson, and Ballantine 2020). Insights into
wetland methane management may also be gleaned from “nat-
ural” (or unintentional) experiments. For example, atmospheric
sulfate deposition associated with acid rain from industrial pol-
lution was estimated to have reduced global methane produc-
tion by 10-15 Tg year~! from 1940 to 2000 (Gauci et al. 2004). It
must be noted, however, that the negative consequences of acid
rain, including acidification of surface waters and soils (Reuss
and Johnson 2012), declines in tree health (Johnson 1983), and
mobilization of heavy metals (Driscoll and Schecher 1990) were
devastating for whole-forest ecosystems. Nonetheless, acid rain

provided a natural experiment in methane management, if
inadvertent.

The purpose of this paper is first to review wetland methane
management opportunities and strategies covered in the litera-
ture. Second, we identify patterns in wetland methane feedback
intensity at global and biome-scales to locate hotspots of future
additional emissions. Note that hereafter, we refer to methane
management in general terms, but the focus of our study was
to address only those additional wetland methane emissions
arising from the anthropogenic global warming and the related
emissions feedback. Third, we conduct a thought experiment of
a hypothetical management scenario—global wetland sulfate
amendments—providing a first estimate of the scale of the po-
tential impact on methane emissions. We emphasize caution;
while the methane feedback phenomenon is well described, po-
tential management solutions are not, and our goal is to guide
research priority setting, both in terms of geographic location
and management methodologies, rather than to propose imme-
diate action.

2 | Materials and Methods

Below we describe the following methods: (1) the review process
to identify potential wetland methane management techniques;
(2) the feedback mapping methodology; and (3) the thought ex-
periment of a sulfate intervention, based on findings from the
literature (1) and applied to feedback hotspots (2).

2.1 | Literature Review

The first task involved considering what management actions
may be feasible, if any. A Web of Science search using the terms
([“methane” OR “CH4”] AND [“wetland*” OR “peat*” OR
“marsh” OR “paddy” OR “mangrove”] AND [“manag*” OR
“mitigat*” OR “suppress*”]) yielded 2537 results. We evaluated
titles and abstracts to refine results to papers that explicitly test
or review methods for reducing methane emissions.

For each study, we noted the type of wetland (Supporting
Information S1: Table S1), the experimental design (lab, field,
etc.), and then categorized management types into the following
broad categories:

« Land management/land use conversion—this includes
conversion of wetlands to other land uses, restoration of
wetlands, and restoration approaches. This also includes
management of surrounding/upstream environments.

Hydrologic management—includes water level manage-
ment, impoundment, connectivity and tidal control (includ-
ing salinization).

Amendments—includes chemical or organic additions to
wetlands or the wetland substrate.

Vegetation and crop management—includes plant species
selection, harvesting, rotating, etc.

Emerging technologies—covers a wide range of alternative
strategies including technologies still in development or
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ideas yet to be developed. This is also a catch-all category
for novel management practices that do not fit neatly into
another category.

2.2 | Feedback Mapping

Future wetland methane emissions for RCP2.6 and 4.5 were
taken from Zhang et al. (2017), which models projected emis-
sions to 2100 at 0.5° resolution; recent work by the same group
has confirmed the model's accuracy over the last several
years (Zhang et al. 2023). Estimates of methane growth from
RCP4.5 represent a “middle of the road” future emissions sce-
nario that aligns with our current emissions pledges and tra-
jectory and RCP2.6 represents a more conservative estimate of
future methane emissions increases from wetlands (Burgess
et al. 2020; Meinshausen et al. 2020; Riahi et al. 2017).
Though other future projections of methane emissions from
wetlands exist (Kleinen et al. 2021), the estimates from Zhang
et al. (2017) are more conservative. Use of less conservative
methane emissions estimates may result in more total emis-
sions to suppress. We summed the original methane emissions
data, reported in g m~2month~}, to the year using a wetland
area raster (described below). Zhang et al. (2017) reports a
standard deviation of about 20% across all models used to gen-
erate their methane emissions projections; therefore, a 20%
random error was applied at the pixel scale for each iteration
of 100 Monte Carlo simulations.

We used the wetland area reconstruction from Fluet-
Chouinard et al. (2022, 2023), which maps intact wetlands at
0.5° resolution. Note that there are numerous global wetland
maps (see Xi et al. 2022; Zhang et al. 2024) with some discrep-
ancies between them, particularly with respect to tropical wet-
land distribution. Despite the inherent uncertainty in wetland
mapping efforts, the reconstruction from Fluet-Chouinard
et al. (2023) provides a reasonable basis for the purpose of
this paper. We limited the analysis to grid cells with greater
than 3% wetland cover, an arbitrary threshold necessary for
eliminating unrealistically high area-normalized flux esti-
mates that can arise due to minor inconsistencies between the
wetland area reconstruction and wetland methane emissions
estimate. This cutoff decreases global emissions estimates by
approximately 2% (171 Tg year~! compared to 175 Tg year~! in
1961), which we deemed acceptable. The cutoff also serves to
narrow the opportunity space for action to places with higher
wetland density and, therefore, more efficient for manage-
ment. Results were robust to slight changes in this threshold
(data not shown).

Historical climate data is from WoldClim 2.1 (https://www.
worldclim.org/data/worldclim21.html) with 10-min resolu-
tion (Fick and Hijmans 2017). Future climate data from the
Coupled Model Intercomparison Project Phase 6 (CMIP6)
with WorldClime 2.1 baseline is from (https://www.world
clim.org/data/cmip6/cmip6climate.html, Eyring et al. 2016).
For both historical and future climate data, air temperature
maps were extracted and resampled to 0.5° resolution via bi-
linear interpolation.

Biome delineations are from the Koppen-Geiger climate
zone maps (present day 1991-2020; Beck et al. 2023a; Beck
et al. 2023b). The biomes were grouped into boreal, temperate,
and tropical regions to facilitate broad comparisons (Supporting
Information S1: Table S2 & Figure S1). Data were analyzed at
the global scale, and as separate regions for tropical, temperate,
and boreal biomes.

The methane feedback strength was calculated as the difference
between estimated emissions in 2099 compared to a baseline
set at 2010. Although 2010 includes some feedback emissions
associated with anthropogenic warming prior to that point, it
was chosen because it corresponds to the atmospheric sulfur (S)
deposition map relevant to the potential management thought
experiment (below).

Hotspots for methane feedback strength were identified by cal-
culating the emission intensity percentiles for total wetland pix-
els (gm™2). Pixels greater than the 95th percentile of emission
intensity were classified as hotspots. Rather than total emissions
per pixel, we chose intensity of emissions because management
actions will likely be implemented based on intensity and at
a finer resolution than the 0.5° pixel sizes. We chose the 95th
percentile threshold arbitrarily; sensitivity tests to this thresh-
old indicated that spatial distribution of the hotspots was gen-
erally unchanged with increasing or decreasing the percentile
threshold.

2.3 | Sulfate Intervention Thought Experiment

Sulfate application is one of the most well-studied wetland
methane reducing strategies (see Results). As a thought experi-
ment to explore the outcome of potential methane management,
we modeled the application of sulfate at broad scales based on
literature-derived relationships between historic atmospheric
sulfur (S) deposition, air temperature, and rising wetland meth-
ane production. For the thought experiment, we use a one-time
sulfate treatment of 15kg SO,-Sha™ across all wetlands (global),
corresponding to the experiment from which the methane sup-
pression model (described below) was derived (Gauci et al. 2004;
Gauci et al. 2005). Above this level, wetlands may become sul-
fate saturated, and the suppression of methane emissions begins
to level off (Gauci et al. 2004).

Pre-existing atmospheric sulfur deposition must first be con-
sidered, as methane suppression asymptotes with increasing
sulfate (Gauci et al. 2004), so ongoing atmospheric sulfur depo-
sition derived from industrial sources would constrain the po-
tential intentional additional suppression (we note that excess
sulfate in soils may have other consequences for wetland ecol-
ogy, see Section 4). We account for baseline atmospheric sulfur
deposition with a global map of wet and dry atmospheric sulfur
deposition from Rubin et al. (2023). Gauci et al. (2004) used a
Michaelis-Menton model and global dataset of methane emis-
sions estimates and atmospheric sulfur deposition rates to cal-
culate potential methane suppression:

Percent CH, suppression = (V. X Spep) / (Spgp + K) (1)
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where the maximum reaction rate, V_  =38.6%10.7, the
Michaelis constant, K, =8.71£10.6, and S, is the atmospheric
sulfur deposition rate in kg SO,-Sha~'year~!. Equation (1) is
used in conjunction with the global atmospheric sulfur deposi-
tion map (Rubin et al. 2023) to arrive at a map of baseline S-
mediated methane emissions suppression.

We then calculated the potential for additional methane sup-
pression via intentional management as the difference between
the maximum calculated potential suppression (e.g., with zero
present-day deposition) from (1) and modeled present day depo-
sition (Rubin et al. 2023). The effect of including current atmo-
spheric sulfur deposition is to account for sulfur saturation in
the soil in areas with atmospheric sulfur deposition rates high
enough to negate the methane suppressing effects of additional
sulfate applications. This approach has no effect on areas with
low current atmospheric sulfur deposition rates. The maxi-
mum potential suppression is ~30% (per Gauci et al. 2004 and
equation (1), reached at rates of application at or above ~20kg
SO,-Sha~!'year™).

Air temperature also modifies the sulfate-methane suppres-
sion relationship, although it is less studied. In lab tests of rice
paddy soil slurries by van Bodegom and Stams (1999), methane
formation rates increased 5.4 times faster than sulfate reduction
rates with air temperature. This result indicates that at warmer
air temperatures, the suppressive effects of sulfate on methane
formation are reduced. The potential suppression for locations
above 14°C was therefore reduced accordingly, assuming a lin-
ear decline in effectiveness (van Bodegom and Stams 1999). For
air temperatures above 14°C, the percent suppression was re-
duced according to the following:

Percent effectiveness reduction = — 1.525(x) + 51.35  (2)

where x is the mean annual temperature of a pixel. This value
was subtracted from the maximum potential (30%) taking into
account current suppression already occurring from (1). The
end result is an estimate of the potential suppression of addi-
tional sulfate at a given location, given mean annual air tem-
perature and current atmospheric sulfur deposition patterns.
We then apply the potential percentage emission reduction to
the total emissions of the cell, both for current climate and fu-
ture (2099) air temperature scenarios. We note that some stud-
ies do not report significantly decreased methane with higher
sulfur, despite high air temperatures (e.g., dos Santos Fonseca,
Marinho, and de Assis Esteves 2019). In contrast, inundation
in frequently flooded wetlands (e.g., floodplain wetlands in the
Amazon) would likely inhibit sulfate movement into soils, de-
creasing treatment efficacy. As there are few systematic studies
of sulfate driven methane suppression across different types of
wetlands, particularly tropical wetlands, our results should be
considered illustrative only.

2.4 | Statistical Analysis

To account for uncertainty, all steps, including methane feed-
back calculations, hotspot identification, and sulfate potential
calculations, were repeated 100 times in a Monte Carlo type pro-
cess, randomly drawing from the error raster and the uncertainty

ranges for all applicable calculations. We conducted all process-
ingin R (Version 4.2.3), using the ‘terra’, ‘sp’, ‘rgdal’, ‘raster’, ‘bio-
clim’, ‘geodata’, ‘vtable’, and ‘ggplot2’ packages (Hijmans 2023a;
Pebesma and Bivand 2005; Bivand, Keitt, and Rowlingson 2023;
Hijmans 2023b; Serrano-Notivoli 2023; Hijmans et al. 2023;
Huntington-Klein 2023; Wickham 2016).

3 | Results
3.1 | Literature Review

A total of 2537 papers were returned from the literature search,
and we identified 619 as relevant after an initial screening. The
resulting wetland types can be described as undisturbed/un-
managed, drained/degraded, managed (for cultivation or other
purposes), restored, or constructed (including some artificial
waterbodies such as aquaculture ponds and waste lagoons).
Although the focus of this study is on methane management in
natural or unmanaged wetlands, studies in these systems are
very limited. Therefore, we draw insight from studies conducted
in other types of wetlands including constructed wetlands and
rice paddies. Most of the relevant papers (n =465) concern rice
paddies, but our review focuses on approaches relevant for use
in unmanaged wetlands. The results also included a small num-
ber of papers on the management of the land within a wetland's
catchment (uplands) for the purpose of influencing wetland
methane emissions (n=4). Finally, the literature search also
returned several reviews and meta-analyses (n =13 for non-rice
wetlands, n=31 for rice paddies), each pertaining to a single
methane management approach or wetland type, but none are
comprehensive across all approaches and wetland types. The
main reason for exclusion from our analysis was a lack of in-
tention for methane reduction; instead, most studies evaluated
environmental controls on methane emissions. We note that in
all cases, these studies focus on reducing total methane emis-
sions from wetlands, not the additional fraction associated with
climate change. Below we briefly outline the processes under-
lying the control of methane emissions in wetlands and then
synthesize the outcomes of each class of management strategy
observed in the literature (see Supporting Information S2 for
full list).

3.1.1 | Processes Controlling Methane Emissions
From Wetlands

As methane emissions in wetlands are largely governed by mi-
crobial processes that produce and consume methane, it follows
that controlling methane emissions requires managing micro-
bial community structure and processes (Singh et al. 2010). The
most prominent pathway of controlling methane emissions is by
inhibiting methanogens—the bacteria that produce methane—
via the introduction of oxygen or other more energetically favor-
able terminal electron acceptors (Yu et al. 2023). Methanogen
activity can also be inhibited by managing the availability of
the carbon source (Liu et al. 2019). Alternate approaches for
management of methane include cultivation or promotion of
methanogens, the microbes that consume methane in situ
(Singh et al. 2010). The last process involved in the manage-
ment strategies reviewed here is the transport of methane which
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is addressed by technologies for methane capture (Stolaroff
et al. 2012).

3.1.2 | Amendments

The most common manipulative studies performed in unman-
aged wetlands are those that test the effect of various amend-
ments on methane emissions, generally iron, humic acids,
nitrogen compounds, sulfate, and biochar (Table 1). Study aims
were usually centered on existing pathways of amendment in-
troduction, for example, nitrate and sulfate additions studies
designed to explore the effects of acid rain deposition (Gauci,
Dise, and Fowler 2002; Dise and Verry 2001). Miller et al. (2015)
aimed to mimic enhanced inputs of these compounds resulting
from accelerated glacial melting. Finally, the biochar addition
experiments by Sun et al. (2021) aimed to mimic conditions fol-
lowing a peat fire.

The strongest methane reduction achieved through treatment
with amendments was nearly complete (99.6%) reduction fol-
lowing dissolved organic matter and bromoethane sulfonic acid
(C,H,Br0,S) additions by Blodau and Deppe (2012) in a lab study
that did not consider potential environmental toxicity. Generally,
studies conducted in the lab achieved stronger methane reduc-
tion than those done in the field (see Gao, Chen, and Zeng 2014).
Iron additions (applied as 5mM Fe(III)-nitrilotriacetic acid) pro-
duced a mild suppression of methane production (26%) from the
sole study of its application to unmanaged wetlands in the field
(Miller et al. 2015).

Nitrogen (NH, and NO,) and sulfate additions were tested in
multiple studies achieving variable effects on wetland meth-
ane emissions (Eriksson, Oquist, and Nilsson 2010; Gao, Chen,
and Zeng 2014; Gauci, Dise, and Fowler 2002; Hu et al. 2017).
Results from sulfate additions range from no significant effect
(Eriksson, Oquist, and Nilsson 2010; Hu et al. 2017) to 21%-42%
reduction observed in the field (Gauci, Dise, and Fowler 2002)
to 64% reduction achieved in a lab setting (Gao, Chen, and
Zeng 2014). Hu et al. (2017) indicated that their marsh system in
the Min River in China is sulfate saturated, explaining the lack
of response from additional sulfate.

Effects of nitrogen additions were more variable: 50%-57% re-
duction observed in peatlands of the Tibetan Plateau (Gao,
Chen, and Zeng 2014), no significant effect observed in a north-
ern Minnesota fen in the USA (Dise and Verry 2001), and signif-
icant enhancement (262%) of methane emissions in an estuarine
marsh in Southern China (Hu et al. 2017). Eriksson, Oquist, and
Nilsson (2010) observed an interaction between nitrogen and
sulfate treatments whereby at low levels of sulfate and nitrogen
additions stimulated methane production, but at high levels of
sulfate, the nitrogen addition had no effect on methane.

Finally, our literature search yielded two studies that examined
the effects of biochar on wetland methane production (both in
a laboratory setting) with mixed results (Sun et al. 2021; Yan
et al. 2020). Sun et al. (2021) observed a 13%-24% reduction in
methane emissions while Yan et al. (2020) observed elevated
methane emissions following biochar application, although still
a reduction in overall global warming potential (GWP) through

reductions in N,O and CO, emissions. We note but do not re-
view here an extensive body of literature on the use of biochar in
rice farming, which shows significant uncertainty surrounding
long-term efficacy in methane suppression (Nan et al. 2021).

3.1.3 | Vegetation

Liu et al. (2019) demonstrated that reed harvesting (removal of
a carbon source) by native residents for their economic value re-
duced annual cumulative methane emissions by 64% compared
to unharvested controls. Other vegetation-based strategies for
methane control in rice paddies include the co-cropping with
plants like Azolla species (aquatic ferns) to promote oxygen-
ation of the rooting zone or the incorporation as green manure,
such as Chinese milkvetch (Astragalus sinicus), as a fertilizer
replacement; however, these approaches would likely have lim-
ited application in natural wetland settings (Liu et al. 2017; Zhou
et al. 2020).

3.1.4 | Technological

While there have been numerous studies on emerging technolo-
gies in constructed wetlands (e.g., microbial fuel cells, artificial
aeration) and aspirations for metagenomic approaches to meth-
ane control through cultivated methanotrophs (Silva-Gonzalez
et al. 2018), these are yet to be tested in natural wetlands. In
one unique case, direct methane capture from Lake Kivu on the
border of the Democratic Republic of the Congo and Rwanda
has been effectively used since 2016 (Bartosiewicz, Rzepka, and
Lehmann 2021).

3.1.5 | Hydrological

Generally, drainage of wetlands reduces methane emissions, but
at the expense of extensive CO, and N,O emissions that gener-
ally negate any climate benefit (Murdiyarso, Hergoualc'h, and
Verchot 2010; Laine et al. 2019). In a comparison of unman-
aged, drained, and restored shrub bogs in North Carolina, Wang
et al. (2021) observed a strong relationship between water table
depth and methane emissions, with a threshold effect whereby
water levels at least 5cm below the peat surface markedly re-
duced methane emissions. The restoration of tidal flows, or the
reconnection of impounded wetlands to coastal waters, shows
considerable promise for reducing wetland methane emissions,
but is limited to coastal contexts (Holmquist et al. 2023). The
reintroduction of seawater, naturally rich in sulfate and other
redox active compounds, efficiently reduces methane produc-
tion in coastal wetlands (Kroeger et al. 2017; Sanders-DeMott
et al. 2022). Despite being limited to coastal settings, recent
work by Holmquist et al. (2023) demonstrates tremendous op-
portunity (~0.5 million hectares) for this kind of restoration in
coastal regions of the continental United States alone.

3.1.6 | Upland Management

Less intensive land use (either agricultural or urban) is cor-
related with lower wetland methane emissions (Peacock
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et al. 2017; Vermaat et al. 2011; Jones et al. 2018). The effect of
excess nutrients from agricultural runoff has been shown to pro-
duce contrasting effects on methane emissions in wetlands and
should be the focus of future study (Pasut et al. 2021; Maucieri
et al. 2017; Badiou et al. 2011).

3.2 | Geographic Locations of High Intensity
Feedbacks

The increasing methane emissions associated with the positive
feedback (above baseline emissions from 2010) are substantial,
from 32 (SD: 0.7) to 68 (0.8) Tg CH,, year~! by 2099. However, the
vast majority of these emissions come from only a small fraction
of global wetlands; pixels in the top 5th percentile of methane
emissions intensity are associated with 64%-80% of these ad-
ditional emissions at a global scale (Table 2, Figure 1). At the
biome level, the emission hotspots are less dominant, with 46%—
64% of emission increases associated with the top 5% of tropical
wetland area. Anticipated increases in boreal wetland methane
emissions are more evenly distributed with only 25%-35% aris-
ing from hot spots, and the temperate zone exhibits an inter-
mediate level of hotspot stability, with respect to geographic
distribution (Supporting Information S1: FigureS2).

3.3 | Sulfate Intervention Thought Experiment

The thought experiment scenario of a one-time 15kg SO,-Sha™
application to all wetlands, incorporating air temperature
sensitivities, suggests that ~21 Tg year~! CH, emissions could
be avoided globally, corresponding to 31%-64% of additional
(feedback-derived) wetland methane emissions. Generally, ad-
ditional wetland methane emissions suppression is higher in
the boreal and temperate zones, but as the tropics contribute the
largest portion of the global feedback, the global percentage is
moderate (Table 3, Supporting Information S1: Figure S3). In
boreal and temperate latitudes, potential methane emissions
suppression can exceed 100% of additional methane, more than
compensating for this emission burden and resulting in a mod-
est reduction of baseline methane emissions.

If sulfate treatments are applied only on the hotspots of additional
methane, suppression estimates are reduced to 10%-21% of that
additional methane on a global scale (Table 3), with the suppres-
sion percentage lower in the higher warming scenario. There is
substantial uncertainty around these estimates owing to the prop-
agation of error from future methane emission estimates and the
methane suppression model (Equation 1). Further, other factors,
such as water table depth, may help explain some of the uncer-
tainty and are important areas for future research (see Discussion).

We can anticipate the impact on sulfate treatment efficacy as
methane emissions increase and temperature warm throughout
the 21st century. As methane emissions from wetlands rise, so
does the capacity for methane suppression in boreal and tem-
perate zones. In the tropics however, treatment efficacy declines
as the air temperature threshold (14°C) governing the microbial
processes is reached (Equation 2). Globally, the methane sup-
pressing effects of sulfate treatments will approximately stay the
same, with a decrease in net reductions in tropical zones off-
set by an increase in boreal and temperate zones (Table 4). The
results presented here only reflect changes in sulfate treatment
response to anticipated warming, not any change to the earth's
temperature that might follow from the treatment itself.

4 | Discussion

In the context of wetlands, the climate-methane feedback rep-
resents additional emissions, above the baseline of “normal”
wetland emissions and so is functionally anthropogenic. The
anticipated increases in wetland methane emissions are sub-
stantial and highly sensitive to the degree of warming—twice
as much methane in the warmer (RCP4.5) than the less warm
(RCP2.6) scenario (~68 vs. 32 Tg additional methane, Zhang
et al. 2017). Wetlands could surpass overall emission rates from
direct anthropogenic sources by the latter half of the century
(Zhang et al. 2017, 2023) making this an important source of
emissions to address.

On a global scale, the strongest effect of climate-methane feed-
back on wetland methane emissions is in the tropics (25-53 Tg

TABLE 2 | Feedback strength by 2099 associated with the top 5th percentile of emitting wetland pixels. Hotspot emissions are mean (standard

deviation) feedback emissions only (2099-2010 emissions), averaged over 100 model runs.

Biome Total (km?) Hotspot (km?) Total (Tg) Hotspot (Tg) Fraction (%)

RCP 4.5
Global 13,318,000 1,010,000 (11,000) 68 (0.8) 43(0.9) 64 (0.6)
Boreal 3,820,000 172,000 (4000) 6.6 (0.1) 1.6 (0.1) 25(0.8)
Temperate 4,010,000 211,000 (6000) 8.0(0.2) 3.5(0.1) 44 (1.1)
Tropical 5,490,000 381,000 (9000) 53(1.1) 25 (1.0) 46 (1.3)

RCP 2.6
Global 13,318,000 960,000 (15,000) 32(0.7) 26 (0.6) 80 (0.8)
Boreal 3,818,000 215,000 (7000) 3.8(0.1) 1.3(0.1) 35(0.8)
Temperate 4,014,000 203,000 (6000) 2.9(0.2) 2.3(0.1) 78 (2.2)
Tropical 5,487,000 371,000 (10,000) 25(1.2) 16 (0.5) 64 (2.2)
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FIGURE1 | Wetland methane feedback intensity and hotspots. (a) Feedback intensity is shown in g CH, per m? per year. (b) Hotspot gradations

represent the percentage of iterations where a given pixel was in the top 5th percentile; higher values indicate stable high intensity emission estimates.

TABLE 3 | Estimates of sulfate addition reductions on methane emissions (SD) from wetlands, globally and biome-level, for treatments applied
to all wetlands versus hotspots only. Includes 2010 sulfur deposition rates. The estimates for 2099 assume the same sulfur deposition as 2010. The
fraction of additional methane suppressed is relative to 2099 feedback strength (see Table 1).

Fraction of additional methane

2010 2099 suppressed (2099)
Hotspot relative to
Biome All (Tg) Hotspots (Tg) All (Tg) Hotspots (Tg) All (%) global total (%)
RCP 4.5
Global 21(17) 8.5(9.1) 21 (24) 7.1 (13) 31 (35) 10 (19)
Boreal 3.7(1.1) 0.6 (0.2) 5.4 (1.1) 0.9 (0.2) 82 (17) 14 (3)
Temperate 4.5(2.3) 0.9 (0.7) 5.2(2) 1.0 (0.5) 65 (25) 13 (6)
Tropical 12 (13) 41 (4.3) 10 (20) 3.5(3.1) 19 (38) 7(6)
RCP 2.6
Global 21 (18) 7.5 (7.8) 21 (20) 6.6 (9.4) 66 (63) 21 (29)
Boreal 3.7(0.9) 0.7 (0.2) 47(1.2) 0.9 (0.3) 124 (32) 24.(8)
Temperate 4.6(2.4) 0.8 (0.5) 4.7(2.6) 0.8 (0.7) 162 (90) 28 (24)
Tropical 13 (141) 3.9 (4.1) 11 (17) 3.5(5.0) 44 (68) 14 (20)
90of 16
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TABLE4 | Changeinthe potential suppressive capacity of the sulfate
treatment scenario based on anticipated change in air temperature and
wetland methane emissions between 2010 to 2099.

Global Hotspots only
Change total Tg CH,
Biome suppressed (percent)?
RCP 4.5
Global 0 (0%) —1.4 (-16%)
Boreal 1.7 (+46%) 0.3 (+50%)
Temperate 0.7 (+16%) 0.1 (+11%)
Tropical —2.0 (-17%) —0.6 (=15%)
RCP 2.6
Global 0 (0%) —0.9 (~=12%)
Boreal 1.0 (+27%) 0.2 (+29%)
Temperate 0.1 (+0.2%) 0(0%)
Tropical —2.0 (-15%) —0.4(=0.1%)

2Positive change indicates an increase in methane suppression (treatment
efficacy) in 2099 relative to 2010.

year™!), reflecting the warmer air temperatures and precipita-
tion conditions expected with climate change. The additional
emissions are not homogenously distributed; the top 5th per-
centile of tropical wetland pixels contributes 46%-64% of the
additional methane, reflecting the heavily skewed distribution
towards high intensity feedback locations (Figure 1). The upside
of such spatial biases is opportunities for prioritizing interven-
tions, though some interventions may be more or less viable in
different locations. At middle latitudes, the southeast United
States, parts of temperate Chile, and parts of China are also
consistent hotspots of additional methane. Additional methane
emissions in boreal regions are more diffuse in space, in part
due to the error incorporated into the modeling framework,
which generally overwhelms any spatial heterogeneity in the
estimated feedback.

A question then becomes what, if any, direct mitigation options
exist and what might their potential impact be? There have been
many studies aimed at understanding methane management in
wetlands, primarily and unsurprisingly focused on constructed/
managed wetlands and rice paddies/agricultural settings. But
to our knowledge, there are no studies looking at management
of the feedback process itself, although it seems reasonable to
assume initially that methods to influence baseline methane
production would also impact additional methane brought on
by warming. Similarly, there have been few studies on methane
management which simultaneously investigate N,O and CO,
production (but see Cheng et al. 2021), which should be consid-
ered alongside any methane reduction.

Perhaps the only “treatment” that has been seen at scale over
intact wetlands is atmospheric sulfur and nitrogen deposition,
unintentionally via industrial pollution. Prior to the Clean Air
Act and Amendments in the U.S., as well as similar regulation
elsewhere, air pollution was global but heterogeneous, primarily

downwind of industrial centers, and strongly impacted ecosys-
tems (Vet et al. 2014; Grennfelt et al. 2020). Pollution controls
have had significant positive effects, though they also raised
unexpected issues such as the need for more sulfur fertilizers
to meet crop needs to replace what was previously supplied
through atmospheric deposition (Hinckley et al. 2020; Feinberg
et al. 2021; Hinckley and Driscoll 2022) and increased methane
from agricultural soils (Liu et al. 2020).

In our thought experiment, a one-time addition of sulfate at
~15kg SO,-Sha~! might suppress some of the additional wet-
land methane associated with global climate change without
altering baseline fluxes. This additional methane, estimated
from 32 to 68 Tg year™!, might be reduced by 21 Tg year™,
or ~31%-66% at global scales (Table 3) by 2099. Focusing treat-
ment on only the hotspots of the wetland climate-methane
feedback may accomplish a fraction of those emissions re-
ductions (10%-20%), but this estimate varies by biome. If fo-
cusing only on boreal and temperate latitude hotspots, where
the cooler climate is not expected to undermine the sulfate
treatment effectiveness, reduction estimates are higher: 13%-
28% of temperate latitude emissions and 14%-24% of boreal
emissions.

It is vital to consider that both the scale and potential side ef-
fects of sulfate applications are significant and may preclude
broad application. Sulfate has direct effects on the pH of sed-
iments and soils leading to the mobilization of heavy metals
(Gerson and Hinckley 2023; Hinckley et al. 2020; Hinckley
and Driscoll 2022). One of the most concerning effects of
excess sulfate—particularly in moderate amounts in wet-
lands—is that its reduction can stimulate the methylation of
mercury (MeHg), a potent neurotoxin that biomagnifies and
bioaccumulates in the food web (Gerson and Hinckley 2023).
Mercury methylation has been tied to sulfate reduction in
multiple different environments, including forests (Kronberg
et al. 2016; Skyllberg 2009), rice paddies (Lei et al. 2021; Zhao
et al. 2016), and downgradient of agricultural areas (e.g., sug-
arcane, see Corrales et al. 2011; Orem et al. 2019). Other po-
tential consequences of enhanced rates of sulfate reduction
from excess sulfate in wetlands include phytotoxicity in re-
sponse to elevated hydrogen sulfide concentrations (Lamers
et al. 2013) and internal eutrophication caused by interactions
of reduced sulfur and iron, which can liberate phosphorus
(Chen et al. 2021). Due to these issues, which directly affect
the health of ecosystems, wildlife, and people, it is critical to
proceed with caution when considering additions of sulfate
for mitigation of methane fluxes from wetlands; there will be
trade-offs at any scale and especially at global extents. Our
thought experiment is intended to complement the review by
establishing the impact of one direct management option, at
least by order of magnitude. More research is needed to deter-
mine if such an option is viable.

Nonetheless, it is worth evaluating the potential impacts of
wetland sulfate additions. Sulfate may enter wetland systems
in the future, regardless of the intent to suppress methane
emissions, if stratospheric aerosol injections (SAI) of sul-
fate are employed as a climate change mitigation strategy (or
geoengineering; NASEM 2021). Sulfate aerosols show prom-
ise for climate cooling, a concept with a natural analogue:
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sulfate emissions during explosive volcanic eruptions (Irvine
et al. 2016). Although sulfate deposition from volcanoes has
been shown to reduce methane emissions from wetlands (Gauci
et al. 2005; Gauci et al. 2008), SAT is intended to cool the earth,
through a different mechanism - reflecting sunlight back into
space (Irvine et al. 2016). However, whether the sulfate origi-
nates from a volcano or an aircraft deploying SAI, this material
would eventually be deposited on the earth's surface (Visioni
et al. 2020). One recent estimate suggests that SAI sufficient
to offset all future warming under two emissions scenarios
(RCP 4.5 and 8.5) would result in atmospheric deposition rates
approximately equal to 11 Tg S year~! and 19 Tg S year™!, re-
spectively, by the end of the century (Visioni et al. 2020). Given
some projected declines of aerosol pollution rates in the future,
these additions of sulfate to the atmosphere via SAI would ef-
fectively maintain the overall global sulfate deposition rates
similar to those of 2010 (Visioni et al. 2020). However, as per
the climate model results in Visioni et al. (2020), the spatial
distribution of atmospheric sulfur deposition would change
relative to 2010, with little occurring in the tropics and large
increases in deposition in high precipitation areas at temper-
ate latitudes (Northwest-North America, Himalayas) and in
higher latitude areas due to large-scale stratospheric circula-
tion. This would likely have an impact on the relative mag-
nitude of the methane-S interactions in wetlands modeled in
the previous sections and thus may affect how much SAI is
considered necessary to offset global warming due to changes
in methane emissions. Further work on the geographic distri-
bution of sulfate deposition due to SAI in relation to wetlands
is a key data need, as it is the incorporation of the net effects of
SAI given this potential interaction. We also note that current
climate models as those used in SAI studies have a horizon-
tal resolution too coarse to properly resolve local deposition
on wetlands, and therefore, higher resolutions or limited area
modeling would be necessary to further investigate regional
rates of atmospheric deposition for this purpose.

More research is also necessary before actual management
should be considered, both on potential effectiveness (to re-
duce uncertainty) and on other environmental impacts. For
many of the potential management strategies (Table 2) the un-
intended consequences are essentially unexplored; for sulfate
applications, we hypothesize environmental impacts would
be similar to some of those observed due to acid rain and
potentially severe enough to preclude its use entirely. These
impacts should be considered at the entire system level (e.g.,
co-measuring impacts on CO, and N, O, heavy metal mobiliza-
tion, water quality, and other metrics) relative to the impact of
climate change in a risk-risk/tradeoff framework rather than
in isolation.

4.1 | Caveats

Despite the likely global significance of the climate-methane
feedback (Zhang et al. 2023), there is a dearth of information re-
lated to the management of this problem. Our literature review
found no papers focused on management of the methane feed-
back in wetlands explicitly. While it is certainly possible that di-
rect management will never be feasible or desirable, our work
suggests a need to consider the full breadth of options.

Our expansion of the review of wetland methane emission sup-
pression via the sulfate thought experiment suggests that direct
management may be a partial option, with substantial emissions
suppressed even when only applied to hotspots of the climate-
methane feedback. This exploration is only illustrative, however,
as other factors are important at multiple scales. Pre-existing soil
sulfur concentrations (e.g., from historical pollution) may alter
biogeochemical cycling (Johnston, Morgan, and Burton 2016)
and impact the efficacy of sulfate additions. Further, the lack
of data at tropical latitudes makes robust conclusions difficult.
Across all latitudes, studies of methane management in natural
or unmanaged wetlands are limited, hence our reliance on stud-
ies from rice paddies, constructed wetlands, and other ‘wetland-
like’ systems. As these systems have some differences in their
ecology and ecosystem functions, the results presented here
should be viewed with this limitation in mind. Likewise, much
of the literature on sulfate additions is conducted in boreal peat-
lands and bogs, and tropical peatlands are not well represented.
Hydrologic flow regime varies greatly among these different
types of wetlands. We note that in floodplain wetlands with
frequent inundation, the use of sulfate for methane suppression
would be challenging due to potential dilution and mobilization
of the sulfate treatment. Substantial work is necessary to under-
stand the full socio-ecological implications of large-scale ecosys-
tem manipulation and should proceed with careful investigation
and extreme caution.

Another factor to consider is the tradeoff between upfront and
maintenance expenses with regards to wetland methane man-
agement. Reestablishing hydrologic connectivity might have
a large upfront cost but minimal maintenance requirements,
while amendments such as sulfate or biochar may need frequent
reapplication to be effective (Dise and Verry 2001). Emerging
technologies for methane capture are in development but cur-
rently require concentrations of methane of around 0.1% to even
be feasible, let alone cost effective (at least an order of magni-
tude higher than concentrations observed in the highest wet-
land hotspots; Stolaroff et al. 2012). Other proposed strategies
involving microbial solutions through various methanogen in-
hibitors or methanotroph enhancers are far from practical de-
ployment (Yang, Shen, and Bai 2023; Silva-Gdnzalez et al. 2018).
Additionally, methane reduction via manipulations of microbial
communities has the potential to pose significant risks to eco-
systems. As with invasive species, ecosystem manipulations at
such a fundamental level would be replete with unknowns.

Wetland restoration may present an opportunity for further
study and testing methane mitigation strategies. Significant
peatland restoration (50 million hectares globally) is called for
to reach Paris Agreement climate objectives (Convention on
Wetlands 2021). Peatland restoration of this magnitude, im-
plemented strategically to maximize climate benefits (Laine
et al. 2024; Niemi, Mattila, and Seppdld 2024) and potentially
coupled with methane reducing strategies, could have a signifi-
cant impact on global wetland methane budgets.

4.2 | Challenges and Research Recommendations

The challenges associated with direct management of additional
wetland methane emissions raise questions about emissions
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feedback management more broadly. Direct emission mitiga-
tion of all GHGs addresses the root problem and may be easier
and more cost effective; lower emission scenarios have much
lower additional methane production from wetlands and thus
may avoid the need for invasive management entirely (Zhang
et al. 2023). Unfortunately, there is tremendous uncertainty re-
garding the likelihood of achieving the Paris Agreement goals
(limiting warming to 1.5°C or 2.0°C above pre-industrial levels,
IPCC 2018), especially in the context of additional GHG feed-
back loops from natural ecosystems like wetlands or permafrost
thaw (Friedlingstein et al. 2023; Ito 2019). Thus, it is worth ex-
ploring every option available that might help reverse the course
of anthropogenic climate change. This research outlines poten-
tial avenues of research. We recommend swift action toward
intentional and targeted scientific testing of methane reducing
management strategies (e.g., Table 1) in the areas of significant
wetland methane hotspots, in case action becomes desirable.

5 | Conclusions

The wetland-methane feedback is of global significance.
Increased methane production due to anthropogenic warming
suggests that these emissions are functionally anthropogenic
and thus should be considered in a management framework.
Ultimately, the optimal solution would be a reduction in direct
anthropogenic emissions via lower fossil fuel usage; this solution
would reduce the wetland feedback while avoiding undesirable
impacts of direct management in natural wetlands. In the in-
terim, it is worth considering and studying potential avenues for
direct wetland management. We find that while there is a broad
suite of management options, ranging from direct addition of
amendments to species management, little research has been
done on this question directly or on the potential for second-
ary negative impacts (e.g., MeHg mobilization). Application of
direct management at key hotspots may provide disproportion-
ate benefits, but the costs still need to be determined. Research
intentionally targeted at methane feedback reduction options is
needed to identify or eliminate options from consideration of
this and other critical bioclimatic feedback processes.
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