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SUMMARY

Blue (coastal wetlands) and teal (inland wetlands) carbon ecosystems are long-term carbon sinks and are
regarded as essential natural climate solutions. Yet, the same biogeochemical conditions favoring high
carbon storage also promote the production of two potent greenhouse gases (GHGs)—methane and
nitrous oxide—which can reduce the climate change mitigation potential of wetlands. Complex pro-
cesses regulate the production and consumption of the two GHGs, complicating our understanding of
wetlands’ net warming or cooling effects on the climate. This primer offers an overview of the current
knowledge of wetland GHG dynamics and discusses management actions available to stakeholders to
maximize blue and teal carbon potential. Improving our monitoring of these ecosystems will yield
more realistic estimates and avoid misrepresenting their true climate change mitigation potential. This
is vital for establishing sustainable financial mechanisms (through carbon credits) to manage these eco-

systems at scale.

WETLANDS ARE CARBON SINKS AND GREENHOUSE
GAS SOURCES

Vegetated coastal and inland wetlands are essential compo-
nents of global carbon and nitrogen cycles. They can take up at-
mospheric CO, and preserve it in their sediments at high rates
and densities for centuries and millennia. The long-term storage
of organic and inorganic carbon in coastal wetlands (such as
mangroves, tidal marshes, and seagrasses) is referred to
as “blue carbon,” whereas carbon in inland wetlands (such as
ponds, marshes, and swamps) is called “teal carbon.” Protect-
ing and restoring wetlands is an increasingly popular natural
climate solution to mitigate climate change while supporting
other sustainable development goals, such as contributing to
cleaner water, coastal protection, sustainable livelihoods, and
higher biodiversity.

To mitigate climate change, wetlands need to be net carbon
sinks at the whole ecosystem scale. However, this assessment
is complicated because wetlands emit greenhouse gases
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(GHGs) into the atmosphere in the forms of carbon dioxide
(CO,), methane (CHy), and nitrous oxide (N»O), and these fluxes
are highly uncertain. Various factors influence GHG fluxes in wet-
lands. For example, low dissolved oxygen concentrations in sed-
iments can boost methane production, or nitrogen pollution can
generate NoO, a greenhouse gas nearly 300 times more potent
than CO.,. These processes are highly variable over spatial and
temporal scales and challenging to predict but can have pro-
found implications on wetlands’ warming and cooling effects
on the atmosphere.

Despite the growing enthusiasm for blue carbon and teal car-
bon, GHG emissions from wetlands could reduce their true po-
tential as natural climate solutions, introducing challenges to
their conservation. By reducing the uncertainties of wetlands’
cooling and warming effects on the atmosphere, it will be
possible to calculate their climate change mitigation potential
more accurately. This is particularly important with increasing in-
terest in developing financial mechanisms (through carbon
credits) to reward the protection and restoration of wetlands as
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Figure 1. The effects of the carbon and nitrogen cycles on GHG emissions (CH,, CO,, and N,O) and carbon stocks of wetlands
Stores are indicated in regular font, and rates are italicized. Shades of blue show the gradient between aerobic and anaerobic conditions in the wetland.

“Nationally Determined Contributions” under the Paris Agree-
ment or in the voluntary carbon market for private companies
to offset their carbon footprint.

In this primer, we discuss the following: (1) the drivers of the
CH,; and N,O in wetlands, (2) how management actions can
affect carbon and nitrogen fluxes, (3) the benefits of preserving
and restoring wetlands for climate change, (4) the sources of un-
certainty about the role of wetlands in climate change mitigation,
and (5) policy actions for cost-effective management of wetlands
as a natural climate solution.

DRIVERS OF CH, AND N,O EMISSIONS IN WETLANDS

In blue and teal carbon ecosystems, GHG fluxes are closely linked
to plant productivity. Plants assimilate atmospheric CO, into their
biomass, which drives GHG emissions back to the atmosphere
when the organic matter eventually decomposes in waterlogged
conditions. However, only a fraction of the total organic matter
will decay and turn into CO, or CH,4, while the rest will be exported
to the ocean or preserved in the sediments, increasing the soil car-
bon stock. The partitioning between carbon storage and GHG
emissions is key to whether a wetland acts to cool or warm the at-
mosphere and depends on several environmental factors,
including wetland type, salinity, hydrological conditions, dissolved
oxygen, nutrients, and others (Figure 1).

Teal carbon ecosystems generally emit 10-100 times higher
CH,4 and N,O fluxes than blue carbon ecosystems to preserve
the same amount of carbon in their soil. The main driver of these
differences is salinity, which causes greater osmotic stress and
reduced efficiency of microbial communities involved in CH,

and N,O production in coastal environments. Moreover, coastal
sediments are rich in sulfate-reducing bacteria that outcompete
methane-producing microbes. As a result, methane emissions
are usually lower in coastal ecosystems than in freshwater
wetlands.

The type of vegetation is another critical factor driving CH4
and N,O emissions. Some plants produce less methane than
others because they allocate more oxygen to the rhizosphere,
inhibiting CH,4 production (methanogenesis). While there are ex-
ceptions, trends in N,O are often the opposite of CH,4, with
plants producing the lowest CH, also creating the conditions
for the highest N,O fluxes (Figure 1). Another essential role of
wetland vegetation is to enable plant-mediated methane fluxes,
an emission pathway where methane travels from sediments to
the atmosphere inside plant tissues. This pathway often domi-
nates total methane fluxes in vegetated wetlands (Figure 1).

Dissolved oxygen in the sediments is another essential driver,
particularly for methane emissions. The concentration of dis-
solved oxygen differentiates aerobic and anaerobic sediments
in wetlands. Microbe-mediated methanogenesis occurs in oxy-
gen-free (anoxic) sediments of coastal and inland wetlands.
Hence, increasing dissolved oxygen decreases anaerobic respi-
ration and methanogenesis by reducing the availability of anaer-
obic sediments (Figure 1).

Nutrient concentrations in wetlands affect CH, and N,O emis-
sions by fertilizing plants, increasing the influx of organic carbon
in the sediments, and promoting faster decomposition. Also,
excess nutrients convert reactive nitrogen into N,O gas through
denitrification (e.g., nitrate, nitrite) and nitrification (e.g., ammo-
nium, ammonia). Finally, eutrophication increases the production

One Earth 5, December 16, 2022 1337




¢ CellPress

and decomposition of organic matter, reducing dissolved oxygen
in the water column and increasing CH,4 production (Figure 1).

UNDERSTANDING THE ROLE OF WETLANDS IN
CLIMATE CHANGE

Blue and teal carbon ecosystems release and absorb GHG
simultaneously, making their role in mitigating climate change
complex to quantify. Production and consumption of CH, and
N>O depend on climatic, geomorphologic, physical, and biogeo-
chemical factors. However, these factors interact in complex
ways to regulate carbon dynamics. For example, there are
different possible transport pathways of CH, and N,O to reach
the atmosphere —diffusion, methane bubbles (ebullition), and
plant-mediated fluxes (Figure 1)—all of which interact differently
with environmental parameters. These factors depend on com-
plex microbial interactions that can rapidly turn systems from
sources to sinks and vice versa.

Understanding how to manage wetlands to maximize carbon
removal while reducing CH, and N,O emissions is challenging,
and this uncertainty has implications for wetland conservation
and restoration. Moreover, many wetlands alternate between
dry and wet phases depending on water table height (inland
systems) and tidal dynamics (coastal systems). The frequency
and duration of wet-dry cycles can change substantially over
daily, seasonal, or inter-annual scales, with important implica-
tions for CH; and N,O dynamics, further complicating the
assessment of their warming and cooling effects on the
climate.

Another source of uncertainty is that CO,, CH4, and N,O
have different heat-trapping potentials, and comparing CH,4
and N,O to radiative forcing effects relative to CO, is non-triv-
ial. Several methods in the literature quantify the heating poten-
tial of gas in the atmosphere, with no clear consensus on the
most suitable approach. One widespread method is the Global
Warming Potential (GWP) to convert CH4; and N2O into COs,-
equivalent (CO,-e) units by simulating an emission pulse over
time. Another method is the Sustained-Flux Global Warming
Potential (SGWP) to convert CH; and Ny;O into COs-e by
assuming a gradual release (non-pulse) over time. The choice
between GWP and SGWP has substantial implications. For
example, the latest Intergovernmental Panel on Climate
Change (IPCC) report uses the GWP metric and assumes that
1 ton of CH,4 or N,O over 100 years has the same effects as
27.9 or 273 tons of CO,, respectively. Instead, using the
SGWP would yield 40% higher CO,-e values for CH,4 but similar
values for N,O.

Regardless of the choice of metric to calculate CO»-e units
(e.g., GWP or SGWP), another complication is that GHGs differ
in how long they can emit heat in the atmosphere (“lifetime”).
As a result, calculating CO.-eq units for GHGs with different
lifetimes means the net effect of a wetland on the atmosphere
can change over time. For example, methane generates a sig-
nificant amount of warming in the atmosphere but only for a
short period (12.4 years), whereas CO, generates less heat
per unit mass but can last in the atmosphere (or in the soil)
for much longer (300-1,000 years, and up to geological time-
scales). Specifically, the SGWP of 1 ton of methane equals
96 tons of CO, over 20 years and decreases to 45 tons of
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CO, over 100 years and to 1 ton of CO, over 12,905 years.
Therefore, the arbitrary time horizon set in the calculations
can significantly affect the outcome. For example, a wetland
may qualify as net warming over a short time horizon (when
the warming effect of methane emissions is more significant
than the cooling effect from carbon burial) and switch to net
cooling over a more extended period (as the warming potential
of methane in the atmosphere decreases). The time when the
net effect of a wetland turns from net warming (positive radi-
ating forcing) to net cooling (negative radiating forcing) is called
the “switchover time.”

Finally, another challenge is to develop suitable methods for
comparing results on CH4 and N,O emissions among studies.
Currently, there is no consensus on a “gold standard” for
measuring CH4 or NoO, with studies using inconsistent and
sometimes incompatible statistics. The lack of empirical data
combined with incompatible statistical analysis contributes to
higher uncertainties. Establishing an accepted methodology
would facilitate the development of a global database and
improve our confidence in GHG fluxes in wetlands.

MANAGING WETLANDS TO MAXIMIZE CLIMATE
CHANGE MITIGATION

Natural wetlands are best left undisturbed to conserve long-
term carbon storage and maintain a net cooling effect on the at-
mosphere. Conversely, disturbed wetlands require active man-
agement to lessen their impacts on climate change and
improve other essential benefits, including biodiversity, cultural
significance, flood protection, and drought resilience. Typical
management actions for controlling GHG emissions are
restoring natural hydrology, revegetation, and reducing eutro-
phication (Figure 2).

The hydrological restoration of a wetland is a promising man-
agement intervention to revive natural carbon sequestration
rates and reduce GHG emissions. Restoring tidal flows of areas
that have been diked, impounded, drained, or tidally restricted
boosts carbon sequestration from blue carbon ecosystems.
Similarly, artificially flooding dried areas can help increase the
extent of teal carbon ecosystems and preserve their old carbon
stocks by stimulating vegetation growth and avoiding the
decomposition of organic carbon stored in anoxic sediments
(Figure 2). Alternatively, slowing water flow and increasing water
residence time in managed teal wetlands can further increase
carbon sequestration by promoting emergent vegetation and
sedimentation, which adds organic carbon and soil to sedi-
ments. Yet, overly reducing water flow may reduce dissolved
oxygen, increasing the likelihood of anoxic conditions and higher
methane production.

Promoting vegetation and reducing eutrophication lower
methane production in the sediments by increasing dissolved
oxygen in the water, which diminishes methanogenesis
(Figure 2). Emergent and floating plants oxygenate wetlands
through photosynthesis. Yet, excessive plant density (in combi-
nation with high nutrients) can also enhance CH, emissions by
releasing labile methanogenic substrates into the sediments
and providing a plant-mediated pathway for CH, to be released
directly into the atmosphere. To dilute the effects of excessive
vegetation contributing to CH,, teal waterbodies could be
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Figure 2. Main management actions available to stakeholders, their reactions to environmental properties, and consequential effects on

climate change
Cooling effects are in green, and warming effects are in red.

maintained at higher water levels to regulate temperature,
reduce ebullition events, and increase the consumption of dis-
solved CH, in the water column via methane oxidation.

Wetlands with established vegetation can absorb CO, (and
sometimes even N,O) from the atmosphere to offset some (or
potentially all) CH4 emissions. Unlike CH,4, anaerobic conditions
in the sediments reduce N,O production (by coupled nitrifica-
tion-denitrification) and promote N,O consumption (by complete
denitrification), turning wetlands into N,O sinks. However, N,O
may be released back into the atmosphere, for example, when
sediments dry out or receive high nitrogen loading (Figure 2).

Another way to maximize the carbon benefits of wetlands is to
improve water quality by reducing dissolved nitrogen and phos-
phorous inputs and increasing dissolved oxygen, thereby
reducing wetland CH4 and N,O emissions (Figure 2). Protecting
wetlands from anthropogenic nutrient inputs is a viable way to
lower CH; and N,O emissions. In agricultural waterbodies,
installing fences and water throughs to exclude livestock from
accessing wetlands are simple management interventions that
can reduce GHG emissions by lowering nutrient input from
animal waste, promoting natural revegetation for additional
water quality benefits, and preventing soil compaction from
decreasing oxygen in the sediments (Figure 2).

PRIORITIES FOR HEALTHY WETLANDS

Despite the uncertainties associated with the overall cooling ef-
fect of wetlands, ensuring effective and long-lasting conserva-
tion of blue and teal carbon wetlands should be a priority to
meet climate change mitigation goals. Most undisturbed wet-
lands have cooling effects on the atmosphere (cumulative nega-
tive forcing) because their organic carbon burial rates are sus-
tained over decades and centuries to exceed their GHG

emissions. Other than mitigating climate change, healthy wet-
lands offer essential ecosystem services, such as water security,
biodiversity benefits, and flood mitigation. Their continued pres-
ervation will also protect the cultural and recreational signifi-
cance as “wild and natural” areas in an increasingly modified
world. To this end, urgent management priorities include (1) pro-
tecting undisturbed wetlands, (2) restoring degraded wetlands,
and (3) advancing our understanding of their carbon dynamics
(Figure 3).

The most urgent management action is to ensure that undis-
turbed wetlands remain protected. Avoiding human distur-
bances is the most cost-effective solution to maintain carbon
sequestration rates and preserve the carbon stocks accumu-
lated in wetland sediments over centuries and millennia
(Figure 3). Effective communication to raise awareness on the
roles of wetlands in the environment will play an essential role
in involving the public to support investments in management
actions to protect the conditions of these systems (Figure 3).

Another priority is to restore degraded wetlands to reduce
their contributions to climate change (Figure 3). Degraded wet-
lands have higher CH4 and N,O fluxes, lower carbon sequestra-
tion rates, and net warming effects on the atmosphere. Restoring
degraded teal and blue carbon ecosystems can reduce their
emissions, improve their carbon sequestration, and eventually
return these systems to have a cooling effect on the climate.
Typically, blue carbon ecosystems may return to their net cool-
ing effects a decade after restoration, whereas teal carbon eco-
systems may take longer (up to several centuries).

Reducing eutrophication by protecting wetlands from anthro-
pogenic nutrient inputs is a viable way to reduce CH, emissions
(Figure 3). Restoring natural hydrology and promoting vegetation
will help reduce nutrient loads and improve wetland conditions.
However, some wetlands in urban and agricultural areas are
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whereby local actions can pave the way for broader benefits.

specifically designed to trap and bury nutrients in the sediments,
likely increasing their CH,4 production. When reducing nutrients
upstream is an unfeasible option, higher CH4 emission may be
a price worth paying for reducing downstream eutrophication
in systems.

Investing in more research to clarify CH, and N,O dynamics in
wetlands is crucial (Figure 3). As discussed, wetlands can emit
these potent greenhouse gases while simultaneously acting as
significant carbon sinks. There is another complication: what
proportion of these emissions can be directly attributed to wet-
lands? For example, most N,O emissions from wetlands origi-
nate from anthropogenic nitrogen inputs (e.qg., fertilizers); there-
fore, these emissions would still occur elsewhere in the
hydrological network if the wetlands were absent. Thus, wet-
lands should not be “blamed” for emitting NoO when the nutrient
input comes from terrestrial sources. By contrast, CH4 emissions
are a specific by-product of the decomposition of organic matter
in the anoxic sediments, and these emissions would not exist
without a wetland. Nonetheless, the same anoxic sediments pro-
moting methanogenesis are also essential for carbon sequestra-
tion, which can typically offset emissions in healthy wetlands.
Hence, clarifying the fluxes in the carbon cycle can prevent
missing or double counting the effects of wetlands on the atmo-
sphere.

A better understanding of CH4 and N,O emissions and carbon
sink dynamics requires improving the quality of our datasets.
First, we need to ensure that the data collected by scientists
can be compared and compiled in global datasets. This requires
reaching a consensus on techniques that provide compatible re-
sults for measuring CH,4 and N>O with high accuracy and preci-
sion (Figure 3). Second, we need to improve the technology for
collecting data from the field. Wetland emissions are highly var-
iable in time and space, and capturing the appropriate temporal
and spatial resolution is difficult. One limitation is that CH, and
N>O sensors have higher costs and lower accuracies than CO,
sensors. There is increasing urgency to develop low-cost, com-
mercial sensors for scientists, technicians, or private citizens to
monitor emissions in the environment (Figure 3). Such ap-
proaches are particularly needed for emissions in aquatic sys-
tems, which are highly episodic and represent the largest source
of uncertainty in global budgets for NoO and CH,4. Deciphering
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the magnitudes and origins of these emissions worldwide is
the first step to reducing them with effective climate policies,
along with generating other co-benefits.
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