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The cost-effective mitigation of climate change through nature-based carbon
dioxide removal strategies has gained substantial policy attention. Inland
and coastal wetlands (specifically boreal, temperate and tropical peatlands;
tundra; floodplains; freshwater marshes; saltmarshes; and mangroves) are
among themost efficient natural long-term carbon sinks. Yet, they also release
methane (CH4) that can offset the carbon they sequester. Here,we conducted a
meta-analysis on wetland carbon dynamics to (i) determine their impact on
climate using different metrics and time horizons, (ii) investigate the cost-
effectiveness of wetland restoration for climate change mitigation, and (iii)
discuss their suitability for inclusion in climate policy as negative emission
technologies. Depending on metrics, a wetland can simultaneously be a net
carbon sink (i.e. boreal and temperate peatlands net ecosystem carbon
budget =−28.1 ± 19.13 gC m−2 y−1) but have a net warming effect on climate
at the 100 years time-scale (i.e. boreal and temperate peatland sustained global
warming potential = 298.2 ± 100.6 gCO2 eq

−1 m−2 y−1). This situation creates
ambivalence regarding the effect of wetlands on global temperature. More-
over, our review reveals high heterogeneity among the (limited number of)
studies that document wetland carbon budgets. We demonstrate that most
coastal and inland wetlands have a net cooling effect as of today. This is
explained by the limited CH4 emissions that undisturbed coastal wetlands
produce, and the long-term carbon sequestration performed by older
inland wetlands as opposed to the short lifetime of CH4 in the atmosphere.
Analysis of wetland restoration costs relative to the amount of carbon they
can sequester revealed that restoration is more cost-effective in coastal
wetlands such as mangroves (US$1800 ton C−1) compared with inland wet-
lands (US$4200–49 200 ton C−1). We advise that for inland wetlands,
priority should be given to conservation rather than restoration; while
for coastal wetlands, both conservation and restoration may be effective
techniques for climate change mitigation.
1. Introduction
Climate change mitigation is a pressing international need, with many manage-
ment actions that can contribute to it. The Intergovernmental Panel on Climate
Change does not consider it possible to limit global warming to 2°C without the
use of negative emissions technologies [1]. Seven categories of negative emis-
sions technology have been identified: bioenergy with carbon capture and
storage, biochar, direct air capture, enhanced weathering, ocean fertilization
and natural climate solutions (sensu [2]) such as afforestation & reforestation
and soil carbon sequestration [3]. Most of these techniques require large
financial investment before they can be implemented at the global scale [4].
However, the latter two—‘afforestation and reforestation’ and ‘soil carbon
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sequestration’—are available now and may be among the
most cost-effective negative emissions technologies [4]. Eco-
system conservation and ecological restoration can play a
crucial role in mitigating climate change both now and in
the future and are beginning to receive substantial research
and policy interest [5–8].

Inland and coastal wetlands have, per unit area, high soil
carbon densities relative to other ecosystems [9]. Key wetland
types include peatlands (bogs and fens), mineral wetlands
(marshes, tundra), seasonal or permanent floodplains and
coastal wetlands (e.g. mangroves, saltmarshes). Unlike other
ecosystems, carbon storage in wetlands does not reach satur-
ation, as it accumulates primarily in the soil over century to
millennial time scales [10]. This makes wetlands an effective
and long-term nature-based approach to mitigating climate
change, if the carbon they store is greater than the methane
(CH4) they emit in terms of radiative forcing. The effect of
CH4 emissions on the net radiative forcing of wetlands is
however unclear. Long-term monitoring sites are still limited
and there is a debate on which metric to use to accurately
evaluate the radiative effect of wetlands and their possible
inclusion in climate change mitigation schemes [11,12],
including for cost-effectiveness of restoration.

Under the United Nations Framework Convention on
Climate Change (UNFCCC), greenhouse gases (GHGs) are
reported in CO2-equivalent (CO2-e) emissions using a global
warming potential (GWP) over 100 years. Despite being
broadly used, three major critiques regarding GWP can be
addressedwhen assessing the carbon dynamics of ecosystems.
First, GWP considers GHG emissions as a single pulse while
ecosystem emissions are usually continuous throughout
time. Second, the initial GWP metric did not consider, until
2013, the indirect effect and feedbacks of non-CO2 pathways
such as CH4 oxidation and associated CO2 production (i.e.
climate–carbon feedback). This has led to confusion and a
development of different GWP values under the same metric
name with inconsistencies between publications when refer-
ring to GWP [13]. Third, the 100-year time-scale is purely
arbitrary and disconnected from policymaker timespan.

Several approaches have been proposed to circumvent
these flaws with their own key attributes and limitations
[12,14]. Considering the wide range of situations in which a
climate metric is required to assess the effect of a system,
no single metric can satisfy the need of all applications [14].
For instance, the climate metric required might differ greatly
between a life cycle technology, a national emission estimate,
an energy systempathwayor an ecosystem exchange assessment
[15]. In the specific field of ecosystem biogeochemistry, two
approaches have attempted to estimate the radiative effect of
natural environments by considering their specificities. First,
the sustained GWP (SGWP) which takes into consideration the
first two caveats mentioned above (i.e. steady continuous emis-
sions and CH4 to CO2 when oxidized). Second, the switchover
time which allows determining at what age a wetland has a
net radiative cooling effect [11]. Given the increasing number
of wetland studies that estimate net ecosystem carbon budget
(NECB) [16], and the need to accurately assess the role wetlands
play in themodern climate by considering the true effect of other
GHGs such as CH4, a consistent global evaluation of wetland
radiative forcing is needed.

If wetlands are to be a viable nature-based approach to
climate change mitigation, then the management and restor-
ation of these ecosystems, with a view to increasing their
ecosystem service provision, must also be cost-effective for
decision-makers to support. The costs of wetland restoration
are complex and often not communicated, but preliminary
costs have been reported in recent meta-analyses for peat-
lands [15] and coastal wetlands [17]. This is alongside a
burgeoning literature on the progress, challenges and lessons
learned in wetland restoration more broadly [15,18,19].
However, links between the costs of wetland restoration rela-
tive to their effectiveness at mitigating climate change have
seldom been made, and the limited scope of previous meta-
analyses omits other important wetlands such as freshwater
marshes.

We constrained the net ecosystem carbon budget and
radiative forcing of different inland and coastal wetland eco-
systems and evaluated their cost-effectiveness of restoration
for climate change mitigation. Our objectives were to (i) deter-
mine the wetland NECB and compare the different recent
metrics to evaluate wetlands’ radiative effect and their associ-
ated role in the modern carbon budget; (ii) assess and discuss
the cost of wetlands conservation and restoration; and (iii)
address how carbon storage from wetlands could or should
be integrated into climate change mitigation policies.
2. Methods
We performed two systematic reviews, which were analysed
through a meta-analysis; the first to determine wetland radiative
effect and the second to determine wetland restoration costs.
Both systematic reviews exclusively collected data published
up until 31 March 2020, using the Scopus database by Elsevier.
The detailed method is presented in the electronic supplementary
material and a summary is presented below.

2.1. Wetland carbon budget and radiative effects
2.1.1. Literature search
We conducted a systematic review of studies that quantified wet-
lands net carbon budget, including CH4 fluxes over an annual
time-scale (or growing season for high latitude studies). We
first developed and tested a search string based on trial and
error using a set of relevant studies from three previously
published literature reviews [16,20,21].

2.1.2. Critical appraisal and data extraction
The selected papers went through several rounds of quality con-
trol, conducted by two of the authors independently. First, titles
(round 1) and abstracts (round 2) were screened. A keyword
search approach was used. If none of the terms ‘carbon’, ‘CO2’,
‘methane’, ‘budget’ or an ecosystem name appeared, the publi-
cation was excluded. Selected papers were then downloaded
and critically appraised as described in the electronic supplemen-
tary material. Only studies from undisturbed and restored or
rewetted peatlands were considered, in line with our stated
research objectives.

For inclusion in this review, studies had to provide the wet-
land type description; geographical coordinates; study length
duration; measurement technique and equipment used; time
period since restoration or rewetted except for undisturbed
sites; net ecosystem exchange (NEE) or net ecosystem pro-
ductivity (NEP), terrestrial CH4 exchange, total organic carbon
from rain (rain TOC), aquatic carbon export including particulate
organic carbon, dissolved organic carbon (DOC), dissolved inor-
ganic carbon, dissolved CO2 and CH4, aquatic CO2 evasion,
terrestrial CH4 exchange and aquatic CH4 evasion, when avail-
able. All these components are required to produce the NECB



net ecosystem carbon
budget (NECB)

rain TOC terrestrial and
aquatic CH

4 
flux

aquatic
exchange

CO
2 

evasion

lateral carbon
export

net ecosystem
exchange

(NEE=GPP-Re)

Figure 1. Conceptual model of the NECB that summarizes ecosystem carbon inputs and outputs. Note that if a stream is crossing a wetland (rather than taking its
source within it), the import of allochthonous carbon has to be deducted.
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as presented in Chaplin et al. [22] and summarized in figure 1.
Because of the extensive work it represents to measure all the
components required in this approach, almost no study has
done so. Therefore, we adapted our selection as a compromise
as such that NEE (or NEP) and terrestrial CH4 exchange were
the two mandatory variables required to include the study in
our meta-analysis. Although not ideal, these two variables
were enough to complete our research objective to estimate
both NECB and ecosystem net radiative forcing (using SGWP
and switchover time).

To clarify common confusion between terms, GPP represents
the gross assimilation of CO2 via photosynthesis and NEE rep-
resents the net terrestrial carbon flux (Re-GPP). When negative,
NEP would indicate a net uptake or storage of CO2 from the
ecosystem. The only difference between NEE (=Re-GPP) and
NEP (=GPP-Re) is the sign [22]. All NEP values were converted
to NEE to ensure consistency between studies. Similarly, negative
NECB indicates a net carbon sink and positive NECB a net
carbon source towards the atmosphere (figure 1).

2.1.3. Data availability
A total of 9390 publications were initially captured from the lit-
erature search. This number was reduced to 336 after titles and
abstracts were screened. Following a critical appraisal of the
full texts, 65 articles remained, together accounting for 64 indi-
vidual wetland carbon budgets. The second number is lower as
some publications presented data from multiple study sites
while others published CO2 and CH4 budgets independently
while conducted at the same site during the same period. The
significant reduction in the number of suitable studies pre- and
post-screening is similar to other ecosystem carbon studies (e.g.
[23]). The meta-analysis reported that 19% of studies integrated
aquatic fluxes in their NECB (n = 12). Among them, they all
quantified lateral export (mainly DOC), and only three studies
included CO2 and CH4 evasion (see electronic supplementary
material for further details). For consistency, we only present
results for wetland types that have a restoration cost estimate,
except for tundra.

More than half of the selected studies were conducted on
boreal and temperate peatlands, either bogs (n = 15) or fens
(n = 15). Freshwater marsh was the second most represented wet-
land with eight studies, followed by restored peatland (n = 5) and
rewetted peatland (n = 5). Surprisingly, the review did not cap-
ture any empirical studies on mangrove wetlands and only two
on saltmarshes. While both ecosystems have been the focus of
extensive carbon assessments and budget reconstructions over
multiple decades (e.g. [24–26]), these studies lack measurements
of methane within the budget. This may be due to limited inter-
est to measure these emissions in what are methane-poor
environments, relative to terrestrial wetlands. However, since
methane emissions from mangroves may partially offset carbon
sequestration potential [27,28], we included global estimates
compiled by Rosentreter et al. [28] for mangroves to compare
them with the other terrestrial wetlands presented in this study.

2.2. Wetland restoration costs
2.2.1. Literature search
We conducted a systematic review of studies that reported wet-
land restoration costs. Similar to the first systematic review
presented above (§2.1.1), we used two previously published
review to construct our search string [15,17].

2.2.2. Critical appraisal and data extraction
The titles and abstracts of collected articles were screened to remove
studies that did not focus on wetland ecosystems (undefined ‘wet-
lands’ were also excluded). We then searched within individual
studies and only included those that reported (i) restoration costs,
(ii) the size of the restored area and (iii) the duration of the restor-
ation event,1 for a specific restoration project or projects. Studies
that reported actual costs from completed restoration projects,
and those that estimated costs for planned restoration projects,



NECB study sites 

50

0

–50

100 0 100

la
tit

ud
e 

(°
)

longitude (°)

floodplain
freshwater marsh
mangrove
peatland (bog)
peatland (fen)
restored freshwater marsh
restored peatland
rewetted peatland
saltmarsh
tropical peat swamp
tundra

restoration cost study sites

Figure 2. Global distribution of the studies that assessed the net carbon budget by accounting for CO2, CH4 (and aquatic lateral export when available) in filled
circles and wetland restoration cost in open circles with a cross.

royalsocietypublishing.org/journal/rsfs
Interface

Focus
10:20190129

4

were both included. If a study gave data on multiple restoration
projects, data were extracted for each individual project. Care was
taken not to double count individual sites that may have featured
in multiple different articles. Calculations followed the method-
ology of Bayraktarov et al. [17] and are summarized in the
electronic supplementary material. In a final stage, these cost data
were combined with the data on wetland carbon budgets and
radiative effects, to calculate the cost-effectiveness of wetland
restoration for climate change mitigation.

2.2.3. Data availability
A total of 25 658 articles were initially captured from the litera-
ture search. These numbers included studies that might have
been selected multiple times because of the several search strings
used. After all screening and appraisals of the full texts, the final
dataset contained restoration costs from 24 articles, covering 63
projects. The breakdown in [articles; projects] format was: man-
groves [18; 61], saltmarshes [14; 51], freshwater marsh [4; 15],
peatland [4; 7] and floodplain [1; 1]. The majority of datapoints
came from tropical coastal ecosystems, many of which had
been captured in the dataset compiled by Bayraktarov et al.
[17]. However, many of the wetland types represented in the
carbon budget dataset were also represented in the restoration
costs dataset, making comparisons possible. Based on our
search, there appears to be no restoration cost data on tundra
in the peer-reviewed literature (figure 2).
3. Results and discussion
3.1. The role wetlands play in regulating atmospheric

greenhouse gas concentrations and associated
radiative effect

3.1.1. Net ecosystem carbon budget
The NECB is a standardized approach to account for carbon
gain and loss at the ecosystem scale. Undisturbed inland
wetlands included in this study were all small net carbon
sinks (figure 3a). The median ± standard error NECB for
inland wetlands was −57.2 ± 27.3 gC m−2 y−1. The lowest
reported value of −978 gC m−2 y−1(sink) was from a fresh-
water marsh (figure 3a). Boreal and temperate peatlands
had a median NECB of −28.1 ± 19.1 gC m−2 y−1. Values pre-
sented here are within the same order of magnitude as
previous studies that quantified an average uptake of
−45 gC m−2 y−1 and −69 gC m−2 y−1 for inland wetlands
and peatlands, respectively [29]. Among the 11 wetland
types presented in this study, only tropical peat swamps
were a net carbon source to the atmosphere (figure 3a) but
with a standard error seven times greater than its median
value (21.1 ± 153.0 gC m−2 y−1; figure 3a). We also highlight
the small number of studies captured for tropical peat
swamps (n = 2) and for tropical wetlands in general, as
opposed to high latitude ecosystems. Mangroves had a
NECB of −235 gC m−2 y−1, which is smaller than the
−1000 gC m−2 y−1 estimated by Webb et al. [16]. However, this
previous estimate was made using one study site and did not
consider CH4 emissions in their budget, unlike the one pre-
sented in this meta-analysis from a global synthesis (i.e. [28]).

Aquatic export was variable between and within wet-
lands. When reported, it offset 18.8% of the net ecosystem
exchange, with values ranging from 0.5% to 158% (electronic
supplementary material, figure 1b). However, only 12 out of
64 studies included the aquatic component in their budget.
The highest aquatic flux over NEE ratio was for studies
which reported both DOC export plus CO2 and CH4 evasion
(instead of just DOC export), regardless of the wetland type.
This suggests that NECB studies that did not measure the
aquatic component (i.e. lateral export and outgassing) under-
estimate carbon loss from wetlands [16]. Nonetheless, some
studies have questioned the accuracy of considering aquatic
export as a net carbon loss as some of this carbon might
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Figure 3. Boxplots for mangrove and inland wetlands presenting (a) annual NECB and (b) SGWP based on the studies selected for our meta-analysis. Boxes span
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study site but from a global synthesis from Rosentreter et al. [28].
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remain trapped in the hydrosphere reservoir rather than be
re-emitted to the atmosphere. This is particularly relevant
for coastal wetlands, where lateral carbon export could
account for a hidden carbon sink. Some studies suggested
that this export could represent greater than 50% of ecosys-
tem productivity, and therefore represent the strongest
ecosystem carbon output [30,31].

While the NECB metric determines if the ecosystem accu-
mulated or released carbon, it does not directly address the
radiative forcing of the studied system and its role in atmos-
pheric GHG mitigation. This is particularly problematic for
wetlands as they produce about 30–40% of the global CH4

emissions (0.2 Gt CH4 y−1) [32]. Finding a way to determine
radiative forcing of CH4 over CO2 in wetlands has led to exten-
sive debates in the research community [33–35]. One way to
estimate the net radiative effect of an ecosystem is to arbitrarily
set a time horizon such as the GWP or SGWP (figure 3b).

3.1.2. Sustained global warming potential at the 100 years
horizon

In figure 3b, we present the SGWP for wetland types using
the potential factor of 45 for CH4 (100-year time horizon)
[11]. While most wetland types were net negative using the
gC m−2 y−1 unit (figure 3a), all inland wetlands had a net
positive sustained radiative forcing using SGWP at 100
years (figure 3b). Freshwater marsh was the strongest
carbon sink in carbon unit (figure 3a) but had a net positive
radiative forcing (i.e. warming) using the SGWP metric
(figure 3b), despite being among the most productive wet-
land types in terms of NEE (electronic supplementary
material, figure 1). Mangroves and saltmarshes were the
only two wetland types that were still net negative, because
of the limited CH4 emissions generated in coastal wetlands
in comparison with the magnitude of CO2 uptake.
The SGWP approach showed that inland wetlands have
a warming effect rather than a cooling effect on the
climate, and therefore coastal wetlands are most appropriate
as a climate change mitigation strategy. This is critical
because the UNFCCC specifically uses this type of metric.
However, we argue that SGWP, or similar ones such as
GWP, do not acknowledge the full role that wetlands play
in climate regulation, because they do not integrate the
age of the ecosystem, which is usually much older than
the steady state of CH4 in the atmosphere (approx.
50 years) [11].

3.1.3. Switchover time of wetlands
Although convenient to align with policy mitigation strat-
egies, using GHG metrics such as SGWP, GWP or GWP* at
a fixed time period (i.e. 100 years for UNFCCC) is not fully
representative of an ecosystem’s warming/cooling effect
because it does not consider the period of time since CH4

emissions and CO2 sequestration have occurred. This is
indeed important as GHGs have different atmospheric life-
times [11,36]. Assuming that GHG emissions and CO2

uptake from undisturbed mature wetlands are overall stable
over time, methane reaches a steady state after four atmos-
pheric lifetimes (approx. 50 years), meaning that its
radiative forcing is stabilized (figure 4a). This is because
CH4 emissions are balanced by CH4 oxidization in the atmos-
phere [37]. On the other hand, CO2 never reaches a steady
state, because of its infinite time before it equilibrates with
external reservoirs including geological scale weathering of
continental rocks [13]. Therefore, CH4 decays much faster
than CO2 equilibrates (figure 4a). Consequently, depending
on the age since this process has been ongoing, the studied
system can have either a warming or cooling effect
(figure 4b).
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Using the switchover time approach, we can estimate the
contribution of each wetland to the modern climate using (i)
the magnitude of CH4 emissions; (ii) the CO2 sequestration:
CH4 emission ratio; and (iii) the wetland age. Among the
studies that are part of our meta-analysis, only 15 provided
the wetland age, along with CO2 and CH4 fluxes. All the
undisturbed peatlands had a net cooling effect, except for
the tundra site (figure 5b). Therefore, we conclude that
despite steady CH4 emissions and having a net positive
radiative forcing at the 100-year time-scale (figure 3b),
when integrated with age, peatlands are net carbon sinks
and have a net cooling effect on the modern climate
(figure 5a). Conversely, all restored wetlands had a net warm-
ing effect (figure 5b), because of their relatively young age
and the impossibility for CH4 emissions to equilibrate in
the atmosphere. This suggests that restored wetlands do
not directly mitigate radiative warming at the yearly to dec-
adal time-scale, even though they can accumulate carbon in
their soil.

Although wetland age measurements were lacking for
most of the studies, we were able to calculate switchover
times for the other wetland types. This allowed us to evaluate
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the range of time necessary for wetlands to have a net nega-
tive radiative forcing and also to evaluate how much time is
required for a restored or rewetted wetland to help mitigate
climate change (figure 6). The shortest time periods calcu-
lated were for mangroves (0 year, meaning that mangroves
never have a net warming effect) and saltmarshes (17
years). Peatlands (boreal and temperate) and freshwater
marshes and had important switchover time variability
between study sites with a median value of 298.2 ± 100.6
and 2184 ± 1029 years, respectively (figure 6). Restored fresh-
water marsh, restored peatlands and rewetted peatlands had
an overall short switchover time when compared with natu-
ral terrestrial wetlands, ranging from 57 to 299 years
(figure 6). While restored and rewetted wetlands induce a
re-establishment of CH4 emissions, it also stops high CO2

emissions that occurred during the drained and disturbed
period [38,39]. Again, the dilemma is to determine if the
high radiative effect of CH4 emissions outcompetes the
carbon sequestration potential of restored wetland. The
switchover time approach can be seen as the reverse to
SGWP and other similar metrics. Instead of knowing what
is the radiative effect of a wetland at time t, the switchover
time tells when exactly the ecosystem will have a net cooling
effect. This approach is, therefore, more relevant for deter-
mining the role ecosystems play in the modern carbon
cycle. However, switchover time estimates must be con-
sidered with nuance. The limitation of this approach is that
it assumes CO2 and CH4 fluxes to be steady over time
while they are expected to vary depending on the age of
the ecosystem, climatic interannual variability [40] and the
effect of climate change [41]. Moreover, land-use change
and anthropogenic pressure on the environment might also
alter the natural behaviour of wetlands [8,40]. This large
variability and potential for wetlands to switch from carbon
and GHG sinks to sources mean that close monitoring is
needed, with the aquatic component to be integrated into
the wetland NECB.

Regarding restored wetlands, fixing the year 0 from when
the radiative effect is being assessed is challenging. Two
approaches could be used. The first one would consider the
wetland age since its natural formation. The second approach
would ignore previously undisturbed conditions and con-
sider the restoration starting date as the year 0. Although
it risks ignoring a significant contribution of past
peatlands to the radiative balance (as demonstrated in
figure 5b), we recommend using the restoration year as the
reference year (i.e. second approach) for two reasons. First,
it appears inconsistent to use values from post-restoration
state for disturbed or previously undisturbed states. Second,
it is the most conservative approach as it does not assume
the potential cooling effect a wetland might have had
before its disturbance.

3.2. The cost-effectiveness of wetland restoration for
climate change mitigation

All total project costs are reported asmedians in 2010US$. Salt-
marsh restorationwas associatedwith the highest average total
project costs (US$89 660 ha−1 y−1; figure 7 and table 1). This
was slightly higher than those for freshwater marsh (US$71
221 ha−1 y−1) and significantly higher than costs associated
with restoring floodplains (US$20 948 ha−1 y−1), mangroves
(US$4368 ha−1 y−1) and peatlands (US$1229 ha−1 y−1). Several
factors account for the large disparity in restoration costs
between ecosystems. Firstly, the restoration of saltmarsh
and freshwater marsh may require more hydrological
manipulation (e.g. construction of weirs) compared with
other ecosystem types, due to the type of historical land-use
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change affecting these ecosystems (e.g. enclosure and infill-
ing of saltmarsh for during port development, or drainage
of freshwater marshes for agriculture), and the specific
hydrological requirements of freshwater marsh species [42].
Secondly, in this systematic review, all of the saltmarsh
and freshwater marsh restoration projects for which costs
could be extracted were based in developed nations, specifi-
cally the USA, UK and Germany. Labour, material and
engineering costs will be substantially higher in these
locations, compared with conducting restoration
in developing nations; estimated to be as high as 2010
US$1.7 M ha−1 y−1 for one site in Ohio [43]. Conversely, in
this review, some mangrove restoration cost data came
from projects in the USA, but over half came from those
in developing nations (particularly Southeast Asia).
Indeed, there is a two order of magnitude difference
between the median costs of mangrove restoration in devel-
oped (US$100 861 ha−1 y−1) and developing (US$989 ha−1 y−1)
countries. This may be explained by the fact that mangrove res-
toration projects in Southeast Asian countries such as Indonesia
often do not involve mechanical earthworks; instead, earth-
works are carried out by the local community, using hand
tools. This reduces engineering and labour costs, and their
community-managed nature may also lower longer-term costs
such as maintenance and monitoring [44].

We combined estimates of restoration costs with the
potential carbon sequestration and radiative forcing of wet-
land ecosystems (§3.1) to determine the cost-effectiveness of
wetland management as a natural climate solution (table 1).
While there are uncertainties in the carbon sequestration
values and ecosystem restoration costs reviewed, mangroves
appeared to be the most cost-effective wetland type to be
restored for climate change mitigation purposes, assessed
across all metrics (table 1). Mangroves have an estimated cli-
mate change mitigation potential per dollar of restoration of
US$1800 tonC−1 y−1. This is due to the relatively low cost
of restoration, and the fact that natural mangrove stands
have a net cooling effect, as do restored mangroves immedi-
ately after a restoration event takes place (figure 6). This
suggests that mangrove restoration has high potential as a
nature-based solution for climate change mitigation,
especially since as much as 810 000 ha of formerly deforested
mangrove areas are deemed biophysically suitable across the
tropics and sub-tropics [45].

Three inland wetland ecosystems have comparable
values of climate change mitigation potential per dollar of



Table 1. Median restoration cost [min; max] presented in different units per wetland types, based on the restoration cost in $ ha−1 y−1 multiplied by the
NECB, sustained global warming potential at the 100-year time-scale (SGWP-100y), and the switchover time determined by our meta-analysis.

all in 2010 USD n
restoration cost
(US$ ha−1 y−1)

NECB
(gC m−2 y−1)

restoration cost
(US$ tC−1)

SGWP 100y
(gCO2eq

−1 m−2 y−1)
restoration cost
(US$ tCO2eq

−1)

saltmarsh 43 89 660

[107; 2 439 305]

−219.5
[−620; 181]

40 820

[17; NA]

−19.1
[−1284; 1246]

469 109

[8; NA]

freshwater marsh 14 71 221

[803; 1 733 632]

−272.1
[−978; 43]

26 174

[82; NA]

2184.4

[−2912; 6779]
NAa

[27; NA]

floodplain 1 20 948

[NA; NA]

−141.2
[NA; NA]

14 835

[NA; NA]

549.7

[NA; NA]

NAa

[NA; NA]

peatland (fen and bog) 7 1229

[464; 37 173]

−28.1
[−262; 251]

4374

[177; NA]

298.2

[−195; 2413]
NAa

[237; NA]

mangrove 61 4368

[69; 828 033]

−235
[NA; NA]

1782

[NA; NA]

−776.4
[NA; NA]

560

[NA; NA]
aNo restoration costs are presented for the three inland wetlands based on the SGWP 100y because they all produced a net warming effect using this metric.
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restoration between US$4200 and US$49 200 tonC−1 y−1

(table 1). Inland wetland restoration needs to be considered
as a long-term investment, as no climate change mitigation
benefit can be accrued at the 100 year time-scale, primarily
because of the high CH4 emissions they produced. The
issue of time-scale provides a challenge to the restoration of
inland wetlands for climate change mitigation, because mech-
anisms that incentivize restoration and conservation often
have much shorter reporting and funding timelines of 10–
20 years [46]. Thus, there is a distinct mismatch between
the timelines of the carbon budget versus policy and funding.
Therefore, the conservation of existing inland wetland ecosys-
tems is more effective than their restoration for less than 100
years climate change mitigation schemes. Yet, both conserva-
tion and restoration are effective approaches for the
promotion of mangroves (and possibly other coastal wetlands
such as temperate and tropical salt marshes) as a nature-
based climate solution. Nevertheless, across all wetland
types, restoration projects still require subsequent monitoring
and operation costs (to conserve the restored site), meaning
conservation would likely be more cost-effective overall
because it does not require the initial restoration investment.
For example, evidence suggests that annual monitoring costs
are typically around 20% of the initial restoration investment
for floodplain restoration in the USA [47], and mangrove
restoration in the Philippines [48] and Vietnam [49].

Mangrove restoration (US$510 tCO2
−1; table 1) is of the

same order of magnitude, yet slightly pricier, than carbon
capture cost from other negative emission techniques
(US$15–400 tCO2

−1) presented from Fuss et al. [4]. However,
the service provided by the other negative emissions technol-
ogies is limited to carbon removal and could even create
ethical or ecological issues [50,51], whereas mangrove restor-
ation also provides additional ecosystem services that can
help meet other United Nations Sustainable Development
Goals [52]. Furthermore, although determining wetland con-
servation or management costs was not possible in this study
(because such information is limited in the peer-reviewed lit-
erature), it is conceivable that conservation costs could be
lower than restoration costs for the same wetland in similar
locations [48,49]. Hence, mangrove conservation will likely
have a lower carbon capture cost, and, since mangrove defor-
estation emits at least 26.4–37.3 million tons of CO2-e per year
into the atmosphere globally [53,54], could make its cost-
effectiveness even more comparable with other negative
emission techniques.

The incurring of costs related to wetland restoration will
be context specific. Wetland restoration can be financed
through various channels depending on land tenure and
actor responsibilities [55]. If actors are deemed responsible
for converting or degrading wetlands, they may be legally
mandated or voluntarily motivated to finance wetland restor-
ation [18]; for example, major companies are restoring
wetlands under the banner of corporate social responsibility
[56,57]. If responsibility is difficult to determine, fiscal mech-
anisms such as tax breaks can be offered to farmers or
developers that set-aside wetlands, or else governments
may finance the restoration themselves using taxpayer
money [55].

Typically, the costs of wetland restoration will be incurred
by landowners at local–subnational scales while the benefits
of the resulting climate change mitigation accrue globally.
As such, incentives are often available to wetland-restoring
actors as a reward or compensation for providing these posi-
tive environmental externalities. Mechanisms such as
Payments for Ecosystem Services offer landowners the finan-
cially beneficial option of selling credits through the
voluntary carbon market—although such initiatives could
lead to a considerable repay period, if the landowner
financed the restoration themselves. National governments
can also benefit by using restored wetlands in national
GHG inventories [58] (or as part of their nationally deter-
mined contributions stipulated under the Paris Agreement
[5]). Beyond this however, wetland restoration performed
with the goal of climate change mitigation will also generate
additional ecosystem services to humankind such as flood
defence, coastal defence, habitat creation and recreation
[59]. As such, wetland-restoring actors may also receive
non-financial ‘co-benefits’ enhanced biodiversity leading to
the establishment of ecotourism or non-timber forest product
enterprises; as evidenced in the case of mangroves [57] and
peatlands [60]. Such co-benefits could be sufficient to
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motivate landowners to participate in wetland recreation pro-
jects even if carbon revenues or contributions to national
GHG inventories are low.

3.3. Key messages for successfully integrating wetlands
in climate change mitigation strategies

Numerous metrics have been used to determine the role that
wetlands may play in climate regulation. As of today, no con-
sensus exists on which metrics to use, while the need for land
cover management and GHG emissions mitigation remains
urgent. Here, we show that depending on metrics, a wetland
can be considered to have a positive or negative effect on the
modern climate. However, we also demonstrate that using
NECB and SGWP over a fixed period of time is misleading
and argue that these metrics are too simplistic to accurately
determine the effect of wetlands on climate. Besides, we
advocate the use of a switchover time. However, to be
able to determine if as of today a wetland has a cooling
effect, it is required to know its age using radiometric tech-
niques such as 137Cs, 14C, or 210Pb and compare it with the
determined switchover time.

Results from the switchover time approach revealed that
any wetland can have a net cooling effect if it is maintained
with stable emissions over a period of time. The median
switchover time from our meta-analysis was 263 ± 591 years
for inland wetlands and 8.5 ± 8.5 years for coastal wetlands
(figure 7). Yet, we also highlight that there is an urgent
need for more wetland carbon budgets to refine our estimate.
Results from our cost-effective analysis revealed that man-
grove restoration was the cheapest and most effective per
surface of restored area, amount of carbon and CO2 equival-
ent stored, when compared with inland wetlands (table 1).
Three key messages are coming out of these results that can
be addressed to policymakers. First, restoration of disturbed
inland wetlands creates a net cooling effect at the decadal
to century time-scale only. Thus, inland wetland restoration
cannot be included in short-term climate change mitigation
strategies but is still essential as restoration of a disturbed
site drastically reduces CO2 emissions and with a long-term
net cooling effect [23,39]. Second, the conservation of cen-
tury- to millenary-old inland wetlands should be of high
priority, because they already have a net cooling effect as of
today (assuming that their emission and sequestration rates
are stable through time) and constitutes irrecoverable
carbon stocks at the time-scale set by policymakers [8].
Third, coastal wetland conservation, restoration or creation
is likely to be a particularly cost-effective global warming
mitigation strategy. Considering the limited extent that
these ecosystems can cover, this will always remain a small
contribution at the global scale but will likely help some
countries meet their climate change mitigation goals at the
national scale [5].

Integrating wetlands in climate change mitigation strategy
is challenging as the magnitude and direction of their radiative
effect is not steady over time and directly reacts to land-use or
climate change. Despite this variability, wetland conservation
and restoration are effective natural climate solutions since
their destruction inevitably leads to GHG emissions. To
ensure successful stewardship of wetlands as a negative emis-
sions strategy, close monitoring of wetland NECB should be
enforced with the aquatic exchange systematically included.
This will help us understand the functioning of wetlands, pre-
dict their responses to environmental variability, and better
manage and restore those natural carbon sinks.

Data accessibility. Data are available in the electronic supplementary
material.

Authors’ contributions. P.T. and B.S.T. conceived and designed the study.
P.T., B.S.T. and K.T. collected and screened the literature. P.T., B.S.T.
and D.A.F. led and structured the writing processes with substantial
help from all authors.

Competing interests. We declare we have no competing interests.

Acknowledgements. The authors thank Scott C. Neubauer for extensive
discussions on radiative forcing metrics, Elisa Bayraktarov and
Audrey Van Herwaarden for advice on restoration costs, Ana
Maria Escobar for the 3D graphical work, Frank David for statistical
analysis advice, the three anonymous reviewers for their constructive
comments and Jane Zelikova for the invitation to contribute to this
theme issue.
Endnotes
1One-off restoration events were recorded as occurring for 1 year, and
any unspecified events were clarified with the relevant corresponding
authors.
References
1. IPCC. 2018 Special report. Global warming of 1.5° C
(SR15).

2. Griscom BW et al. 2017 Natural climate solutions.
Proc. Natl Acad. Sci. USA. 114, 11 645–11 650.
(doi:10.1073/pnas.1710465114)

3. Minx JC et al. 2018 Negative emissions—part 1:
research landscape and synthesis. Environ. Res. Lett.
13, 063001. (doi:10.1088/1748-9326/aabf9b)

4. Fuss S et al. 2018 Negative emissions—part 2:
costs, potentials and side effects. Environ. Res. Lett.
13, 063002. (doi:10.1088/1748-9326/aabf9f )

5. Taillardat P, Friess DA, Lupascu M. 2018 Mangrove blue
carbon strategies for climate change mitigation are most
effective at the national scale. Biol. Lett. 14, 20180251.
(doi:10.1098/rsbl.2018.0251)
6. Bastin J-F, Finegold Y, Garcia C, Mollicone D,
Rezende M, Routh D, Zohner CM, Crowther TW.
2019 The global tree restoration potential. Science
365, 76–79. (doi:10.1126/science.aax0848)

7. IPCC. 2019 Climate change and land.
8. Goldstein A et al. 2020 Protecting irrecoverable

carbon in Earth’s ecosystems. Nat. Clim. Change 10,
287–295. (doi:10.1038/s41558-020-0738-8)

9. Crowther TW, van den Hoogen J, Wan J, Mayes MA,
Keiser AD, Mo L, Averill C, Maynard DS. 2019 The
global soil community and its influence on
biogeochemistry. Science 365, eaav0550. (doi:10.
1126/science.aav0550)

10. Vepraskas MJ, Richardson JL, Vepraskas M, Craft CB.
2016 Wetland soils: genesis, hydrology, landscapes,
and classification, 2nd edn. Boca Raton, FL: CRC
Press/Lewis.

11. Neubauer SC, Megonigal JP. 2015 Moving beyond
global warming potentials to quantify the climatic
role of ecosystems. Ecosystems 18, 1000–1013.
(doi:10.1007/s10021-015-9879-4)

12. Allen MR, Shine KP, Fuglestvedt JS, Millar RJ, Cain
M, Frame DJ, Macey AH. 2018 A solution to the
misrepresentations of CO2-equivalent emissions of
short-lived climate pollutants under ambitious
mitigation. npj Clim. Atmos. Sci. 1, 16. (doi:10.1038/
s41612-018-0026-8)

13. Myhre G et al. 2013 Anthropogenic and
natural radiative forcing. Climate Change 423,
658–740.

http://dx.doi.org/10.1073/pnas.1710465114
http://dx.doi.org/10.1088/1748-9326/aabf9b
http://dx.doi.org/10.1088/1748-9326/aabf9f
http://dx.doi.org/10.1098/rsbl.2018.0251
http://dx.doi.org/10.1126/science.aax0848
http://dx.doi.org/10.1038/s41558-020-0738-8
http://dx.doi.org/10.1126/science.aav0550
http://dx.doi.org/10.1126/science.aav0550
http://dx.doi.org/10.1007/s10021-015-9879-4
http://dx.doi.org/10.1038/s41612-018-0026-8
http://dx.doi.org/10.1038/s41612-018-0026-8


royalsocietypublishing.org/journal/rsfs
Interface

Focus
10:20190129

11
14. Balcombe P, Speirs JF, Brandon NP, Hawkes AD.
2018 Methane emissions: choosing the right climate
metric and time horizon. Environ. Sci. 20,
1323–1339. (doi:10.1039/C8EM00414E)

15. Andersen R, Farrell C, Graf M, Muller F, Calvar E,
Frankard P, Caporn S, Anderson P. 2017 An overview
of the progress and challenges of peatland
restoration in Western Europe. Restoration Ecol. 25,
271–282. (doi:10.1111/rec.12415)

16. Webb JR, Santos IR, Maher DT, Finlay K. 2018 The
importance of aquatic carbon fluxes in net
ecosystem carbon budgets: a catchment-scale
review. Ecosystems 22, 508–527. (doi:10.1007/
s10021-018-0284-7)

17. Bayraktarov E, Saunders MI, Abdullah S, Mills M,
Beher J, Possingham HP, Mumby PJ, Lovelock CE.
2014 The cost and feasibility of marine coastal
restoration. Ecol. Appl. 26, 1055–1074. (doi:10.
1890/15-1077)

18. Gerla P, Cornett M, Ekstein J, Ahlering M. 2012
Talking big: lessons learned from a 9000 hectare
restoration in the northern tallgrass prairie.
Sustainability 4, 3066–3087. (doi:10.3390/
su4113066)

19. Thompson BS. 2018 The political ecology of
mangrove forest restoration in Thailand: institutional
arrangements and power dynamics. Land Use Policy
78, 503–514. (doi:10.1016/j.landusepol.2018.
07.016)

20. Petrescu AMR et al. 2015 The uncertain climate
footprint of wetlands under human pressure. Proc.
Natl Acad. Sci. USA 112, 4594–4599. (doi:10.1073/
pnas.1416267112)

21. Hemes KS, Chamberlain SD, Eichelmann E,
Knox SH, Baldocchi DD. 2018 A biogeochemical
compromise: the high methane cost of sequestering
carbon in restored wetlands. Geophys. Res. Lett. 45,
6081–6091. (doi:10.1029/2018GL077747)

22. Chapin FS et al. 2006 Reconciling carbon-
cycle concepts, terminology, and methods.
Ecosystems 9, 1041–1050. (doi:10.1007/s10021-
005-0105-7)

23. Sasmito SD, Taillardat P, Clendenning JN,
Cameron C, Friess DA, Murdiyarso D, Hutley LB.
2019 Effect of land-use and land-cover change on
mangrove blue carbon: a systematic review. Glob.
Change Biol. 25, 4291–4302. (doi:10.1111/gcb.
14774)

24. Twilley RR, Chen RH, Hargis T. 1992 Carbon sinks in
mangroves and their implications to carbon
budget of tropical coastal ecosystems. Water Air Soil
Pollut. 64, 265–288. (doi:10.1007/BF00477106)

25. Chmura GL, Anisfeld SC, Cahoon DR, Lynch JC. 2003
Global carbon sequestration in tidal, saline wetland
soils. Global Biogeochem. Cycles 17, 1111. (doi:10.
1029/2002GB001917)

26. Bouillon S et al. 2008 Mangrove production and
carbon sinks: a revision of global budget estimates.
Global Biogeochem. Cycles 22, GB2013. (doi:10.
1029/2007GB003052)

27. Maher DT, Call M, Santos IR, Sanders CJ. 2018 Beyond
burial: lateral exchange is a significant atmospheric
carbon sink in mangrove forests. Biol. Lett. 14,
20180200. (doi:10.1098/rsbl.2018.0200)

28. Rosentreter JA, Maher DT, Erler DV, Murray RH,
Eyre BD. 2018 Methane emissions partially offset
‘blue carbon’ burial in mangroves. Sci. Adv. 4,
eaao4985. (doi:10.1126/sciadv.aao4985)

29. Webb JR, Maher DT, Santos IR. 2016 Automated, in
situ measurements of dissolved CO2, CH4, and δ13C
values using cavity enhanced laser absorption
spectrometry: comparing response times of air-
water equilibrators. Limnol. Oceanography: Methods
14, 323–337. (doi:10.1002/lom3.10092)

30. Santos IR, Maher DT, Larkin R, Webb JR, Sanders CJ.
2018 Carbon outwelling and outgassing vs. burial in
an estuarine tidal creek surrounded by mangrove
and saltmarsh wetlands. Limnol. Oceanography 64,
996–1013. (doi:10.1002/lno.11090)

31. Taillardat P, Willemsen P, Marchand C, Friess D,
Widory D, Baudron P, Truong V, Nguyễn T-N, Ziegler
AD. 2018 Assessing the contribution of porewater
discharge in carbon export and CO2 evasion in a
mangrove tidal creek (Can Gio, Vietnam). J. Hydrol.
563, 303–318. (doi:10.1016/j.jhydrol.2018.05.042)

32. Saunois M et al. 2016 The global methane budget
2000–2012. Earth Syst. Sci. Data 8, 697–751.
(doi:10.5194/essd-8-697-2016)

33. Bridgham SD, Moore TR, Richardson CJ, Roulet NT.
2014 Errors in greenhouse forcing and soil carbon
sequestration estimates in freshwater wetlands: a
comment on Mitsch et al. (2013). Landscape Ecol.
29, 1481–1485. (doi:10.1007/s10980-014-0067-2)

34. Mitsch WJ, Bernal B, Nahlik AM, Mander Ü, Zhang L,
Anderson CJ, Jørgensen SE, Brix H. 2013 Wetlands,
carbon, and climate change. Landscape Ecol. 28,
583–597. (doi:10.1007/s10980-012-9758-8)

35. Neubauer SC. 2014 On the challenges of modeling
the net radiative forcing of wetlands: reconsidering
Mitsch et al. 2013. Landscape Ecol. 29, 571–577.
(doi:10.1007/s10980-014-9986-1)

36. Pierrehumbert R. 2014 Short-lived climate pollution.
Annu. Rev. Earth Planet. Sci. 42, 341–379. (doi:10.
1146/annurev-earth-060313-054843)

37. Neubauer SC, Verhoeven JT. 2019 Wetland effects
on global climate: mechanisms, impacts, and
management recommendations. In Wetlands:
ecosystem services, restoration and wise use,
pp. 39–62. Berlin, Germany: Springer.

38. Wilson D, Alm J, Laine J, Byrne KA, Farrell EP,
Tuittila ES. 2009 Rewetting of cutaway peatlands:
are we re-creating hot spots of methane emissions?
Restoration Ecol. 17, 796–806. (doi:10.1111/j.1526-
100X.2008.00416.x)

39. Günther A, Barthelmes A, Huth V, Joosten H,
Jurasinski G, Koebsch F, Couwenberg J. 2020 Prompt
rewetting of drained peatlands reduces climate
warming despite methane emissions. Nat. Commun.
11, 1644. (doi:10.1038/s41467-020-15499-z)

40. Hemes KS et al. 2019 Assessing the carbon and
climate benefit of restoring degraded agricultural
peat soils to managed wetlands. Agric. For.
Meteorol. 268, 202–214. (doi:10.1016/j.agrformet.
2019.01.017)
41. Turetsky MR et al. 2020 Carbon release through
abrupt permafrost thaw. Nat. Geosci. 13, 138–143.
(doi:10.1038/s41561-019-0526-0)

42. Zentner J, Glaspy J, Schenk D. 2003 Wetland and
riparian woodland restoration costs. Ecol. Restoration
21, 166–173. (doi:10.3368/er.21.3.166)

43. Gutrich JJ, Hitzhusen FJ. 2004 Assessing the
substitutability of mitigation wetlands for natural
sites: estimating restoration lag costs of wetland
mitigation. Ecol. Econ. 48, 409–424. (doi:10.1016/j.
ecolecon.2003.10.019)

44. Brown B, Fadillah R, Nurdin Y, Soulsby I, Ahmad R.
2014 Community based ecological mangrove
rehabilitation (CBEMR) in Indonesia. SAPIENS 7,
53–64.

45. Worthington T, Spalding M. 2018 Mangrove
restoration potential: a global map highlighting a
critical opportunity. (doi:10.17863/CAM.39153)

46. Bottrill M, Hockings M, Possingham H. 2011 In
pursuit of knowledge: addressing barriers to
effective conservation evaluation. Ecol. Society 16,
14. (doi:10.5751/ES-04099-160214)

47. Huang JC, Mitsch WJ, Zhang L. 2009 Ecological
restoration design of a stream on a college campus
in central Ohio. Ecol. Eng. 35, 329–340. (doi:10.
1016/j.ecoleng.2008.07.018)

48. Primavera J et al. 2012 Manual for community-
based mangrove rehabilitation. Mangrove Manual
Series 1, 240. London, UK: Zoological Society of
London.

49. Tuan TH, Tinh BD. 2013 Cost-benefit analysis of
mangrove restoration in Thi Nai lagoon, Quy nhon
city. Vietnam: IIED.

50. Cox EM, Pidgeon N, Spence E, Thomas G. 2018
Blurred lines: the ethics and policy of greenhouse
gas removal at scale. Front. Environ. Sci. 6, 38.
(doi:10.3389/fenvs.2018.00038)

51. McCormack CG et al. 2016 Key impacts of climate
engineering on biodiversity and ecosystems, with
priorities for future research. J. Integrative Environ.
Sci. 13, 103–128.

52. Smith P et al. 2019 Land-management options for
greenhouse gas removal and their impacts on
ecosystem services and the sustainable development
goals. Annu. Rev. Environ. Resour. 44, 255–286.
(doi:10.1146/annurev-environ-101718-033129)

53. Sanderman J et al. 2018 A global map of mangrove
forest soil carbon at 30 m spatial resolution. Environ.
Res. Lett. 13, 055002. (doi:10.1088/1748-9326/
aabe1c)

54. Hamilton SE, Friess DA. 2018 Global carbon stocks
and potential emissions due to mangrove
deforestation from 2000 to 2012. Nat. Clim. Change
8, 240–244. (doi:10.1038/s41558-018-0090-4)

55. Holl KD, Howarth RB. 2000 Paying for restoration.
Restoration Ecol. 8, 260–267. (doi:10.1046/j.1526-
100x.2000.80037.x)

56. Guertin F, Halsey K, Polzin T, Rogers M, Witt B. 2019
From ash pond to riverside wetlands: making the
business case for engineered natural technologies.
Sci. Total Environ. 651, 419–426. (doi:10.1016/j.
scitotenv.2018.09.035)

http://dx.doi.org/10.1039/C8EM00414E
http://dx.doi.org/10.1111/rec.12415
http://dx.doi.org/10.1007/s10021-018-0284-7
http://dx.doi.org/10.1007/s10021-018-0284-7
http://dx.doi.org/10.1890/15-1077
http://dx.doi.org/10.1890/15-1077
http://dx.doi.org/10.3390/su4113066
http://dx.doi.org/10.3390/su4113066
http://dx.doi.org/10.1016/j.landusepol.2018.07.016
http://dx.doi.org/10.1016/j.landusepol.2018.07.016
http://dx.doi.org/10.1073/pnas.1416267112
http://dx.doi.org/10.1073/pnas.1416267112
http://dx.doi.org/10.1029/2018GL077747
http://dx.doi.org/10.1007/s10021-005-0105-7
http://dx.doi.org/10.1007/s10021-005-0105-7
http://dx.doi.org/10.1111/gcb.14774
http://dx.doi.org/10.1111/gcb.14774
http://dx.doi.org/10.1007/BF00477106
http://dx.doi.org/10.1029/2002GB001917
http://dx.doi.org/10.1029/2002GB001917
http://dx.doi.org/10.1029/2007GB003052
http://dx.doi.org/10.1029/2007GB003052
http://dx.doi.org/10.1098/rsbl.2018.0200
http://dx.doi.org/10.1126/sciadv.aao4985
http://dx.doi.org/10.1002/lom3.10092
http://dx.doi.org/10.1002/lno.11090
http://dx.doi.org/10.1016/j.jhydrol.2018.05.042
http://dx.doi.org/10.5194/essd-8-697-2016
http://dx.doi.org/10.1007/s10980-014-0067-2
http://dx.doi.org/10.1007/s10980-012-9758-8
http://dx.doi.org/10.1007/s10980-014-9986-1
http://dx.doi.org/10.1146/annurev-earth-060313-054843
http://dx.doi.org/10.1146/annurev-earth-060313-054843
http://dx.doi.org/10.1111/j.1526-100X.2008.00416.x
http://dx.doi.org/10.1111/j.1526-100X.2008.00416.x
http://dx.doi.org/10.1038/s41467-020-15499-z
http://dx.doi.org/10.1016/j.agrformet.2019.01.017
http://dx.doi.org/10.1016/j.agrformet.2019.01.017
http://dx.doi.org/10.1038/s41561-019-0526-0
http://dx.doi.org/10.3368/er.21.3.166
http://dx.doi.org/10.1016/j.ecolecon.2003.10.019
http://dx.doi.org/10.1016/j.ecolecon.2003.10.019
http://dx.doi.org/10.17863/CAM.39153
http://dx.doi.org/10.5751/ES-04099-160214
http://dx.doi.org/10.1016/j.ecoleng.2008.07.018
http://dx.doi.org/10.1016/j.ecoleng.2008.07.018
http://dx.doi.org/10.3389/fenvs.2018.00038
http://dx.doi.org/10.1146/annurev-environ-101718-033129
http://dx.doi.org/10.1088/1748-9326/aabe1c
http://dx.doi.org/10.1088/1748-9326/aabe1c
http://dx.doi.org/10.1038/s41558-018-0090-4
http://dx.doi.org/10.1046/j.1526-100x.2000.80037.x
http://dx.doi.org/10.1046/j.1526-100x.2000.80037.x
http://dx.doi.org/10.1016/j.scitotenv.2018.09.035
http://dx.doi.org/10.1016/j.scitotenv.2018.09.035


royalsocietypub

12
57. Thompson BS, Friess DA. 2019 Stakeholder
preferences for payments for ecosystem services
(PES) versus other environmental management
approaches for mangrove forests. J. Environ.
Manage. 233, 636–648. (doi:10.1016/j.jenvman.
2018.12.032)
58. Crooks S, Sutton-Grier AE, Troxler TG, Herold N,
Bernal B, Schile-Beers L, Wirth T. 2018 Coastal
wetland management as a contribution to the US
National Greenhouse Gas Inventory. Nat. Clim.
Change 8, 1109–1112. (doi: 0.1038/s41558-018-
0345-0)
59. Mitsch WJ, Gosselink JG. 2015 Wetlands, 5th edn.
Hoboken, NJ: Wiley.

60. Uda SK, Hein L, Sumarga E. 2017 Towards
sustainable management of Indonesian
tropical peatlands. Wetlands Ecol. Manage. 25,
683–701. (doi:10.1007/s11273-017-9544-0)
l
ishi
ng.o
rg/journal/rsfs
Interface

Focus
10:20190129

http://dx.doi.org/10.1016/j.jenvman.2018.12.032
http://dx.doi.org/10.1016/j.jenvman.2018.12.032
http://dx.doi.org/0.1038/s41558-018-0345-0
http://dx.doi.org/0.1038/s41558-018-0345-0
http://dx.doi.org/10.1007/s11273-017-9544-0

	Climate change mitigation potential of wetlands and the cost-effectiveness of their restoration
	Introduction
	Methods
	Wetland carbon budget and radiative effects
	Literature search
	Critical appraisal and data extraction
	Data availability

	Wetland restoration costs
	Literature search
	Critical appraisal and data extraction
	Data availability


	Results and discussion
	The role wetlands play in regulating atmospheric greenhouse gas concentrations and associated radiative effect
	Net ecosystem carbon budget
	Sustained global warming potential at the 100 years horizon
	Switchover time of wetlands

	The cost-effectiveness of wetland restoration for climate change mitigation
	Key messages for successfully integrating wetlands in climate change mitigation strategies
	Data accessibility
	Authors' contributions
	Competing interests

	Acknowledgements
	References


