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Carbon and nitrogen losses from degraded wkands, and methane emissions from flooded
wetlands, are both significant sources of greenhouse gas emissions. However, the net
exchange dependence on hydro-thermal condiins and wetland integrity remains unclear.
Using a global-scalein-situ database on net greenhouse gas exchanges, we show diverse
hydrology-influenced emission patterns in CQ@, CHs and N:O. We find that total CO-
equivalent emissions from wetlads are kept to a minimum when the water table is near the
surface. In contrast, greenhouse gas exchangges peak in floodedand drained conditions.

By extrapolating the current trajectory of degradation, we estimate that between 2021 and
2100, wetlands could result in greenhouse gasnissions equivalent taround 408 gigatons

of CO,. However, rewetting wetlands could reduce these emissions such that the radiative
forcing caused by CH and NO is fully compensated by CQ uptake. As wetland greenhouse
gas budgets are highly sensitive to changes in wetland area, the resulting impact on climate

from wetlands will depend on the balancéetween future degradation and restoration.

Wetlands have continuously accumulated orgasdrbon since the Last Glacial Maximym
forming a dense carbon pool thatrets over one third of globalisorganic carbonn only 6% of
the total land aré&. Alarmingly, since the Indusél Revolution, more thahalf of wetlands have
been degraded by anthropogenidivdites, including drainage, derestation, afforestation,
agricultural expansion, urbi&ation, and climate charg& A phenomenon commonly associated
with wetland degradation is the lowering oé tlvater table, which exposes carbon pools above the
water table to decomposition and releases, @@ile simultaneously altering the natural exchange
of other greenhouse gas&HGs) including methane (GHand nitrous oxide (B0)°L Given

that degraded wetlands are importanirses of GHG emissions to the atmospHéelethere is a



53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

critical need to determine the impact of wageead wetland degradation on GHG exchanges, but

also to assess the potential for wetlagstoration in reducing GHG emissions.

Fluxes of CQ, CHs, and NO in wetlands are mediated by the water level relative to the stitface
16, Electron acceptor limitation in tremils of saturated wetlands is favorable to the production of
methan&”*® forming the world's largest natural source of sCémission¥. Meanwhile,
substantial C®is consumed through plustynthesis by wetland vegetation; and the anaerobic
conditions significantly reduce the decompositioo@fanic carbon, generating a major terrestrial
carbon sink over long time scal@d®2° By contrast, the degradation of wetlands, either through
drainage or desiccation, exposes stored ocgaaitter to aerobic decomposition, resulting in the
emission of C@and NO to the atmosphete!>1621 Previously, the relationship between GHG
emissions and water table in wetlands has lezamined for only oner two greenhouse gagés
and for one single wetland egpory (e.g. managed peatlahtf?9 or various wetland categories
at local scal€d:?>?% Lacking is a global assessment involyithe three main GHGs to guide the
development of effective climate change mitigatioatsgies and to inform the potential to restore

the functioning of wetland ecosystems across msand temperature regimes worldwide.

We address this issue by buiig a global dataase containingn-situ observations of exchange
rates of GHGs for wetlands, drawn from 3,704 séaryrecords (Extended Data Figure 1; refer to
Methodsfor details). Each recordontains data on wetland ersimental conditions and flux
information that allows quantitative assessments of the net fluxes 9fG, and NO under
various wetness conditions. The reported detdithie environmental conditions from each site-

year record allow us to perform a novel mglis assessment for a variety of wetland types and
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moisture regimes worldwide. In doing so we clfysie wetness condition of each site-year in the
growing season into six categories that are related to the water-tablefliEMgl depth below
(negative number) and abo(@ositive) the surfacaVTL-3 ”-70 cm; -70 cm WTL-2 ” -50 cm;
-50cm <WTL-1 " -30 cm; -30 cm WTLO " -5 cm; -5 cm WTLL " 40cm; and 40 cm WTL2.

We illustrate differences related to temperatregimes by assessing responses across three
climate zones (boreal, temperaad tropical; defined by thresholdEmulti-year average surface

air temperature).

The non-linear hydro-thermal influence on GHG exchange

We call the C@net-exchange flux at the water/land-atmosphere interface net ecosystem exchange

(NEE) (Equation 1; positive/negative valueslitate GHG sources/sinks). Through establishing
relationships betweedEE and the total GHG flux (sum of GOCHs, and NO in CQ equivalent)
based on the records containing complete databserve the following: (1) almost all (173/174)
records show the total GHG flux values excii&E for the same site-year, and (2) the differences
between the NEE and total GHG flare highly dependent on moistuenditions (Fjures la-b).
These results indicate clearly thhe wetness regulation pattern for £t NeO emissions is
different from CQ (ref. 27). By mapping the distributiaf wetness control for the three GHGs
for various types of wetlands(er alia bogs, fens, marshesiamps, floodplain and water bodies;
seeMethod$, we identify nonlinear (parabolic) exchange pattern®oE and the sum of GHGs,
and opposing monotonic patterns for Gihd NO (Figures 1c-f, Extended Data Figures 2a-b, 3b,
4a-b). Maximum emission of GHbccurs when flooded wetlandsveawater levelsvell above the
soil surface WTL2 water level > 40 cm); and the minimum occurs when the water table is well

below the surface of the wetland/TL-2&-3; water table” -50 cm), indicative of a drained or
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desiccated state. In contraste highest emissions o® occur during dry conditiond\(TL-3);
and the lowest occur in flooded conditioM8TL2). Emissions of C@exhibit relative extremes

both for high water level and low water-talolenditions (Figure 1d, Exteled Data Figure 4b).

These hydrology-dependent emission patteragdine with the expectation that @4 produced

in the anaerobic conditions that are associated with waterlogged-€ollswer emissions of D
occur during flooded conditions because fativieanaerobic denitrifying bacteria reducgONo

N2 in the oxygen-depleted water coluthf’. As the water table falls lmav the soil surface, aerobic
decomposition of organic mattegsults in an increase in G@missions-!>2! As expected, the
highest CQ emission was observed WTL-3, where the water table is lower than 70 cm (Figure
1d, Extended Data Figure 4&he relatively high C@®emissions observed in wetlands under flood
conditions WTL2) are likely driven by the lateral awement of organic matter across the
landscape, the leaching of omya carbon into a dissolved statnd subsequent oxidation by
heterotroph®-31 Finally, the lowest emission of the sum of all three GHGs(CBl4, and NO)
occurs when the water tabis near the ground surfad®TLQ ranging from -30 cm to -5 cm),
with near zero emissions. Thisnlinear wetness pattern is inregment with the recent report by
Evanset al?* which only studied selected peattbsites and did not incorporate (Extended

Data Figure 2a-b).

The parabolic pattern in GHG flwaries across boreal, temperated tropical regimes (Figure 2,
Extended Data Figure 3b), demonstrating that climate influences the dependency of wetland GHG
emission on the wetness regime. The net GHG flux in each temperature regime tends to be

approximately neutral when the water tableaar the ground surface, although it requires higher
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WTL(-5~40 cm) to approach GHG equilibrium foetinopical sites (see Figure 2c, Extended Data
Table 1). Using the empirit&HG exchange rates in tNETL2 group for different temperature
regimes Method3, we estimate the annual GHG emissifmmen global water bodies (lakes &
reservoirs) to be 1.0 Gt yrCQ, and 127.5 Tg yt CHs, which are similar to the previous
report$?3of 1.2 Gt yr* COz and 175.2 Tg yt CHs (Supplementary Figure S1). In addition, we
estimate the CH emission from natural freshwater wetlands to be 144.4 Tg per year,
corresponding well with the 148.6 Tg Ckeported by ref. 12. Furthermore, the GHG emissions
per area for wetlands with a low water talTL ” -70 cm) are 19.7 and 11.2 te&@ hat yr? for
boreal and temperate regimes, respectivelgs€&hvalues are consistent with both Evetnal 24
(17.60 t CQeq hat yrtin the case of -70cm water level) and Leifetdal'® who determined the
drainage-related GHG emission ratesioreal & temperate zones (16.1 #@@ hat yr'). These
validated empirical values in the nonlinear relationship betWé&h and GHG emissions then
represent a novel opportunity wssess the global GHG emas resulting from wetland

degradation.

GHG emissions from wetland degradation

We evaluate past and future scenarios of wdtlegradation by integrag the natural Wetland
Extent Trends (WET) indéx (Supplementary Figure S2) withe Global Lakes and Wetlands
Databas¥ (GLWD). We assess the hisical emissions from degded wetlands at the global
scale based on GHG intensities at low (deeplervtable conditions, which reflect wetland
drainage/desiccation\(TL-3 ” -70 cm; Extended Data Table 1, Supplementary Figure S3).
Historically, over the past 71 g&s (1950 to 2020), 46.22% of globatlands have been degraded

(4.85 Mkn?), producing 276.4+175.5 Gt G&y (95% confidece interval of GHG emissions) to
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the atmosphere (Figure 3a, Extended Data TablR®sia, Brazil, and Canada were the largest
emitters because of their vast wetland areasanitigh density of soil organic carbon, contributing
to nearly one half of gbal wetland GHG emissions: 18.6%5.1%, and 14.6%, respectively

(Figures 3b, 4a, Extended Data Figure 5a).

Following a history-derived, busineas-usual scenario for the fuéy we project that continued
wetland degradation (7.76 MKmM74.0%) would release an estimated total of 407.9+251.5 Gt
COzeq into the atmosphere from 2021 to the end of tRec@mtury (Figure 4b). Of these, 155.6
Gt CQeq (38.1%) were emitted from freshwater marsh and floodplain, and 96.7 £t CO
(23.7%) from peatlands, with thettler emitting an average of 1.21 @&r year, which is consistent
with 1.32 Gt yr* or 1 Gt yr* reported by Giintheat al1* and Ojanert al?3. Carbon dioxide would
contribute the highest emissior#06.1+159.4 Gt (Extended Data Figure 6; Extended Data Table
2). Regionally, 71.1%, 4.6%, and 24.3% of the GHGssions would be from boreal, temperate,
and tropical regions, resptively. The estimate for the tropicgasver than that reported by Leifeld

et all® because we consider thepletion of the carbon pool dog 2021-2100 (Extended Data
Figure 7). Furthermore, we recaga the potential for strong, positive climate feedback in the

boreal region stemming from the losssabstantial carbon storage in the futlifé

Emission reduction potentid under rewetting scenarios

To explore the potential for redng GHG release from degradedtiaeds, we consider two peak
clipping schemes based on the rewetting of ajfaeed wetlands (ALLand rewetting wetlands

that only contain high-organic carbon stocks (h@B9 (Methods Supplementary Figure S3).



167 We find that of a total of 4.85 Mkfof degraded wetlands until 2020, fewer than half (2.02 fkm

168 were still emitting GHGs, and the remaining 2.83 Mkmwere completely degraded
169 (Supplementary Figure S4). In the case of thierathe soil carbon pool limits the duration for
170 which GHGs are potentially emitted from ecosyst&ifs We then estimate that a widespread
171 rewetting of degraded wetlands, with restoratiates of the same magmite as the historical
172 degradation rates, can potentialgduce GHG emissions by 248.7£154.6 Gt2€0(ALL
173 rewetting scenario) and 156.4+94.2 GtE@(highOCSscenario) by 2100 (Figure 4c, Extended
174 Data Table 2). The latter contribution wasinha from freshwatermarshes and floodplains
175 (48.6%), and peatlands (38.2%).€Tieduction of emissions from peatlands is an average 0.75 Gt
176 COzeq yr?, consistent with 0.5 Gt yireported by Evanat al?* based on the "optimal re-wetting"
177 scenario in which 65% of pe& under cropland and grassta(0.77 Gt in 100% peat). The
178 corresponding C@reductions are 192.9+104.4 Gt (accountmg77.6% of the sum of the three
179 GHGs at 248.7 Gt Cf£q) and 107.0x48.7 Gt (68.4%), respasy, for the two scenarios.
180 Although the area proportion of high€Sto ALL wetlands is only 42.9% (-0.92+2.92 MKm
181 versus 1.34+2.92 Mkm Supplementary Figure S4), the GH@ission reduction potential is as
182 high as 62.9% (156.4 Gt Gex versus 248.7 Gt G€y), owing to the differences in the higher
183 carbon density.

184

185 These projections are presumed to considerftbets of various types afietlands and a changing
186 climate. The duration of potgal degradation dated to GHG emissions from wetlands is
187 constrained by the initial carbon pa@oid degradation rate (Equati4, Supplementary Figure S5),
188 which vary according to wetland type and the elienregime. However, in our extension of this

189 assessment to the future, we assume the effect of climate change will be negligible on emission
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rates, although there would be an unknown additiciraate effect. We base this assumption on
the similarity in GHG emissions rates between temperate and boreal regions for drained conditions
(WTL-3; "-70cm) (Figures 2a-b and Extended Data &&)l The similarity suggests emissions in
cold regions would not change greatly witle timnagnitude of anticipatl warming. Although the
same comparison applied to the temperate versyscal wetlands indiates a non-negligible
impact of warming, the overall impact shoudd limited because of the low proportion of total
emissions from temperate wetlands (4.6%; Extdndata Figure 7). Inantrast, emissions of
GHGs in the tropics would likely be sufficientdeplete the carbon poptior to 2100 (Extended
Data Figure 7a&d). Another issoé consideration is the effetttat individual wetland categories
would have on the effectivenegsbkthe rewetting measures. Hoveg, there are consistent GHG
exchange rates across various amdl categories (Supplementary Fig8&a-f) that are similar to
the sum exchange of GHGs across different climate regimes éId0Q, Figures 2a-c and
Extended Data Table 2)although for which C® and CH fluxes vary significantly

(Supplementary Figure S7 a-c).

A general limitation in our assessment stems from the natural WET index being produced at an
intercontinental scale, raththan at a local scdle This limitation prevents the development of a
more detailed assessment of the GHG budgstecéated with wetland degradation and/or
restoration. In addition, we could not consiiex disturbances for wet versus dry conditi5ri8

or the response of substratum over one mad¢ep. Thus, our estimated GHG emissions from
degraded wetlands may be conservative,thadsHG-reduction potential of rewetting programs

is likely to be underestimatedNevertheless, our estimated annual emissions from degraded

wetlands for C@and NO, or from whole naturdreshwater wetlands for GlHare significantly
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correlated with their respective annual gtiowates in atmospheric concentraffbauring the past
three decade#$’(< 0.05; Extended Data Figure 8, more detailsl@thodssectionWetland GHG
budgets and inter-annual atmospheric GHG growth nagpporting the utility of our method of
integrating the natural WET index with the gincal GHG emission rates. Furthermore, the

magnitudes of the estimated €QCH:s and NO emissions from thevetlands, equaling to

10.8+6.2%, 38.5+16.7%, and 30.5+19.4% respectively of the anthropogenic ¥dtiféesre in

line with the aforementioned correlations.

Despite uncertainties, we find that wetland reingttis an effective nature-based solution to
mitigate climate change. The rewetting ALL scenario and the @i@B-scenario require
preserving or rgtoring 4.26 Mknm and 2 Mkni areas of degraded wetlands, respectively,
compared with the business-asdal scenario derived fromsharical trends (Supplementary
Figure S4). The two rewetting scenarios can reduce GHG emissions by 582§ t@band 782
tCOzeq hal, respectively. The potential of GHG reductioom wetland restoration at this scale
is higher than that from the rehabilitation ather types of ecosystems, for example, forest
regrowth equivalent to 394.2 tG@a across 6.78 Mkiof afforestation under the ‘maximum’
scenario, or 504.3 tGha! across 3.49 Mkimunder the ‘nationatommitments’ scenarfé At
present, Indonesia, Europe, and North Americagetadready shown the benefits of raising water
tables by both artificial and natural me¥rf$ In cases where the water table is lowered by
groundwater extraction, water conservancy measuesbe needed to regulate water use—and

the potential negative impacts @ding so should be balanéétf
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Conclusion

In conclusion, the non-linear thermal-wetness influence on wetland GHG fluxes, whereby a near-
surface water table produces near-neutral G dcross broad temperature gradients, suggests
that rewetting wetlands is an effective natuasda solution to mitigate climate change. A volume
equivalent to ten percent of anthropogenicz@missions could be reduced through wetland
restoration. By quantifying the pact of natural wetland area changes on multiple GHG budgets
under several scenarios, we provide primary infdrom for nature-based solutions predicated on
wetland restoration for countries aiming to achieve net-zero emission targetshermore, we
emphasize the enormous loss of organic matteér@GHG emissions from over half of the global
wetland ecosystems due to drying, as well as future emissions from these sources can be mitigated

or even halved by rewetting wetlartdsa near-surface water table.
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267 Figure Legends.

268 Figure 1. Water table level effects on global viland net ecosystem exchange (NEE) and total
269 greenhouse gas (GHG) emission&) Relationship beteen NEE and sum of three GHGs (O
270 CH4, N20) net-flux in different WLs, drawn from 174 site-yeaecords that reported three
271 greenhouse gase®) (NEE, CH;, N20O and sum of three net fluxes for different WTL conditions.
272 (c-f) Total and individual GHG fluxes for the 6 diffeteNTLs considered. Points in each box are
273 sampled from the original datda$8,672 site-year recds totally) with 1,00®ootstraps. Different
274 letters in the boxes indicaggnificant differencesR < 0.01) between various WTLs based on
275 nonparametric Wilcoxon signed-rank tests. Boldieal lines show thenedian, boxes indicate
276 the middle two quartiles, horizontales indicate the nonoutlier randéote that X-axes have been
277 truncated for enhanced readability.

278

279 Figure 2. Non-linear hydro-therma influence on GHG exchange.Dependency of GHG
280 emissions in boreah], temperatek(), and tropical €) regions to water table level and climate.
281 The “mean” groupsd) are calculated from equilateral weigtitaverages in each climate regime.
282 Dots and shadows represent mean + 1.96%8H3. Contribution ratios of NEE, Ckland NO to
283 the sum of three GHGs net-flux in the three climatic regions and the mean.

284

285 Figure 3. Greenhouse gas (GHY emissions from degraded wetlands under different
286 scenarios.(a) Time-series of GHG emissions from daded wetlands under three scenarios since
287 1950. The emissions are constrained by natuiaT\Widex and soil orgaaicarbon pool. ‘History
288 trend’ is history-derived scano. ‘Rewet (ALL)' and ‘Rewet(High-OCS)’ are based on the

289 rewetting restoration of alind only high organic carbonosk wetlands, respectivelyb GHG
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net flux from degraded wetlandsnmain countries and continents over different periods. ‘Others’
refers to the sum of GHGs frorountries that were not in thegt ten of GHG emitters. ‘EU’, ‘NA’,
‘SA’, ‘AS&OA', ‘AF’ are Europe, North AmericaSouth America, Asiarad Oceania, and Africa,

respectively.

Figure 4. Spatial pattern of the greenhouse gas ens®ns owing to wetland degradation (a,
b) and reduction potential via rewetting wetlands (c)The GHG emissions under history-driven
scenario in 1950-202@&) and under history-driven, busiseas-usual scenarin 2021-21001g).

(c) The reduction potential under rewetting all degradettbwe area scenario in 2021-2100.
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413 Methods

414 In-situ database of GHGs

415 We searched for literature through &b of Sciencasing the following strings: (greenhouse
416 gases flux (greenhouse gas* OBRHG* OR carbon dioxide OR COOR net ecosystem
417 productivity* OR NEP OR net ecosystem eange* OR NEE OR caAon OR methane OR GH
418 OR nitrous oxide OR PO OR flux* OR emission* OR globalarming potential OR GWP) OR
419 (degradation* OR decline*) and wetland (wetlii OR water* OR patland* OR bog* OR fen*
420 OR swamp* OR mire* OR soil* OR river©OR paddy OR pool* OR floodplain* OR reservoir*
421 OR coastal* OR saltmarsh*)). The searchumeed 33,835 papers aftexcluding those in
422 irrelevant fields. After screemg the manuscripts to ensure thia records contained measured
423 data from field monitoring projects, 2,563 papersenmanually selected, from which we read to
424 extract the following information: 1) Gas samptglection methods (this content may be missing,
425 e.g., eddy covariance method (EC) measured @@l/or CH fluxes without collecting gas
426 samples) and measurement techniques; 2) Titeevals and the duration of sample collection.
427 We specified that the monitoring span duringdgh@wing season should be at least three months
428 in temperate regions; 3) Detailed site informatiin particular geographicoordinates or maps
429 that could be georeferenced,veasll as topography, ecosystem typtant speciesand soil carbon
430 features. After screening, we abted 504 papers with valid data (Supplementary Data S1). Parts
431 of those data were extracted fromuies by GetData Graph (version 2.26).

432

433 Record details

434 We constructed a GHG net-flux database consistir®)704 site-years (178 sites) for locations

435 situated between 81°48' N and 78°01' S (Extenddd Bigure 1a-c) across all the continents, but
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mainly in Asia, Europe, and North Americehe sample collection method and measurement
technigue used in these field monitoring prtgegsually depended on the type of wetland and
associated environmental conditions. Common ctda methods included the static chamber
method?, dynamic chamber methtfdand floating chamber methtdd Common measurement
techniques involve the use affrared gas analyzer (IRGA), and the combination of gas
chromatography (GC) with physical model methods [e.g>*B0O0/CHa-diffusivity formula®®,
oxygen diffusivity formul&, or chlorophyll-dissolved oxygen mo@&! We assume that these
GHG exchange rates from peer-reviewed papased on different sampling methods are of

equivalent accuracy, although thereyrh& differences in precision.

Nomenclature corresponding to the exchange of kwveen the ecosystem and the atmosphere
used in various methods is diverse. The E@oakgenerally uses a net ecosystem exchasge)(

to characterize the flux, while the chambegthod adopts the net ecosystem productiiBR)
approach. While a few sites measure both \a@réigchange and transverse flow of GR&smost

of the sites only report the measoments of vertical fluxes. Corgpgently, the data sets we built
describe the fluxes in the vemwicdirection. In cases where date&re reported for the growing
seasons (Extended Data Figure 1b), we filled énntiissing data using linear regression, based on
complete data containing baglhowing and annual records (Sugplentary Table S1). There was
no significant interaction effedf climate regimes on the slope, and only a subtle effect on the
intercept of the NEE regression equation famperate zones. Therefore, we chose linear

regression equations that did nake into account the interaction of the climate regimes.

We used NEE to describe the mertical exchange capacity:
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NEE = Re — GPP = Rh — NPP (1)
where Re is ecosystem respiratioiGPP is gross primary productivityRh is heterotrophic
respiration, andNPPis net primary productivity. Positive valuesMEE indicate carbon loss via
COz emission to the atmosphere, whereas negatalues indicate carbon gain because GO

retained/stored in the ecosystem.

Building on equation (1), we calculated théatdlux of three GHGs, carbon dioxide, methane,
and nitrous oxide as

GHGs =NEE + 34CH; + 298NO 2)
where CQ is substituted by]NEE Units for all terms are kg C@q ha! yr; the weights 34 and
298 are global warmingotential (GWP) for Ckland NO to CQ equivalent by weights on a 100-

year perspective with feedbacks considetaespectively.

Uncertainty is represented by incorating 95% confidencetervals (ClI):

GHGs_CI =NEE Cl + 34CH_CI + 298NO_ClI (3)
where the CI of three GHGs on the right sidé¢hese originate frorwithin groups, whereby
uncertainties in empirical GHGs emission satéee obtained for 18 groups, including 6 WTL

categories x 3 climatic zones.

Wetland categories

The majority of the records celtted in this study were measdrin natural wetlands, including
bogs, fens, mires, swamps, marshes, floodplagts, we also considered water bodies as

extensions. We distinguished gtlands from non-peatlands bdsen the soil organic layer
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thickness (i.e. peatlands40 cm}¥®, in order to explore the infence of soil organic matter on
multi-GHG fluxes. We divided allites into six water categoridmsed on either the water level
(flooded) or the water table ight (non-flooded) relative tthe surface (water-table/lev&éiTL),

for three climatic regions (tropical, temperate, boreal, or high-altitude areas; ‘€irand 17C

of multiyear-average annual temperature as thresiRdltg$ also treat watéevel as a continuous
variable in Extended Data Figure 2, using 2,318yst® records that reported exact water levels.
Unfortunately, reports with high quality water level records from the tropics accounted for only
7% of the total. As such, theetrd for the tropics usg the continuous variab&oproach has more
uncertainty for other climates. Therefore, segmented all the water table/level data. WAEL
classes were separated by mean water tabdé/lduring the growing season due to the
discontinuity of the reported hydrological recodising wintertime at mogites. Six classes are
divided fromWTL-3 toWTL2: " -70; -70 to -50; -50 to -3030 to -5; -5 to 40; > 40 cm. Positive
numbers indicate that the water level is abtwe surface. This classification is based on the
empirical water level critical value of the soil moisture conditions, ranging from drought to moist
to near-saturated to oversaturdfewe used an empirical value4d cm water level as a threshold

to classify high water levels as they usually inhibit the establishment of emergent plants. We
defined the start/end of a growj season as the time when the daily mean temperature for five

continuous days was above/beloRGfor the first timé?.

We extracted the global natural wetland map ftbenGlobal Lakes and Wetlands Database level
3 (GLWD-3, classes 4, 5, 8-£2)which provides reliable areas gibbal wetlands, with tropical
peatlands distinguish&* Its classification of wetlands also agrees with most records in the

literature we selected. Griddémhg-term mean annual air temptrre was calculated using the
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monthly data from the latest ECMWF rean&y&RAD5 (ref. 66)) for 1978-2018. Gridded wetland
soil organic carbon stockDC9 was obtained from SoilGril§ which indicates that natural
freshwater wetlands cover 7.66 million kand store 329.5 Gt C in the upper one meter of the soil
(Extended Data Table 2). The proportion of wetlandsoreal, temperate, and tropical regions are

45.8%, 10.8%, and 43.4%, respectively.

Dynamic area of wetlands under three scenarios

Means and 95% Cls of GHG net-fluxesAMI'L-3 (”-70 cm) for different climatic zones were used
as the emission potential from degraded wetldBdtended Data Figure 2b, Extended Data Table
1). We employed the mean OCS for each wetlzatdgory in each country as a constraint, and
then calculated the duration potentiB, Supplementary Figure SBj soil carbon efflux from
degraded wetlands for 2letland types (3 climate zones (itegpical, temperate, boreal or high-
altitude zones) x 7 wetland category grogioeluding bog, fen, mire, swamp forest, flooded
forest, freshwater marsh, floodplaet)the national scale as follows:

DP = (OCS - OCSt)NEE, DP+ 1 (4)
We used a®CS (threshold) of 50 t h&(ref. 36), after which an ecosystem has no potential for
net CQ emission from the soil layer. To avoiduble-counting, we did not consider the other
GHG exchanges of completely degraded wetlawtigsh have been definitely converted into
farmland or pasture, etc. These are includederestimate of land use dagriculture emissions

by the Carbon Budget Projéctind FAGS.

We rebuilt the historical trend and predicted there wetland degradation rate at the continental

scale using the natural Wetlafcktent Trends (WET) indéx for 1970-2015 (Supplementary
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Figure S2). The WET index is a multi-sourcenpmsite index to represent the proportion of
wetland degradation or construction durit20-2015 (Europe in 1970-2013). We extended the
time series to 1950-1969 and 2016-2100 frograssions using €11970-1990 and 2000-2015
data (Europe predicted by 2000-2013 due to the detaiction); these calculations are for the
history-derived scenario (history-derived). Weed two wetland restoration benchmarks: one
considered all wetlands (ALL)nd the other only involved the high€Swetlands (high®C9
(Supplementary Figure S3). HigheS wetlands were determined as those with a duration
potential > 80 years. The total area of hig@Swetlands worldwide is 3.29 M Kinof which
34.5% are degraded. The ALL and hi@QicS scenarios were both grounded on the assumption
that the restoration rate of tleodegraded wetlands would exceeat tf the historical degradation
rate in all continents by 2030. Thus, prior to 2036tartion proceeded atate equivalent to the
absolute value of the degradation rate miyr2000-2015 (2000-2013 for Europe). The increase

stopped when the natural WET index recoverethédevel in 1950 (Supplementary Figure S2).

A completely degradedetland was defined as having noeutal for soil carbon loss, arbe

wetland during degradatiomas defined as those with comtous loss of carbon and nitrogen

component of dynamic wetland area under threeastnin Supplementafyigure S4 shows the

trends of the area in threeraitions during 1950-2100 (more degaih Supplementary Data S1).

Supporting calculations

Empirical GHG exchange rates
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Based on the empirical valua&/TLO, WTL2) in the relationship betwediTLand GHG
emissions across different temperature regimete(teled Data Table 1ye calculated that the
GHG emissions from global water bedi(lakes & reservoirs) are $& Gt CQ and 127.5;

Tg CHs, and CH emissions from natural freshwater wetlands is 144.%g. These results agree
with previous reports, whescorresponding values are 3Gt CQ: (ref. 32), and 1752 Tg

CHa (ref. 33), 148.6°7 Tg CHa (ref. 12) respectively (Supplementary Figure S1).

The GHG emissions from boreal and temperate regimésTina3 (0 -70 cm) are 19.7 and 11.2

tCOzeq hat yr? respectively, which are similar to the drairieducedGHG emission factor 16.1
tCQOreq hat yr? for boreal & temperate in Leifelet al®. Furthermore, the CQemission rate in
the boreal regime is 13.43 tCQ: hat yr, which is similar to the dtivated northern peatlands

emission factor 13:2° tCQOz hat yrtin Qiuet al®’ from a process-based land surface model.

Estimation of GHG emissions from daded wetlands under three scenarios

We estimated the changes of GHG emissiinien by the degradedetland area an@CSin
various wetland types undéhree scenarios (history-derived, ALL, and hig8§ and across
different scales. At the nationscale, countries with larg@CSwere the dominant emitters of
GHGs, mainly C@ The top 10 GHG emitting countrie®rdributed to 79.6% of the total
emissions in the period 1950-2020 (Figure 3, Extemid Figures 5-6). Ahe continental scale,
the top two continents, Souimerica (SA) and North Amerac(NA); accounted for 37.7% and
22.7%, respectively. With respect to climate negj countries in tropical and boreal regions

occupied 55.4% and 39.7% duetheir potent outflow and higfCS
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569 In the scenario for which the historical trend continues during the period 2021-2100 (history-
570 derived scenario), the wetland degradation area will increase to 74.0% by the end &f the 21
571 century, and the induced GHGs will be enlarggd..48 times to 407.9 Gt (Figures 3-4, Extended
572 Data Table 2). In addition, the present geograpipestern of outflow will change: in tropical
573 regions, along with the loss of most SOICS emissions will reduce from 155.2 Gt to 99.1 Gt,
574 while boreal regions will become the dominantission source, increasing from 107.9 Gt to 290.0
575 Gt (39.0% to 71.1%).

576

577 Under the wetland restoratiomenarios for which rewetting occurs for all degraded wetlands
578 (ALL) or only high-OCSdegraded wetlands (high€9, the total GHG emissions could reduce
579 by 248.7 or 156.4 Gt, respectively. The emission reoluenainly results from the reduced GHG
580 emissions over boreal regions. In the hi@@Sscenario, C®accounted for 79.2% of the global
581 total GHG emissions (Extended Data Table ajhbr than that in the ALL scenario (71.2%) and
582 the history-derived scenario (75.0%his finding results from a tge percentage of the degraded
583 low-OCSwetlands being distributeid the tropics but is natestored in the higldCSscenario,

584 where the tropics contribute the largest portion of global C@missions with the highest GO
585 outflow potential in the per area (kig 2, Extended Data Figure 5).

586

587 All of the above conclusiorsre based on a GWP for €bff 34-fold that of CQby weights over

588 a 100-year period. We have also supplementedssegssment of emissions and reductions with a
589 28-fold GWP or a 45-fold sustained GWP (sGW®) The results of GHG emission estimation

590 show differences of +0.23% anrd.43%, respectively, comparedttee history-derived scenario
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with a 34-fold base in 1950-2100. The estimatof GHG emission reduction change in 0.37%
and -0.67% under the rewetting all scena®i@2% and -0.41% under the rewetting h@@GS

scenario in 202@-100, respectively.

Wetland GHG budgets and inter-annuatnaispheric GHG growth rates

There are significant correlatiobetween annual growth ratesatmospheric concentrations and
changes in the wetland-induced flux for £ GHs, and NO in 1979-2018, respectiveli? €0.05;
Extended Data Figure 8a-i,28 is in 1979-2016). The sum of2 emissions from degraded
wetland and FAO agriculture-totél also is also significantly correlated with atmospheric
concentration growth rate® < 0.05; note that O data exclude two early extremes values in
1979 and 1982). Emissions of €fbom degraded wetlands are highly consistent with those from
land-use changes in the Carbon Budget Projewith the former being ~81.4% (ranging from
64.5% to 97.5%) of ¢ latter across 30 years. The nets@rhissions from both degraded and
initial & rewetted wetlands exhibited a downward trend dutifg9-2018. This change may have
contributed to the decline of atmospheric methgnoavth rates before 200®hich is reversed by
the increase of emissions from other major sources (e.g. agri€d)ltsirce then. The evident
correlations between wetland budgets and atmospleoiwth of three key GHGs indicate the
non-negligible impact of wand degradation. Indeed, @OCH:, and NO emissions from

wetlands were equal to 10.8.2%, 38.5 16.7%, and 30.5 19.4% of those from anthropogenic

source¥4142 which are similar to theicontribution of 19%, 21% ah34% of the variation in

atmospheric concentrations durih§79-2018 (Extended Data Figure 8).
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Uncertainties

Wetland area

Although many global wetland area products usthigerse classification rules have been
released"’%’> uncertainty remains in wetland characations and distribution worldwide. In
particular, human-made wetlands have beeneasing greatly in recent years, and natural
wetlands continue to degrdde® The natural wetland classes (i.e., bog, fen, mire, swamp/flooded
forest, freshwater marsh, floodpiqiof GLWD-3 were built fronthe following three datasets in
the 1990s: ArcWorltl, DCW'8, and WCMC?®. We conservatively considered the area of wetlands
in GLWD-3 as the background value in 1990. TheNA-3 did not include wetlands smaller than
0.1 kn?; however, this threshold ensured thag¢ thydrologic features and biogeochemical

processes of degraded wetlands can be sgtortheir initial states in a short téfim

Degradation trend of natural wetlands

Many countries lack baseline wetlaimdentories that allow us to accurately track the lengthy and
complex degradation of natural wetlafid3he WET index represents area change based on over
2,000 wetland area records in long-term time sdr@® six regions, andistinguishes between
human-made and natural wetland changes fi@mM0 to 2015. Given the differences between
natural and artificial wetlands in the basal feas (e.g., OCS, hydrologiedtures) and disturbance
(e.g., artificial landscapatrtificial nitrogen input), we onlyansidered natural wetlands, via down-
scaling the natural WET index from six contiterio countries and/oregions. Therefore,
additional surveys and remote sensing data wanadide for a more accurate assessment at a finer

scale in the future.



636 According to the WET index, the degraded wetland areas were 4.85 flglki®50-2020 (46.22%

637 of the global natural wetlands). Under a historyndel, business-as-usuaks@ario for the future,

638 we projected that continued wetland degradation will reach 7.76°Nikr0%) by the end of the

639 2021-2100 period. Note that these overall estimates include not only those wetlands degraded by
640 land-use change (e.g., reclamation, draining), sat by other factors affecting the hydrological

641 characteristics of wetlands (desiccatfdnlFor example, the peat loss to extraction or farming in
642 Europe accounts for only 11% of European peatfinbst the water levels in another 50% of

643 European peatlands are atixlining, causing degradatftn

644

645 Wetland categories

646 Empirical parameter generalization is based orptheenise that there is no difference in emission

647 potential across various wetland categ®rindeed, we found that, in tWérLO group where GHG

648 emissions are close to neutral (Figure 2, Exteridlah Table 1), there Blmost no significant

649 difference in GHG emissions among the main wetleatdgories both for tropical and temperate

650 regimes (Supplementary Figure S6). However, becaluthe lack of varios types of wetlands in

651 boreal regions (dominated by peatlands), wendidtest the differencas GHG emissions across

652 diverse categories for boreal climates. In W&L-3 group, due to the lack of various wetland

653 categories for comparison, we used @@Sto calculate the duration potential, which is further

654 used to constrain the empirical parameter generalization for the estimate of the potential GHG
655 emissions from degraded wetlands (see Equation 4).

656

657 Data availability
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GLDW dataset is available at http://www.wwfasy/science/data.cfm. Soilgrids dataset is
available at https://soilgrids.org. ECMWEFeanalysis climate data is available at

https://cds.climate.copernicus.eu/#!/homEAOSTAT emissions database is available at

http://www.fao.org/faostat/en/#dd@T. Atmospheric concentrane data is available at

https://ourworldindata.org/atmospheric-concentratiols GHGs data is available in the main

text or the supplementary materials. The datal global, in-situ, GHG exchange information

for wetlands, drawn from 3,704 siyear records is summarizedSupplementary Data 1.

Code availability

The scripts used to generate all the resarksMATLAB (R2018a)R-4.1.0, Python 2.7 based on

arcpy. Analysis scripts are available ldtps://github.com/XiaoB&i417/Multi-greenhouse-gas-

assessments
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