nature
climate change

ARTICLES

https://doi.org/10.1038/s41558-020-00942-2

‘ '.) Check for updates

Future impacts of climate change on inland

Ramsar wetlands
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The 1971 Ramsar Convention promotes wetland conservation worldwide, yet climate change impacts on wetland extent and asso-
ciated biodiversity are unclear. Hydrological modelling and soil moisture estimates are used to quantify climate change-driven
shifts in wetland area across 1,250 inland Ramsar sites. We estimate that net global wetland area expanded during 1980-2014,
but 47% of sites experienced wetland loss. By 2100, a net area loss of at least 6,000 km? (about 1%) is projected. The number
of sites with area loss over 10% will increase by 19-65% under low emissions, 148-243% under high emissions and ~16% with
global mean warming of 2 °C relative to 1.5 °C. Sites most vulnerable to shrinkage are located in the Mediterranean, Mexico,
Central America and South Africa—all seasonal waterbird migration hotspots. Our findings highlight that climate mitigation is
essential for future Ramsar wetlands conservation, in addition to the minimization of human disturbance.

etlands are estimated to have been shrinking in the past
decades'™, which may jeopardize their ecosystem ser-
vices such as water purification, flood control, biodiver-
sity conservation and food supply’~, and carbon sequestration is
sourced from wetlands’. To promote the conservation and wise use
of wetlands worldwide, the Convention on Wetlands (the Ramsar
Convention) was signed in 1971, the only international agreement
focused on wetlands. By September of 2018, 2,339 wetlands were
designated as Wetlands of International Importance according to
nine criteria for Ramsar site designation (Supplementary Table 1).
These wetlands are representative, rare or unique and have a spe-
cific importance for conserving biological diversity (Supplementary
Table 1). Among all of the Ramsar sites, there are 1,352 inland wet-
lands covering 2millionkm?, about 15% of the global inland wet-
land area'® (Fig. 1a). Regionally, 47% of the inland Ramsar sites are
distributed in Europe and 19% in Africa (Extended Data Fig. 1).
Although the Ramsar Convention aims to ensure the conser-
vation of wetlands worldwide, many sites have little or no pro-
tection from national governments’, and cases of wetland loss or
degradation were reported continuously after the establishment of
the Convention''-"*. For example, a compilation of 189 reports of
historical wetland loss from Davidson et al.” shows that the extent
of inland wetlands declined by 69-75% during the twentieth cen-
tury. Wetland loss is also evidenced by satellite-based wetland
maps'*">. Among threats of natural wetlands, human disturbance
has been regarded as the main driver''*'®. While the evaluation
of the impacts of climate change is limited by the small-scale land-
scape features of natural wetlands compared with the relatively
coarse-resolution spatial grid of global climate fields, hydrologi-
cal models based on sub-grid topography information have been
applied to downscale the climate fields to simulate recent and future
wetland dynamics for methane-climate feedbacks'*-*'. Future wet-
land dynamics are also closely related to biodiversity conservation
and other ecosystem services. Whether future exposure to regional
warming and shifts in precipitation will amplify or alleviate Ramsar
wetland-area loss?*** and the implications for wetland biodiversity

are still unclear. Thus, evaluating the impacts of climate change for
the Ramsar sites and other wetlands is a key priority for inland wet-
land conservation.

As a means of investigating the past and future changes in
wetland area across global inland Ramsar sites, we employ a
TOPMODEL-based diagnostic model*** (more details in Methods
and Extended Data Fig. 2). TOPMODEL has been widely applied
to downscale mean water-table depth in a catchment or grid
scale to wetland fraction on the basis of local topography distri-
bution’*~. In this study, TOPMODEL is forced with monthly
gridded water-table depth at 0.5°Xx0.5° resolution, derived from
soil moisture (SM) from GLDAS-Noah v.2.0 for 1980-2014
(ref. *') and from the Climate Model Intercomparison Project Phase
5 (CMIP5)** climate models for future projections (2006-2100)
(Supplementary Discussion 1 and Supplementary Table 2). Then
the wetland fractions for each grid cell and each polygon delineat-
ing the area of inland Ramsar sites are extracted by downscaling
the coarser water table to 500 m X 500 m resolution with the com-
pound topographic index (CTI) data®. Because SM data of CMIP5
and/or regularly flooded wetland (RFW) data are not available for
102 sites located in islands and coastal regions, changes in wetland
area in 1,250 sites out of the 1,352 sites are projected here. Key
parameters in the model are calibrated with the observation-based
RFW map'® (Methods). The evaluation of the performance of
the calibrated model against observed wetland area suggests
a root mean square error of less than 3% in most regions and a
mean bias of less than 1% across all Ramsar sites (Extended Data
Fig. 3). Moreover, given the large discrepancies in wetland estima-
tion across existing wetland maps'’, we compare wetland extent
from RFW with three other regional/global wetland maps and
evaluate other possible uncertainties in simulating wetland dynam-
ics (Supplementary Discussion 2). For future projection, four rep-
resentative concentration pathways (RCPs) are considered in this
study, and the spread of different climate models provides uncer-
tainties on future wetland-area changes regarding the projection
of SM (Methods).
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Fig. 1| Historical change in wetland area and SM across 1,250 inland Ramsar sites. Change from 1980 to 2014 across global inland Ramsar sites. a, Spatial
patterns of site area. b, Simulated change in wetland area on the basis of SM from GLDAS-Noah v.2.0. ¢, Trend in mean annual root-zone SM from GLEAM.

d, Trend in mean annual total SM from GLDAS-Noah v.2.0.

Historical changes in inland Ramsar wetlands

Historical simulation based on SM from GLDAS-Noah v.2.0 shows
that 47% of global inland Ramsar sites suffered a loss of area from
1980 to 2014, one-third of them with an area loss of more than 10%
(Fig. 1b). More than 10% wetland gains are found at 16% of the sites,
which have large baseline areas (Fig. 1). This results in a net increase
in the global area of inland Ramsar wetlands (31,000km? ~3%).
The increase in wetland area is also reflected in the sign of surface
water change from satellite-based data®, which reveals an increase
of 9,000 km? in surface water area across the sites for the past three
decades (Supplementary Fig. 1). Note that human water use is
absent in the land surface model of GLDAS-Noah v.2.0, and wet-
ting of some sites may be overestimated in GLDAS-Noah. Spatially,
the distribution of historical wetland change across the Ramsar sites
is consistent with independent observations of regional wetting or
drying trends (Fig. 1c,d and Supplementary Figs. 1 and 2). Sites
with wetland gain are located mainly in regions that are becoming
wetter such as Africa, southeastern Europe, Mexico and Central
America; these regions also show a consistent increase in mean
annual root-zone SM and annual precipitation minus evapotranspi-
ration (P-ET) from the Global Land Evaporation Amsterdam Model
(GLEAM, more details in Methods)*>*. Conversely, the sites that
experienced a loss in wetland area from our simulation are located
mainly in drying regions such as northern Europe, Central Asia
and South America. These patterns suggest some level of climate
nonlinear control on the trends of wetland area across the globally
distributed Ramsar sites.

Future changes in inland Ramsar wetlands

Although the impact of recent climate change on Ramsar wet-
lands tends to be positive during the past three decades (Fig. 1 and
Supplementary Fig. 1), projected future change (Supplementary
Figs. 3 and 4) may lead to an important shift’>*’. Mean annual tem-
perature over the sites is projected to increase by 0.6-1.8°C under
RCP 2.6 and by 2.8-6.0°C under RCP 8.5 by the end of this century
relative to the reference period (1981-2000). The canonical patterns
of climate models for regional climate changes are reflected across
these sites, with a higher warming rate in northern high latitudes
than in the tropics, a wetter climate in the high latitudes and a drier
climate in tropical, subtropical and Mediterranean regions except
in Asia and northern sub-Saharan Africa (Supplementary Figs. 3
and 4). Under RCP 2.6, projected annual precipitation increases
by 4-8% by 2100 across sites in northern Europe and Asia and
decreases by more than 2% in the Mediterranean, Australia and
South Africa. Under RCP 8.5, the annual precipitation changes over
the sites are about three times larger in magnitude, both for regions
with a decrease and those with an increase. Nonetheless, although
more than half of the sites will receive more annual precipitation
by 2100 under all RCP scenarios, SM in the grid points contain-
ing Ramsar sites may still decrease from higher ET and runoff.
The total SM output from CMIP5 models indeed shows a decrease
across 79% of inland Ramsar sites by the end of this century under
RCP 8.5, with 10% of sites exposed to a moisture decrease larger
than 10%, compared with no sites with a decrease larger than 10%
under RCP 2.6 (Supplementary Figs. 3 and 4). In terms of the
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Fig. 2 | Temporal changes in numbers of global inland Ramsar sites with >10% wetland loss/gain through the twenty-first century. a,b, The first three
paired boxes denote projected numbers of sites with >10% wetland loss (a) or gain (b) under RCP 2.6 (13 models; blue boxes) and RCP 8.5 (19 models;
red boxes) for the epochs of 2000-2020, 2040-2060 and 2080-2100, respectively, and the last two boxes are for a global warming of 1.5°C and 2 °C.
The black dots indicate projections from individual models. The whiskers and boxes indicate numbers of sites with a >10% wetland change agreed by one
model (min), 20%, 40%, 50%, 60%, 80% and all (max) models, as well as projections from the CMIP5 ensemble mean (the white or black lines).
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Fig. 3 | Spatial distributions of change in wetland area across global inland Ramsar sites by 2100 and the uncertainties. a,b, Projected change in wetland
area for 2081-2100 relative to the reference period 1981-2000 under RCP 2.6 (13 models) (a) and RCP 8.5 (19 models) (b) from the CMIP5 ensemble
across global inland Ramsar sites. ¢,d, Fraction of the models agreeing on the >10% wetland loss for each Ramsar site under RCP 2.6 (¢) and RCP 8.5 (d).

nonlinear relationship between wetland fraction and SM*****, even For future change in global inland Ramsar sites, we first exam-
a small reduction in SM may have a sizeable impact on the future ine wetland-area losses (Fig. 2 and Supplementary Fig. 5). Under
wetland area of Ramsar sites. In this study, we address this ques- a low warming level of RCP 2.6, the numbers of sites projected to
tion by applying a TOPMODEL-based diagnostic model to each  have a wetland loss larger than 10% (N_,,) will increase by 48%, with
site, forced by bias-corrected SM output from CMIP5 climate mod-  an inter-quartile range (IQR) of 35% between now and the middle
els under the four RCP scenarios, which allows us to estimate the  of the century, and then stabilize because in the RCP 2.6 scenario,
uncertainty from the spread of climate models and the signal from  atmospheric CO, and global climate warming stabilize after the
different scenarios in the impact analysis (Methods). mid-century. By contrast, N_,, increases dramatically by 107% (IQR
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Fig. 4 | Change in absolute wetland area across global inland Ramsar sites and five continents by 2100. a,b, Spatial patterns of projected absolute
change in wetland area for 2081-2100 relative to the reference period 1981-2000 under RCP 2.6 (13 models) (a) and RCP 8.5 (19 models) (b) from the
CMIP5 ensemble across global inland Ramsar sites. ¢,d, Projected CMIP5 ensemble mean change in absolute wetland area globally and for five continents
(Africa, Latin America, North America, Asia and Europe) under RCP 2.6 (¢) and RCP 8.5 (d). Oceania is not shown here because the total wetland area in

the continent accounts for less than 1.5% of global Ramsar wetland area.

68%) by the mid-century and by 215% (IQR 95%) by the end of this
century under the high warming level of RCP 8.5. Although there
are substantial differences in projected SM from the CMIP5 climate
models, 80% of the CMIP5 models consistently predict an over
131% increase in N_j, from the beginning to the end of this century.
Similar temporal changes in numbers of Ramsar sites are also found
when using different cut-offs (Extended Data Fig. 4). As a result,
by the end of this century, 80% of climate models indicate that at
least 191 sites will experience an area loss of more than 10% under
RCP 8.5, against only 78 sites under RCP 2.6, while 35 sites will
have a severe area loss larger than 50% (N_,,) for RCP 8.5, compared
with only 9 sites under RCP 2.6 (Extended Data Fig. 5). Globally,
gross loss of wetland area of Ramsar sites by the end of this century
doubles between RCP 2.6 (21,000 km?, IQR 23,000 km?) and RCP
8.5 (46,000 km?, IQR 55,000 km?). The global gross loss area is less
than 5% under the four RCP scenarios; however, the sites with loss
concentrate in the Mediterranean, Mexico and Central America,
South America and southern African regions, which have a much
higher percentage loss than all global sites (Fig. 3). Furthermore,
comparing the wetland change under two special scenarios—that
is, the global warming of 1.5°C and 2 °C above the reference period
(1981-2000)—we find that limiting the global warming to 1.5°C
would avoid 123 sites being exposed to a more than 10% area
decrease under RCP 8.5, whereas a 2°C warming would avoid 105
sites to remain below this loss threshold (Fig. 2). This indicates a
substantially avoided impact of climate change on wetland area for
1.5°C and 2°C warming compared with RCP 8.5.

Second, we investigate wetland-area gains. Similar to wetland
losses, the number of inland Ramsar sites with a wetland gain larger
than 10% (N,,,) also shows an increasing trend from the beginning
to the end of this century, but with a smaller increase (46% with an
IQR of 73% under RCP 2.6 and 103% with an IQR of 104% under

RCP 8.5). The global value of N, is almost equal to that of N_,, at
the beginning of this century when the climate forcing of the four
RCP scenarios is not very differentiated (Fig. 2 and Supplementary
Fig. 5). By the middle of the century, N_,, surpasses N, ,, under all
scenarios. By the end of the century, N_,, is 92% (IQR 96%; 98 sites,
IQR 95 sites) larger than N, ,, under RCP 8.5, indicating that the
losses will clearly dominate over gains (Fig. 2). The sites with wet-
land gain cannot compensate the shrinking sites because the pat-
terns of wetland gains and losses show strong regional differences
(Figs. 3 and 4 and Supplementary Figs. 6 and 7), and the Ramsar
sites in different regions have different ecosystem services accord-
ing to the criteria for Ramsar site designation (Supplementary Table
1). By the end of the century, those expanding sites are distributed
mainly in northern Europe and northern sub-Saharan Africa, while
those parts with a wetland loss will be in the Mediterranean, Mexico
and Central America, South America and southern African regions.
Thus, the sites that are diagnosed to have a historical wetland-area
gain in the Mediterranean, Mexico and Central America (Fig. 1b)
will be likely to face a wetland-area shrinkage. The spatial pat-
terns of wetland gain or loss by 2100 from the CMIP5 ensemble
mean are similar among the four RCP scenarios, but the regional
contrasts between wetland gains and losses are amplified in sce-
narios that have a higher global warming level (Figs. 3 and 4 and
Supplementary Figs. 6 and 7). Furthermore, the degree of model
agreement for a wetland loss larger than 10% will double at 481
sites going from RCP 2.6 to RCP 8.5 (Fig. 3¢,d and Supplementary
Fig. 6¢,d). The increased model agreement is also found with four
other cut-offs (Supplementary Fig. 8). This indicates that with
stronger climate warming, a more consistent loss signal emerges
from the spread of the climate models.

At the continental scale, the projected multimodel mean N_,
increases by 109% to 386% across all five continents under RCP
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Fig. 5 | Wetland loss and waterbird migration. a,b, Projected change in wetland area in winter (December-February) for 2081-2100 relative to the
reference period 1981-2000 under RCP 2.6 (13 models) (a) and RCP 8.5 (19 models) (b) from the CMIP5 ensemble across sites related to waterbirds (327
sites for C5 and C6). Only sites located south of 45° N are displayed given that most wetlands in high latitudes are frozen in winter. The lavender lines
indicate global main migratory flyways“’. ¢,d, The distribution of the projected number of these sites related to waterbirds with at least 5%, 10%, 20%,
30% and 50% wetland gain or loss by the end of this century under RCP 2.6 (¢) and RCP 8.5 (d). The wider parts of distributions signify that relatively

more models project that number of sites will change.

8.5 during this century versus less than 70% under RCP 2.6, except
in Latin America, where N_,, increases by 172% even for RCP 2.6
(Extended Data Fig. 6). By the end of this century, except in Asia,
N_,,exceeds N, in all continents for the four RCP scenarios. Under
RCP 8.5, Africa will have the largest positive imbalance between N_,
and N, (35 sites, IQR 41 sites), followed by Europe (32 sites, IQR
50 sites), and these two continents together contribute 68% (IQR
19%) of the increase of N_,, during this century. Note that roughly
half of the global inland Ramsar sites are distributed in Europe,
but these sites have on average a smaller area than those in Africa
and Latin America, where most sites cover an area of more than
1,000km? (Fig. 1a). The smaller number of Ramsar sites exposed
to wetland loss in Africa and Latin America masks, however, the
fact that those tropical Ramsar wetlands altogether will lose an area
of 34,000 km? (IQR 51,000 km?) (~70% of global wetland-area loss)
under RCP 8.5, versus only 4,000 km?* (IQR 5,000 km?) for European
sites (~10% of global wetland-area loss; Fig. 4 and Supplementary
Table 3). According to the species—area relationship***, the risks for
wetland-dependent birds, fish and other animal and plant species
thus would be more acute in Africa and Latin America. If limiting
global warming to 1.5°C instead of 2°C, the projected N_,, will be
reduced by 15% in these two tropical continents having key large
wetland areas (Extended Data Fig. 6).

Implications for biodiversity

Given the distinct and complex implications of wetland-area loss
on different ecosystem services, we map the risk of wetland loss
by the end of this century across different criteria for Ramsar site
designation for each continent (Extended Data Fig. 7). The risk
of wetland loss for each criterion here is defined as the ratio of
sites in the category N_,, for this criterion to all sites meeting this
criterion. The risk of wetland loss will double between RCP 2.6
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and RCP 8.5 across nearly all criteria in all continents. Under RCP
8.5, the risk of wetland loss in the two tropical continents with
large wetland areas (Africa and Latin America) will be higher
(~23%) for nearly all criteria. This indicates the projected large
wetland-area losses in Africa and Latin America are controlled not
only by the large site area, but also by the large fraction of shrink-
ing sites. Under RCP 8.5, Africa and North America will face a
higher risk of wetland loss for C5 and C6 categories (related to
waterbirds), while sites in Europe and Latin America will face a
higher risk of wetland loss for C7 (related to indigenous fishes)
and C8 (related to migratory fishes) categories. The higher risk of
wetland loss for sites meeting C5, C7 and C8 suggests that wetland
losses induced by global warming threaten not only local species,
but also migrating species.

To clearly show the potential risk of wetland loss on waterbird
migration and survival, we intersect the world main flyways of
migratory birds* with our map of change in wetland area across
sites located south of 45°N in winter (December-January) (Fig. 5).
Sites that are important to waterbirds are predicted to face a larger
risk of area loss (a net wetland loss of 3,000km?) by 2100 under
RCP 8.5, with an area loss of larger than 10% in 29% of sites (IQR
20%), compared with 23% (IQR 9%) for all inland Ramsar sites. As
important migratory corridors and foraging hotspots, projected
large-scale and simultaneous wetland loss in sites located in the
Mediterranean, Mexico and Central America, and South Africa
under RCP 8.5 will lead to a substantial deterioration of American
and African-Eurasian flyways. Migratory waterbirds on these fly-
ways could have difficulty finding substitute stop-off points during
the migration from the Northern Hemisphere. Increased exposure
to habitat loss and food shortage could further aggravate the risk
of population loss during long-distance migration for vulnerable
waterbird species.
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Conclusions

Our analyses suggest that the risk of wetland loss for global inland
Ramsar sites will increase with the warming level of future cli-
mate. By the end of this century, despite a modest global gross
(<5%, 21,000-46,000km?) and net (~1%, 6,000-10,000km?) loss
of inland Ramsar wetlands under four warming scenarios, the
effects of climate change on Ramsar wetlands are projected to be
pronounced at regional scales. Sites with a much higher loss per-
centage than the global average dominate in Mediterranean, Mexico
and Central America, central Latin America and South Africa—all
part of a global biodiversity hotspot network. The consensus pre-
diction of wetland loss in these regions by CMIP5 climate models
suggests biodiversity threats due to habitat loss. Compared with
global inland wetlands, percentage changes in wetland area across
all inland Ramsar sites is estimated to be close to the global base-
line (Fig. 3 and Extended Data Fig. 8), but noticeable disagreements
found in each continent point out Ramsar sites underrepresentative
of broader wetlands at the continent scale.

Limited by the uncertainties in the observed wetland map
for parameter calibration and a series of simplifying assump-
tions established in TOPMODEL (Methods and Supplementary
Discussion 2), some small wetlands, including peatlands, flood-
plains and thermokarst lakes, may be missed in our model. In
addition, keeping the lake area within Ramsar sites constant could
propagate biases in the projection of future wetland area, in partic-
ular for those sites located in high latitudes, which could be expe-
riencing an expanded lake area due to global climate warming.
Although the parameter calibration with the observation-based
wetland map and a small proportion of lake area in the total area of
global inland Ramsar sites ensure the reliability of our projection,
incorporating floodplain models and process-based thermokarst
lake models could further improve the projection of global wetland
dynamics*~*’. The dynamics of global lakes not accounted for here
need further investigation.

Compared with the high warming level under RCP 8.5, climate
mitigation to stabilize global climate change at 1.5°C and 2 °C could
save 123 and 105 sites, respectively, from a wetland loss larger than
10%. The net wetland loss could be reduced by 40% (4,000km?)
from RCP 8.5 to RCP 2.6, in particular much less loss in biodiversity
hotspot regions such as the Mediterranean, central Latin America
and South Africa. Thus, to lower the risk of wetland losses and to
facilitate biodiversity conservation on wetland hotspot sites, climate
mitigation is indispensable and should be carried out immediately
due to higher risk with later mitigation*. The risk of wetland loss
in migration flyways projected under further global warming high-
lights that all wetlands along migration flyways should be consid-
ered as a whole by international collaboration and coordinated
action.
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Methods
Global climatic datasets. The monthly total SM and soil temperature (ST) data
to calculate historical water table for the period 1980-2014 are obtained from
GLDAS-Noah v.2.0, which is a reanalysis product jointly developed by National
Aeronautics and Space Administration (NASA) Goddard Space Flight Center
(GSFC) and the National Oceanic and Atmospheric Administration (NOAA)
National Centers for Environmental Prediction (NCEP)*'. With a spatial resolution
of 0.25° % 0.25°, GLDAS-Noah v.2.0 assimilates satellite- and ground-based
observations to produce optimal fields of land surface states and fluxes in near-real
time. The SM estimation from GLDAS-Noah v.2.0 agrees well with a wealth of
ground-based in situ observations and independent remote-sensing products*>*°.
The SM and ST in the land surface model are provided at four vertical layers (0-0.1,
0.1-0.4, 0.4-1 and 1-2m). In addition, we use SM data from GLEAM v.3.2a (ref. *)
to investigate the change in SM for the period 1980-2014. With a spatial resolution
0f 0.25°%0.25°, GLEAM SM data assimilate the surface SM from satellite microwave
observations into the soil profile as well as other observed climate variables in the
water-bucket model. It provides the estimation of SM at the surface and in the root
zone; the depth of surface SM is 0.1 m while the root-zone depth is not uniform
globally and depends on local conditions, with a range of 0.1-2.5m.

The global gridded monthly air temperature data used in this study are
the Climatic Research Unit TS v.4.01 dataset for the period 1980-2014, with a
spatial resolution of 0.5° % 0.5°. The monthly ET from 1980 to 2014 is obtained
from GLEAM v.3.2a (ref. *°). We use the monthly P (precipitation) data from
Multi-Source Weighted-Ensemble Precipitation v.2.1 precipitation product™ with
a spatial resolution of 0.1° X 0.1° for the period 1980-2014, the same P used in
GLEAM v.3.2a. To reduce the effects of errors in fine-scale spatial structure on
estimation of climate change in Ramsar sites over the past decades, all these data
sets are regridded into 0.5° % 0.5°.

CMIP5 climate model data. The historical simulations (analysed years
1980-2005) and four scenario-dependent projections (RCP 2.6, RCP 4.5, RCP
6.0 and RCP 8.5; analysed years 2006-2100) of monthly T, P, surface SM, total
SM, ET, runoff (R), and ST are obtained from the CMIP5 archive’. All model
outputs for the period 1980-2100 are regridded to the resolution of 0.5°x 0.5°
using the first-order conservative remapping technique®. Models that provide
monthly SM and ST in each soil layer of both historical simulations and future
projections for the calculation of water table depth (WTD) are selected for the
projections (Supplementary Table 2 and Supplementary Discussion 1). Because
there are considerable uncertainties in SM estimation in CMIP5 climate models,
we correct the historical and future SM and ST output from CMIP5 models at grid
scale by a correction factor: the ratio of mean annual SM from 1980 to 2005 from
GLDAS-Noah v.2.0 to that from CMIP5 models.

Ramsar site data. The general information (including location, area, wetland
type, ecosystem services and so on) of 1,352 inland Ramsar sites is obtained

from the Ramsar Sites Information Service (https://rsis.ramsar.org/). The coastal
and human-made Ramsar sites are not considered in this study because these
wetland types cannot be simulated by TOPMODEL. The shapefile data of vector
boundaries of the sites are collected from the Ramsar Sites Information Service
and the World Database on Protected Areas®. Note that there are only 926 sites
with available shapefile data. For those sites without shapefile data, we treat each
as a regular square associated with its location, and the size of the regular square is
determined by its area. Then the climate variables for a Ramsar site are calculated
as wetland-area-weighted average of all grids within the polygon of this site. For
the extraction of wetland area, a buffer for each Ramsar site is created given that
wetland gain or loss may be found outside of the site boundary for future wetland
change projections. The area of the buffer is four times the size of the site.

Global wetland maps. We use the RFW map'’ to calibrate parameters of the
TOPMODEL-based diagnostic model. REW is a set of high-resolution maps (15
arcsec) of regularly flooded wetlands, developed by overlapping three open-water
and inundation datasets derived from satellite imagery: the European Space
Agency Climate Change Initiative land cover™, Global Inundation Extent from
Multi-Satellites (GIEMS-D15) inundation surface™ and the maximum water
extent from the Joint Research Centre (JRC) surface water dataset*. Because
TOPMODEL cannot simulate artificial rice paddies, we remove maximum
irrigated and rain-fed rice agriculture from the RFW using the global dataset

of Monthly Irrigated and Rainfed Crop Areas (MIRCA2000)>. In this study, we
consider the RFW map as the long-term maximum wetland area. Overall, the
RFW map covers 8.2% of the land surface area (10.9 million km?), including open
flooded wetlands and inundation area under canopy but excluding lakes and rice
paddies (Supplementary Fig. 9e).

We also use a detailed static pantropical (40°N to 60°S) wetland map from
Gumbricht et al.”* (hereafter named G2017) including both peatlands and
floodplains to calibrate the parameters of the TOPMODEL-based diagnostic
model, for the uncertainty of wetland maps (Supplementary Table 4 and
Supplementary Figs. 9 and 10). The G2017 wetland map, derived from a hybrid
expert system, identifies not only permanently and seasonally wetland areas,
but also soil wetness and topographic conditions that favour waterlogging in the

absence of flooding (due to rain-fed or groundwater-fed sources). To verify our
simulations of wetlands area on peatlands and floodplains, two global peatland
maps”>** and one regional floodplain map in the Amazon™ are used here
(Supplementary Discussion 2 and Supplementary Figs. 9 and 10).

The TOPMODEL-based diagnostic model. To simulate global wetland dynamics,
we use a TOPMODEL-based diagnostic model from Stocker et al.* that has
successfully predicted the spatial distribution, extent and seasonality of natural
wetlands. The procedures for the parameter calibration of the diagnostic model
and the projection of future wetland dynamics are shown in Extended Data Fig. 2.

Following the classical TOPMODEL framework, an analytical relationship
between the water table and the local topographic index distributions in a
catchment is given under the assumptions that the local hydraulic gradient is
approximated by the local topographic slope and the water-table variations can be
assimilated to a succession of steady states with uniform recharge®. At grid scale,
the analytical relationship can be represented as:

CTL; — CTIL, = —-M(T; — Ty) (1)

where CTI indicates compound topographic index, defined as the log of the ratio of
contributing area to local slope. The CTI data used in this study are from Marthews
et al.” with the spatial resolution of 500 m X 500 m, where lakes and reservoirs

are removed with Global Lakes and Wetlands Data (Lehner and Dé61l°7). The

index x and index i indicate the grid and the sub-grid (hereafter called the pixel),
respectively. CTI, indicates the CTI of the pixel i while CTI, is the mean CTI of the
grid cell x. Similarly, T, is the WTD of the pixel i and T is the mean WTD of the
grid cell x. M is a tunable parameter that describes the exponential decrease of soil
transmissivity with depth?”. When the water table of the pixel i is at the soil surface
(that is, I";=0), the CTI threshold to be flooded for the grid x is derived:

CTI, = CTL + MxT, (2)

Then the percentage of pixels with CTI, larger than the thresholds CTT, is
considered as the inundated fraction in the grid x (f,):

1 . . A; if CTL; >CTT,
fom YA witha; = A TOTZCTL )
A& 0 if CTI; < CTI,

In this study, the wetlands are defined as inundated/saturated area simulated by
the diagnostic model. The annual maximum of monthly inundation area is used in
analyses of Figs. 2-4. Winter average inundation area south of 45°N is used in the
analysis of Fig. 5.

Although the TOPMODEL can address the simulation of global wetland extent
by downscaling the water-table depth with the relatively higher-resolution CTI
data as described in the preceding, the computational cost would be large when
employed to produce the long time-series wetland dynamics. To solve this problem,
we apply an asymmetric sigmoid function ¥ proposed by Stocker et al.*® to fit the
relationship between f, and T from TOPMODEL directly at 0.5°X 0.5° resolution:

(4)

‘}’(K) _ (1 +vx><e"‘*(i-qx))’l/"’

where v,, k,, g, are three parameters. According to the TOPMODEL framework,
with the CTI distribution for a grid, the choice of the parameter M determines the
relationship between f; and T (Equations (2) and (3)) and then determines the
values of v,, k,, and ¢, in Equation (4). Given the distinct topography, soil types
and other intrinsic characteristics in different regions, we consider M as a tunable,
globally heterogeneous and grid-specific parameter, with a range of 1-15. With

a sequence of assumed I, spanning a plausible range of values (—1m to 2m) and
corresponding f, from the TOPMODEL, a range of 1-15 for M means there are 15
sets of (v,, k,, q,) for each 0.5°x 0.5° grid following the framework of Stocker et al..
The optimized parameter combination of (v,, k,, g,) is determined by selecting the
minimum root mean square error (RMSE, defined in Equation (5)) of long-term
maximum wetland extent between simulations and observation from RFW, among
15 simulations determined by the parameter M:

S (0= P’ (5)

n

RMSE =

where O, and P, are the observed and simulated wetland extent, respectively. As
shown in Extended Data Fig. 3, our simulation can reproduce the spatial pattern of
global wetland fraction from RFW in most regions with an RMSE less than 3% but
underestimates the wetland extent in the south of the Hudson Bay, northern Siberia
and India. Because only a few inland Ramsar sites are located in these regions (Fig.
1), this would have little effect on our results. More than 75% of sites have an RMSE
less than 39%.

The extraction of wetland area for global inland Ramsar sites. With the

optimized parameters (v,, k, and g,) and monthly WTD from GLDAS-Noah
v.2.0 and CMIP5 climate models, the global wetland dynamics are produced for
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the period 1980-2100 at 0.5° X 0.5° resolution*. Given that not all areas within a
Ramsar site are inundation areas, we use the CTI distribution at 500 m X 500 m
resolution to identify the flooded pixels within a grid (Extended Data Fig. 9)
according to the simulated wetland fraction of this grid, and then calculate the
wetland area for each site by aggregating all flooded pixels within the buffer of the
site’’. Note that change in wetland area in 102 sites located in islands and coastal
regions cannot be projected because SM data from CMIP5 models and/or RFW
data are not available there. Thus, only 1,250 sites out of the 1,352 inland Ramsar
sites are presented here. In Extended Data Fig. 9, we show an example of wetland
change extraction in a Ramsar site, Shengjin Lake National Nature Reserve, by the
end of this century under RCP 2.6 and RCP 8.5. In addition, we extract the change
in surface open water for each Ramsar site from 1984 to 2015 as independent
satellite-based evidence for the sign of historical change in wetland area, by
intersecting shapefiles of Ramsar sites and the transition map of JRC global surface
water products® with 30 m X 30 m resolution (Supplementary Fig. 1a).

Data availability

The shapefile data of the Ramsar inland sites are available from the Ramsar

Sites Information Service (https://rsis.ramsar.org/) and the World Database on
Protected Areas (http://datasets.wri.org/dataset/64b69c0fb0834351bd6c0ceb37
44c5ad). The global gridded topographic index data are available from https://
doi.org/10.5285/6b0c4358-2bf3-4924-aa8f-793d468b92be. The CRU TS v.4.01
climate datasets are available from CRU (https://crudata.uea.ac.uk/cru/data/hrg/
cru_ts_4.01/). The GLEAM v.3.2a data sets are available at https://www.gleam.
eu/. The MSWEP v.2.1 datasets are available at http://www.gloh2o0.org/. The JRC
surface water products are available at https://global-surface-water.appspot.com/
download. The RFW datasets are available from https://doi.pangaea.de/10.1594/
PANGAEA.892657. The GLDAS-Noah v.2.0 datasets are available at https://disc.
gsfc.nasa.gov/datasets/ GLDAS_NOAHO025_M_V2.0/summary?keywords=GLDAS.
All CMIP5 data can be accessed from the CMIP5 archive (https://esgf-node.llnl.
gov/search/cmip5/). The change in wetland area in different projected epochs for
each Ramsar site under the four RCP scenarios is publicly available on GitHub
(https://github.com/yixixy/Ramsar_wetlands_change)**. Source data are provided
with this paper.

Code availability

Computer codes to simulate wetland area by TOPMODEL and to analyse the
change in wetland area for Ramsar sites are publicly available on GitHub
(https://github.com/yixixy/Ramsar_wetlands_change)*.
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Extended Data Fig. 1| Statistics of numbers and total area of inland Ramsar sites in six continents. Numbers and total area of inland Ramsar sites in six
continents including Africa, Asia, Europe, Latin America, North America, and Oceania.
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Extended Data Fig. 2 | Diagram of workflow for simulating wetland dynamics across global inland Ramsar sites. Workflow for simulating historical
(1980-2014) and future (1980-2100) wetland dynamics based on soil moisture from GLDAS Noah v2.0 and CMIP5 climate models under four RCP
scenarios.
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Extended Data Fig. 3 | Evaluation of the TOPMODEL-based hydrological model. Spatial patterns of long-term maximum wetland fraction from RFW (a)
and historical simulation with GLDAS-Noah v2.0 (b), as well as RMSE (the minimum root-mean-square-error) between RFW and the simulation over

global wetlands (¢) and inland Ramsar sites (d).
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Extended Data Fig. 4 | Same as Fig. 2, but for temporal changes in numbers of global inland Ramsar sites with wetland loss/gain of five different
cutoffs. a, ¢, e, g, and i show temporal changes in numbers of sites with wetland loss of 5-10%, 10-20%, 20-30%, 30-50%, and over 50% respectively
through the 21t century under RCP2.6 and RCP8.5, while b, d, f, h, and j are for numbers of sites with wetland gain of 5-10%, 10-20%, 20-30%, 30-50%,
and over 50% respectively.
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Extended Data Fig. 5 | Distributions of projected numbers of Ramsar sites with wetland gain/loss of five different cutoffs by the end of this century.

a-d show the distributions of projected numbers of Ramsar sites with wetland gain/loss of 5%, 10%, 20%, 30%, and 50% by the end of this century
under four RCP scenarios, respectively. The wider parts of distributions signify that relatively more models project that number of sites will change.
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Extended Data Fig. 6 | Same as Fig. 2, but for temporal changes in numbers of inland Ramsar sites with >10% wetland loss/gain for five continents.

a, ¢, e, g and i show temporal changes in numbers of sites with >10% wetland loss in five continents including Africa, Asia, Europe, Latin America, and
North America through the 21t century under RCP2.6, RCP8.5, and a global warming of 1.5°C and 2°C, while b, d, f, h, and j are for numbers of sites with
>10% wetland gain in the five continents respectively.
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Extended Data Fig. 7 | Wetland risk boundaries across global inland Ramsar sites by 2100. a, c, e, g, and i show multi-model mean percentage of sites
shrinking by over 10% for nine criteria by the end of this century in five continents respectively under RCP2.6, and b, d, f, h, and j are for RCP8.5. C1-C9
represent nine criteria for Ramsar Site designation (Supplementary Table 1). The central angle of each criterion is determined according to the ratio of sites
meeting nine criteria. The width of each annulus for each criterion is determined according to the ratio of sites with a loss of 10-20%, 20-30%, 30-50%,
or more than 50% to all sites meeting this criterion. The dark grey boundary indicates the threshold of 20% of all inland sites meeting this criterion with
over 10% loss.
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Extended Data Fig. 8 | Projected CMIP5 ensemble mean change in wetland area for global all wetlands. a-d indicate projected CMIP5 ensemble mean
change in wetland area for global all wetlands for 2081-2100 relative to the reference period 1981-2000 under RCP2.6 (13 models), RCP4.5 (18 models),
RCP6.0 (9 models), and RCP8.5 (19 models) respectively.
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Extended Data Fig. 9 | An example of calculating the change of Ramsar wetland. a, Spatial location of Shengjin Lake National Nature Reserve. b, Spatial

pattern of CTI (Compound Topographic Index) for the site and the shapefile of the site and its buffer. ¢, d, Annual maximum wetland area change by 2100
from FGOALS-g2 model extracted with sub-grid CTI distribution under RCP2.6 and RCP8.5.
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