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Abstract

The global area and distribution of shallow water ecosystems (SWEs), and their projected responses to climate change, are
fundamental for evaluating future changes in their ecosystem functions, including biodiversity and climate change mitigation
and adaptation. Whereas previous studies have focused on a few SWEs, we modelled the global distribution of all major SWEs
(seagrass meadows, macroalgal beds, tidal marshes, mangroves, and coral habitats) from current conditions (1986-2005) to 2100
under the RCP2.6 and RCP8.5 emission scenarios. Our projections show that global coral habitat shrank by as much as 75% by
2100 with warmer ocean temperatures, but macroalgal beds, tidal marshes, and mangroves remained about the same because
photosynthetic active radiation (PAR) depth did not vary greatly (macroalgal beds) and the shrinkage caused by sea-level
rise was offset by other areas of expansion (tidal marshes and mangroves). Seagrass meadows were projected to increase by
up to 11 % by 2100 because of the increased PAR depth. If the landward shift of tidal marshes and mangroves relative to
sea-level rise was restricted by assuming coastal development and land use, the SWEs shrank by 91.9% (tidal marshes) and
74.3% (mangroves) by 2100. Countermeasures may be necessary for coastal defense in the future; these include considering the
best mix of SWEs and coastal hard infrastructure because the significant shrinkage in coral habitat could decrease wave energy.
However, if appropriate coastal management is achieved, the other four SWEs, which relatively have high CO2 absorption rates,

can help mitigate the climate change influences.
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Key Points:

e The current distribution of major shallow water ecosystems excluding coral
can be sustained or increase by 2100.

o Seagrass meadows are projected to increase by up to 11% by 2100 because
of increased photosynthetic active radiation depth.

e The landward shift of tidal marshes and mangroves with sea-level rise is
important.

Abstract

The global area and distribution of shallow water ecosystems (SWEs), and their
projected responses to climate change, are fundamental for evaluating future
changes in their ecosystem functions, including biodiversity and climate change
mitigation and adaptation. Whereas previous studies have focused on a few
SWEs, we modelled the global distribution of all major SWEs (seagrass mead-
ows, macroalgal beds, tidal marshes, mangroves, and coral habitats) from cur-
rent conditions (1986—2005) to 2100 under the RCP2.6 and RCP8.5 emission
scenarios. Our projections show that global coral habitat shrank by as much
as 75% by 2100 with warmer ocean temperatures, but macroalgal beds, tidal
marshes, and mangroves remained about the same because photosynthetic ac-
tive radiation (PAR) depth did not vary greatly (macroalgal beds) and the
shrinkage caused by sea-level rise was offset by other areas of expansion (tidal
marshes and mangroves). Seagrass meadows were projected to increase by up
to 11 % by 2100 because of the increased PAR depth. If the landward shift
of tidal marshes and mangroves relative to sea-level rise was restricted by as-
suming coastal development and land use, the SWEs shrank by 91.9% (tidal
marshes) and 74.3% (mangroves) by 2100. Countermeasures may be necessary
for coastal defense in the future; these include considering the best mix of SWEs
and coastal hard infrastructure because the significant shrinkage in coral habi-
tat could decrease wave energy. However, if appropriate coastal management
is achieved, the other four SWEs, which relatively have high CO, absorption
rates, can help mitigate the climate change influences.

Plain Language Summary

Because shallow water ecosystems (seagrasses, macroalgae, tidal marshes, man-
groves and coral reefs) play important roles in absorbing CO, and decreasing
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wave energy, it is important to project their future distribution in the face of
climate change. We used numerical models to project the global distribution of
these ecosystems through 2100. Our results show that global coral reef shrank
by as much as 75% with warmer ocean temperatures, but seagrasses increased
by up to 11% because of the increased depth of active photosynthesis. Other
ecosystem areas remained about same because the depth of active photosyn-
thesis did not vary greatly (macroalgae) or the shrinkage caused by sea-level
rise was offset by a landward shift (tidal marshes and mangroves). However,
if the landward shift is restricted by coastal development, tidal marshes and
mangroves could shrink by 91.9% and 74.3%, respectively. Coastal hard in-
frastructure and other countermeasures may be necessary for coastal defense
in the future, particularly in coral reefs. If appropriate coastal management is
achieved, non-coral shallow water ecosystems, which have relatively high CO,
absorption rates, can help mitigate the influences of future climate change.

1 Introduction

Although SWEs account for only 0.2% of the world’s total ocean area, they
account for 73 79% of the total carbon sequestration rate of the global ocean
(Duarte et al., 2005; Nelleman et al., 2009; Hori et al., 2019). These ecosys-
tems can be expected to have important effects in mitigating climate change by
storing blue carbon. In addition, SWEs offer promise with respect to climate
change adaptation against sea-level rise (Kirwan and Mudd, 2012, Duarte et al.,
2013). Although green infrastructure including SWEs may be less effective than
grey infrastructure in terms of disaster prevention and mitigation, SWEs have
the benefits of natural resilience and low maintenance costs (Kay and Wilder-
spin, 2002). Furthermore, these ecosystems, when well maintained or restored,
provide ecosystem services that help enhance water quality, food provision, bio-
diversity strategies, fisheries, recreational and cultural benefits (Haight et al.,
2019; Duarte et al., 2020).

The distribution and area of SWEs will be affected by climate change; however,
projections of the future distribution and area of SWEs are under debate and
not well constrained. Coastal wetlands, including tidal marshes and mangroves,
have been projected to shrink by 20 90% as a result of sea-level rise (IPCC,
2019). However, this estimate has several issues. One is that sea-level rise by
2100 is projected as a uniform rise of 1 m across the globe (Blankespoor et
al., 2014); other more serious concerns are that this amount of sea-level rise
is greater than the amount under the Representative Concentration Pathway
8.5 (RCP8.5) scenario (IPCC, 2019) and that the estimate does not take into
account the expansion of ecosystem areas due to sea-level displacement (Spencer
et al., 2016). By one estimate, tidal marshes and mangroves will be sustained
(Kirwan et al., 2010; Lovelock et al., 2015) or expand by up to 60% (Schuerch
et al., 2019) over the present levels due to increasing deposition of suspended
matter. However, hard coastal structures and land use are extremely important
factors. A previous study predicted that the distribution of tidal marshes and
mangroves shrunk considerably when SWEs cannot shift landward because of



hard coastal structures (Kirwan et al., 2010). A prediction of coral habitats
based on temperature changes has argued that the current areas of coral will be
almost completely lost by 2100 (Frieler et al., 2013), but it does not take into
account habitat shift or relocation of corals to new areas with suitable water
temperatures. Another study of coral habitats has projected 75% losses due
to the shift to deeper sea beds with accompanying temperature changes, but
it does not take into account latitudinal shifts (Jorda et al., 2020). Seagrass
meadows and macroalgal beds have been also projected to shrink by 8.6% and
20.6% by 2100, respectively, if no changes in the photic layer occur. Thus,
previous studies have not adequately considered the adaptation of SWEs to
climate change. Additionally, because all SWEs can play an important role in
climate change mitigation and adaptation, integrated predictions are necessary;
however, previous studies have focused on at most three types of SWEs (Jorda
et al., 2020; Lovelock et al., 2020).

In this study, we projected the global distribution and area of the five most im-
portant SWEs (seagrass meadows, macroalgal beds, tidal marshes, mangroves,
and coral habitats) from their current state to 2100, by integrating topographic
data and the current global distribution of SWEs and using a global climate
model as an external forcing under two emissions scenarios, RCP2.6 and RCP8.5.
Furthermore, we predicted the distribution of tidal marshes and mangroves when
SWEs cannot shift landward with sea-level rise because of hard coastal struc-
tures and land use.

2 Methods
2.1 Computational region

To simplify computation while reflecting the topography and ecosystem distribu-
tion specific to given regions, we divided and categorized global coastlines into
computational domains. Global coastlines have been classified on the basis of
coastal topographic entities, types such as deltas or fjords, etc (Durr et al., 2011).
Based on these global coastline types, adjacent line segments shorter than 1,000
km that were of the same type were merged, yielding 198 computational areas
(the mean coastline length was about 2,000 km) as shown in Figure S1. Because
SWEs have the potential to expand or shift not only in the cross-shore direction
but also in the coastline direction, the entire length of each segment, which was
divided based on the coastline type, was applied to the computational domain
to account for its potential in this study.

2.2 Geographical data

Topographic data for land and sea were derived from the Shuttle Radar Topogra-
phy Mission 15 PLUS (SRTM-15PLUS) dataset (WebGIS: http://www.webgis.
com/srtm3.html). The spatial resolution of this dataset is about 450 m. Topog-
raphy in the landward direction was incorporated to an elevation of up to 50 m
to ensure adequate coverage when the SWEs expand in the future. Bathymetry
was incorporated to 100 m depth to encompass the depth range from the max-
imum high-tide surface to the euphotic layer (Figure S2). The elevation data



were averaged along the shoreline direction for each of the 198 computational ar-
eas ArcGIS software (ESRI, Inc.) to generate hypsometric curves in the offshore
direction with a horizontal resolution of 100 m (Figure S3). The zero elevation
point, which is the boundary between sea and land, was obtained from Open
Street Map Data (https://osmdata.openstreetmap.de/).

2.3 Distribution of SWEs

The five SWEs we focused on were seagrass meadows, macroalgal beds, tidal
marshes, mangroves and coral habitats. As with the topographic data, the
SWE area was compiled in each of the 198 areas classified in “Computational
region” (Figure S1). These data were obtained from UNEP-WCMC except for
macroalgal beds (Figure S4 and Table S1). Because there are no available data
for the global distribution of macroalgal beds, we adopted the total global area
reported in the literature (Krause-Jensen and Duarte, 2016). Because macroal-
gae are nearly ubiquitous in coastal areas (Assis et al., 2020), we assumed that
all 198 computational regions are habitable areas for macroalgae. Macroalgal
beds constitute the largest area among the SWEs (Table S1).

2.4 Regulating factors for SWE projections

When projecting changes in the distribution and extent of SWEs due to climate
change, we considered the following regulating factors: water temperature for
coral habitats, chlorophyll concentration and sea-level change for seagrass mead-
ows and macroalgal beds, and sea-level change for tidal marshes and mangroves.
The TPCC special report on the ocean and cryosphere in a changing climate
(IPCC, 2019) estimated a maximum rise of 110 c¢m in sea level by 2100. The
major global climate models (GCMs) used in climate prediction are summarized
in the Coupled Model Intercomparison Project phase 5 (CMIP5) (Taylor et al.,
2012). For this study, we used results from the GFDL-ESM2M model (Dunne
et al., 2012), which has a relatively rich set of marine chemical and physical vari-
ables, as the regulating factors for calculating changes in SWE extents. For the
Representative Concentration Pathways (RCP) scenarios, we adopted RCP2.6
and RCP8.5. As described in the next section, this study performed calculations
in the present state and the future. The GCM’s output data from historical ex-
periments were used as regulating factors in calculations of the present state,
and the variables in the RCP scenarios were used for the future projections. For
applying the GCM results, we extracted the data adjacent to the land area of
each of the 198 computational areas, and averaged these data for use in our
projections of SWE change.

2.5 Computational term

The period for the calculation of present conditions is 1986-2005, and the period
for predicted conditions is 2031-2100. Sea-level change is applied as regulating
factor for calculating changes in the extent of seagrass meadows, macroalgal
beds, tidal marshes, and mangroves, but the results calculated by the GCM
are defined as “sea level height from geoid layer” (ZOS) and “thermosteric sea
level change” (ZOSTOGA). Therefore, we established ZOS+ZOSTOGA aver-
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aged over the present period as the basis and adopted the difference between
the present and each month of the future period as sea-level change. Although
the future predictions are performed on a monthly basis, it is plausible that the
calculation results would be biased when particular months or portions of the
year are used for comparison. Therefore, we averaged the calculated results for
the present state over 20 years and those for the future predictions over 10 years,
respectively, and compared these averages to reduce the bias (Table S2).

2.6 Projection of seagrass meadows and macroalgal beds

The effect of light intensity is maximal on primary production in benthic ecosys-
tems, and it also has an effect on seagrass meadows and macroalgal beds (Den-
nison, 1987; Duarte 1991; Delesalle et al., 1993; Borum and Sand-Jensen, 1996;
Nielsen et al., 2002), but it has been reported that photoinhibition may not
affect the growth of seagrasses (Lee et al., 2007). They do, however, require
a minimum quantity of light for growth (Duarte, 1991; Gattuso et al., 2006),
indicating that low light levels are a greater constraint on seagrass growth than
high light levels. Although macroalgae has been reported to exhibit photoinhibi-
tion (Hanelt and Figueroa, 2012), in the absence of relevant data for the diverse
range of macroalgal species, we assumed that macroalgae, like seagrasses, are
not subject to photoinhibition. In this study, we calculated the maximum water
depth at which sufficient light exists for the growth of seagrasses and macroalgae
with the following equation proposed in previous studies (Duarte, 1991; Gattuso
et al., 2006; Morel 1998):

LN (Z.) =a— e LN (Kpyg) (1)
Kpag = 0.121 0 Ch1”**® (2)

the values and coefficients for which are defined in Table S3. The light attenu-
ation coefficient (Kp,p) is calculated by using the chlorophyll-a concentration
(Chl) as a proxy for light attenuation, and the photosynthetic active radiation
(PAR) depth (Z,) is calculated from Kp,p. The distribution width (L) is esti-
mated (Figure S5) from Z, and the hypsometric curve for each computational

area (Figure S3).The current distribution width (L,) is estimated from current

data, and the future distribution width (L;) is estimated by recalculating z!
from future chlorophyll-a concentrations and sea-level change. In this study, the
future area was estimated by multiplying the ratio Lf/ L, by the current habitat
area (E,). The areal change in seagrass meadows was estimated in each of the
198 computational areas and summed as the future global distribution area:
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For macroalgal beds, lacking data specific to the computational areas, the future
global distribution area was estimated by

ESW = B5W o 37 e i (1)
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Terms in these equations are defined in Table S3.



In this study, the PAR depth was the governing environmental parameter for
the change in SWE area. PAR depth depends on changes in the chlorophyll-a
concentration. Moreover, the chlorophyll-a concentration applied in this study
depends on offshore environmental changes because it is the result of GFDL-
ESM2M, which is one of the GCMs used. Coastal chlorophyll-a concentration
can be influenced by anthropogenic effects from land, but when the global coasts
are divided into 198 segments, such as in this study, the ratio of region open
to offshore increases. Because the effects of nutrients from offshore inputs are
greater than those from anthropogenic inputs for ecosystems open to offshore
(Jickells, 1998; Arin et al., 2013), we applied the chlorophyll-a concentration
from the GCM as the input parameter. Although other parameters are known
to be influential, these were ignored for lack of firm constraints.

Ranges of water temperatures that are optimal or sufficient for the growth of
seagrasses and macroalgae have been reported, but these differ among species,
and thus, if we consider multiple species, seagrasses and macroalgae can inhabit
a wide range of shallow water areas (Eggert, 2012; Lee et al., 2007). In general,
species in mid to high latitudes favor lower water temperatures, and species
in low latitudes favor higher temperatures. If water temperatures in mid to
high latitudes increase, ecosystems based on currently dominant species may
disappear while dominant species from lower latitudes may expand to higher
latitudes (Takao et al., 2015). Thus, the adaptability of these SWEs to changes
in water temperature may be greater than the adaptability of specific species.
Nutrients are also a limiting factor for the growth of seagrass and macroalgae.
However, because the intake rate of nutrients is influenced by light intensity
in the first place, light intensity is more important (Harrison and Hurd, 2001).
In addition, the nutrients in pore water affect the growth of seagrasses (Lee et
al., 2007), although the global distribution of nutrient concentration and future
changes in it are poorly understood. Therefore, nutrients are not accounted for
in this study.

Because other environmental conditions (such as salinity, precipitation and bot-
tom sediment) are not known in detail in areas adjoining but not presently
containing (seagrass meadows, macroalgal beds, tidal marshes, and mangroves),
we did not consider the possible expansion of these SWEs into new areas, but
we did consider changes of their current distribution areas in the offshore and
onshore directions.

2.7 Projection of tidal marshes and mangroves

Tidal marshes and mangroves occupy the intertidal area. In this study, we
assumed that tidal marshes and mangroves are distributed from MSL to mean
high water spring tide (MHWS) (Figure S6). Because sea-level change markedly
influences in changes in the distribution of tidal marshes and mangroves (Nuttle
et al., 1997; Phan et all., 2015), we used topographic and sea-level data to
calculate the changes in the distribution width of each ecosystem after sea-level
change. We then estimated the future area by multiplying the ratio of future
change by the current ecosystem area. We summed the 198 computational areas



to determine the total future area after estimating the area of tidal marshes from

E;al — Z’rl;:ulnx En Lz (5)

psal b Lgsal

and the area mangroves from

m L imax L,
Ey o= 2ot Epmg ® 1= (6)

pmg

The terms in these equations are defined in Table S4. We extracted tidal data
for each month from 1986 to 2005 from the TOPEX/Poseidon dataset (TPXO8-
ATLAS) (Egbert and Erofeeva, 2002), and the averaged data were applied to
the projection.

2.8 Projection of coral habitats

For coral habitats, high water temperature is fatal (Hoegh-Guldberg and Smith,
1989). Previous studies have reported that coral bleaching occurs when SST
on the warmest month of the year exceeds above 30°C (Kayanne et al., 1999;
Guinotte et al., 2003; Yara et al., 2012). It has also been reported that coral
habitats can expand into previously unsuitable areas when SSTs for the annual
coldest and warmest months are above 18°C and below 30°C, respectively (Kley-
pas et al., 1999). In this study, we used these constraints when calculating the
changes in coral habitat distribution from the present to the future. We as-
sumed that coral bleaching eliminated coral habitat when SST in the warmest
month exceeds 30°C for more than five years in a calendar decade (2021 2030,
2031 2040, etc.). We also excluded areas from coral expansion in which SST
on the annual coldest month is below 18°C. The area of habitat expansion was
determined by multiplying the area in which coral habitats expand by the global
average proportion of present coral habitat in the area of coastal shallow waters.
Areas where there are no coral habitats despite having the appropriate SST
range were excluded because other environmental factors may have hindered
the establishment of corals.

Although high water temperature is thought to be the main cause of coral
loss, other factors have been cited such as acidification and light transmittance
changes in seawater. A previous study has found that the effect of acidification
was negligible (Frieler et al., 2013). To evaluate the effect of changes in light
transmittance in sea water, the light demands for photosynthesis of diverse
zooxanthellae are necessary, but they are poorly understood. Therefore, SST
was the only environmental factor we considered for calculating the change of
coral habitat distribution in this study.

2.9 Sedimentation rate

The effects of particulate matter sedimentation are more pronounced in SWEs
where the sediment consists of sand and mud (seagrass beds, tidal marshes
and mangroves). Specifically, bottom friction and the drag force of submerged
aquatic vegetation increase the rate of sediment accumulation (Ward et al., 1984;
Struve et al., 2003; Bouma et al., 2007), which can offset the effect of sea-level



rise. In this study, we assumed a sedimentation rate of 1.68x10* m/month
for seagrass meadows, based on Duarte et al. (2013), and held it constant
throughout the computational period. Sedimentation was not considered for
tidal marshes and mangroves because the average shoreline length in each com-
putational area is approximately 2,000 km, and the average hypsometric curve
includes relatively steep terrain outside the gently sloping intertidal area; thus,
we considered future changes in sedimentation in these areas to be negligible
because of the intertidal zone being absorbed into the spatial resolution in the
coast-offshore direction (>100 m).

2.10 Interaction between environmental variables and feedbacks and tipping
point

In seagrass meadows, transparency changes with topography changes that are
induced by sedimentation, and seagrass meadows shifted landward also changes
the region of sedimentation. For the other SWEs, because only one environ-
mental factor is applied as described above, interaction and feedback cannot
be considered. Furthermore, multiple SWEs can be included in one region, but
each SWE is highly independent because they do not necessarily overlap at the
same point in a region along a coastline of few thousand km and are often scat-
tered. Therefore, interaction and feedback between the SWEs are not taken
into account in this study.

2.11 Subsidence

This study estimates the effects of subsidence on the distribution of tidal marshes
and mangroves. Subsidence in several deltas (Syvitski et al., 2009) was assigned
to 7 tidal marsh regions and 12 mangrove regions (Tables S5 and S6). Fur-
thermore, relative subsidence was accounted for by adding it to sea-level rise
following the method of Schuerch et al. (2019). Future global subsidence is
unknown, so we applied the present subsidence.

3 Results and discussion

Our results showed that the total area of SWEs shrinks by only 1.4 to 1.5% by
2100 and that all SWEs can have the potential to adapt to climate change (Fig-
ure 1a). In particular, the distribution areas of four SWEs (seagrass meadows,
macroalgal beds, tidal marshes, and mangroves) did not notably shrink in the
RCP2.6 scenario (Figure 1b le). In the RCP8.5 scenario, only seagrass mead-
ows expanded (by 11%) over present state (Figure 1b). However, coral habitats
shrank appreciably by 2100 (by 25% in RCP2.6 and by 74% in RCP8.5) (Figure
1f). The proportions of each of the five SWEs showed little change from the
present to 2100 in both RCP scenarios (Table 1): macroalgal beds varied from
84.9% to 85.8%, followed by seagrass meadows (7.5 8.4%), mangroves (3.7%),
coral habitats (0.7 2.6%) and tidal marshes (1.3%).
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during each calendar decade (Table S2).

Table 1. Areas of SWEs in present and projected future conditions.

Present 2050s 2090s

RCP2.6 RCP8.5 RCP2.6 RCP8.5
Seagrass meadows 308,610 (7.5) 316,269 (7.8) 340,494 (8.2) 312,109 (7.7) 342,162 (8.4)
Macroalgal beds 3,510,000 (84.9) 3,458,320 (85.1) 3,540,415 (85.6) 3,462,541 (85.3) 3,496,730 (85.¢

Tidal marshes 54,706 (1.3) 54,638 (1.3) 54,663 (1.3) 54,701 (1.3) 54,763 (1.3)
Mangroves 153,690 (3.7) 150,575 (3.7) 151,586 (3.7) 151,134 (3.7) 151,697 (3.7)
Coral habitat 108,314 (2.6) 81,898 (2.0) 50,285 (1.2) 80,290 (2.0) 27,984 (0.7)

Note: Areas are in km?; percentages of the area of each of the five global SWEs
are in parentheses.

3.1 Seagrass meadows and macroalgal beds

The area of seagrass meadows was projected to be stable in RCP2.6, but increase
by 11% in RCP8.5, from the present to 2100 (Figure 1b). By region, seagrass
meadows were predicted to expand the most in East-South Africa and West
Africa and to shrink the most in the Mediterranean (Tables S7 and S8). The
projected extent of macroalgal beds before 2100 varied within a narrow range
from 2% to 0.9% (Figure 1c).

The difference in the area change of seagrass meadow between the two RCP sce-
narios is due to the photosynthetic active radiation depth (Z,), which was close
to the current value in RCP2.6 (around 22 m) but slightly deeper in RCP8.5
(23 m) by 2100 because of a continuing decrease in the chlorophyll concentra-
tion (Figure S7). The future Z, varied between 21 and 23 m (for seagrass
meadows) and 62 and 66 m (for macroalgal beds) and became slightly deeper
starting around 2050 in RCP8.5. The maximal differences in Z_, between the
two RCP scenarios were about 1.6 m in seagrass meadows and about 3.7 m in
macroalgal beds. The decrease in chlorophyll concentrations can be accelerated
by reduced nutrient supplies as upwelling weakens under global warming (Gregg
et al., 2005). As a result, the transparency of sea water increases, and the ex-
pansion of favorable habitat for seagrass meadows and macroalgal beds may be
particularly noticeable in RCP8.5.

Our results showing a 11% extension of seagrass meadows by 2100 contrast with
a previous study showing a decrease of 8.6% in RCP8.5 (Jorda et al., 2020).
This discrepancy may reflect a difference between in the assumed changes in the
euphotic layer. The previous study assumed a constant euphotic layer depth,
whereas this study assumed that changes in chlorophyll concentration would
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deepen the euphotic layer. If our model assumes no change in chlorophyll con-
centration (and thus no change in euphotic layer depth), the extent of seagrass
meadows would decrease by 2.5% from the present (Figure S8), similar to the
previous study. However, the assumption of no sea-level changes permits the
extent of seagrass meadows to expand 8.9% by 2100. Therefore, it appears that
the future change in the euphotic layer can have significant impacts on seagrass
meadow habitat.

Our results showing almost no change in the area of macroalgal beds ( 2% to
0.9%) by 2100 also differ markedly from the previous study, which predicted a
decrease of kelp (seaweeds belonging to Laminariaceae) by 20.6% in the RCP8.5
scenario (Jorda et al., 2020). First, we considered all groups of macroalgae,
whereas the previous study considered only the kelp group. Second, while the
previous study set upper water temperature limit of 26°C for predicting sus-
tainable kelp habitats (Jorda et al., 2020), our study ignored water tempera-
ture because each macroalgal group has different optimal water temperatures
(Eggert, 2012); thus, even if changing water temperature induces a shift in
macroalgae species, the distribution changes for the whole macroalgal group are
unpredictable given current knowledge. For this reason, comparisons with the
previous study are problematic.
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Figure 2. Predicted global distribution of seagrass meadows. a Present, b 2050s
in RCP2.6, ¢ 2090s in RCP2.6, d 2050s in RCP8.5, e 2090s in RCP8&.5. The
color bar shows changes in area; the present area is 100%.

3.2 Tidasl marshes and mangroves

The areas of tidal marshes and mangroves were projected to be almost stable in
both RCP scenarios by 2100 (Figure 1d and 1le). Our results showed that the
areas of these SWEs did not change under sea-level change.

The area of tidal marshes was projected to continuously expand in the Black Sea
(in the Mediterranean region) in the both RCP scenarios, while the projected
distribution was almost stable between the RCP scenarios in other regions (Fig-
ure 3a—e and Tables S7 and S8). These spatial differences can be attributed to
regional differences in sea-level change and the relationship between sea-level
change and the topographic gradient in the cross-shore direction. These details
are discussed below.

In both RCP scenarios, the projected distribution area of mangroves also showed
no marked differences from the present (Figure 3f—j, Tables S7 and S8).

Future sea-level change in the global coastal regions is presented in Figure S9.
In both RCP scenarios, average sea-level changes in each computational region
by 2100 were 0.2 m in RCP2.6 and 0.4 m in RCP8.5. The range of sea-level
changes in the 2090s was between 0.3 m and 0.2 m in RCP2.6 (difference: 0.5
m) and between 0.6 m and 0.3 m in RCP8.5 (difference: 0.9 m). Although sea
level is rising as a global average due to climate change, sea level can locally fall
because of changes in ocean currents (Church et al., 2013). Thus, changes in
the area of SWEs are dependent on sea-level change in each region.

Consequently, the relationship between geomorphic gradients and sea level de-
termines the future change in the area of tidal marshes and mangroves (Figure
4 and Figure S10). If sea-level rise occurs in areas where slopes grow gentler
away from the shoreline, tidal marshes and mangroves in the intertidal zone
will expand into more area than is lost (Figure 4a and 4b). In turn, when the
sea level falls, the area lost is greater than the area expanded (Figure S10a and
S10b). If the landward slope is steeper than the seaward slope, sea-level rise
reduces more area than it expands (Figure 4d and 4e); the opposite is true when
sea level falls (Figure S10c and S10d).

Our results from tidal marshes and mangroves differ greatly from those of
SROCC (IPCC, 2019), which projected that coastal wetlands (tidal marshes,
mangroves, and seagrass meadows) will shrink by 20 90% from present con-
ditions (Blankespoor et al., 2014; Crosby et al., 2016; Spencer et al., 2016).
Although direct comparisons of the two studies are difficult, the reason for this
discrepancy may be that SROCC assumed 1 m of sea-level rise by 2100 (Blanke-
spoor et al., 2014), which is an overestimate compared to the average value of
RCP&.5, but the studies also differ in other data used. However, if sea-level
rise is set at 1 m in our model, then the area of tidal marshes is stable (Figure
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S1la) and that of mangroves expands by 3.5% (Figure S11b), respectively. Ad-
ditionally, we carried out a numerical prediction in order to assess the effects of
the landward shift of SWEs relative to sea-level rise. This projection assumed
that the landward shift of SWEs relative to sea-level rise was limited due to the
presence of global coastal hard infrastructures and land use (Figure 4c and 4f).
Our projection showed that 91.9% of tidal marshes and 74.3% of mangroves are
lost by 2100 in RCP8.5 (Figure 5). Similarly, Kirwan et al. (Kirwan et al., 2010)
and Lovelock et al. (2015) showed that SWE areas shrank considerably due to
sea-level rise (similar to Figure 5) because coastal structures were assumed to
exist. In addition, they predicted that sedimentation prevented SWE shrinkage
despite the fact the SWEs could not shift landward because the seafloor rise by
sedimentation offset the effects of the sea-level rise. In this study, sedimenta-
tion was not considered in tidal marshes and mangroves, although the results
showed that the area will at least be sustained if a landward shift of SWEs
is allowed. Sedimentation does not necessarily follow sea-level rise, and it has
also been shown that the self weight can accelerate subsidence discussed below
(Saintilan et al., 2022). Therefore, the future sustainability of tidal marshes
and mangroves as the sea-level rises depends on whether SWEs can shift land-
ward. These points support the view that the projections from our model are
an improvement over those of previous studies. However, there are still large
gaps in these future projections. Hard coastal structures (e.g., seawalls) and
related land use (e.g., culture ponds) are distributed along the coasts of many
countries (e.g., hard infrastructure covers 14% of the U.S. coastline (Gittman
et al., 2015)), but global data on these subjects are inadequate for the present
and nonexistent for future projections.

There are also regions where sea level falls, but the effects of the disappearance
of tidal marshes and mangroves are considerably less than those caused by sea-
level rise (Figure S12). Furthermore, our model considers globally calculated
sea-level change as an external forcing, but discrepancies can be created if local
sea-level change based on observed data is applied (Crosby et al, 2016).

SWEs such as tidal marshes and mangroves distributed in coastline areas can
be influenced not only by sea-level rise but also by subsidence. Because subsi-
dence in several deltas in the world has been reported (Syvitski et al., 2009),
this study also estimated the effects of subsidence to SWEs in the corresponding
model regions (Tables S5 and S6). In most of the regions, the distribution was
not changed even when subsidence was taken into account, but the distribution
was predicted to significantly expand in Thailand, Vietnam and China (Label
82). Mangroves additionally expand in India and Bangladesh (Label 14) and
Pakistan (Label 32). In particular, our model showed that the distributions of
tidal marshes and mangroves expands by almost 3.2 times and 3.7 times current
levels, respectively, in Thailand, Vietnam and China. It is assumed that tidal
marshes and mangroves inhabit the intertidal zone on land side at the present;
therefore, the expansion area offsets the disappearing area by moving landward
with sea-level rise. However, as the SWEs shift toward the gentler landward
slope with sea-level rise, which was relatively increased by subsidence, the ar-
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eas expanded markedly (Figure 4b). Conversely, despite the large subsidence,
due to sea-level rise by 2100 (Figure S9), the area of SWEs did not markedly
expand because the topographic gradient becomes steeper in a landward direc-
tion (Figure 4e). Thus, differences in SWE distribution between the regions can
be great if subsidence significantly differs in each region. The subsidence data,
however, contain much uncertainty, are generally lacking, and have a coarse
spatial resolution (Minderhoud et al, 2019).

If SWEs expand landward relative to sea-level rise, sea-side SWEs necessar-
ily shrink. If subsidence also occurs in a region where sea-level rise occurs,
such shrinkage can be accelerated. Thus, it is very important to include such

shrinkage when making predictions of various hazards and considering counter-
measures.
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Tidal marshes in the present, b 2050s in RCP2.6, ¢ 2090s in RCP2.6, d 2050s
in RCP8.5, e 2090s in RCP8.5. f Mangroves in the present, g 2050s in RCP2.6,
h 2090s in RCP2.6, i 2050s in RCP8.5, j 2090s in RCP8.5. The color bar shows
changes in area; the present area is 100%.

Intertidal zone Intertidal zone

Intertidal zone Intertidal zone

Figure 4. Hypsometric relations between sea-level rise and area of SWEs.
Schematic views of the relationship between geomorphic slope where a the
landward slope is gentler than the seaward slope and the resulting SWE
changes under sea-level rise in a coastal setting b without hard infrastructure
and ¢ with hard infrastructure, and where d the landward slope is steeper than
the seaward slope and the resulting SWE changes under sea-level rise e without
hard infrastructure and f with hard infrastructure. MSL,,;, present mean sea
level; MHWS,,, present mean high water spring tide level; MSL,,, future mean
sea level; MHWS,,, future mean high water spring tide.
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Figure 5. SWE areas gained and lost with sea-level rise. Shown are percentages
relative to the present of area lost (dashed line) and gained (solid line) in habitat
for a tidal marshes and b mangroves due to sea-level rise. Blue and red colors
represent changes in RCP2.6 and RCP8.5, respectively.

3.3 Coral habitats

Our projections showed that 30% of global coral habitats disappeared in RCP2.6
and RCP8.5 by the 2030s (Figure 1f). They expanded slightly in RCP2.6 after
the 2030s, but 26% disappeared by 2100. In RCP8.5, coral habitats continued
to decrease after the 2030s, and 74% was gone by 2100. A key threshold for coral
habitat is the sea surface temperature (SST) during the warmest month of the
year, as coral bleaching begins at 30°C. In RCP2.6, SST was largely unchanged,
and more than half of the global coral habitat lay below 30°C (Figure S13). In
RCP8.5, SST continued to increase in all areas until 2100, and it was projected
to exceed the 30°C threshold in more than half of the area by the 2050s.

By region, our results showed that coral habitats were significantly affected
in lower latitudes, particularly in southeast Asia (Figure 6 and Tables S7 and
S8). Coral habitat was projected to rise only in the Mediterranean by 2100 in
RCP8.5.

Although Frieler et al. (2013) predicted greater habitat loss than we did, our
results are similar to those of Jorda et al. (2020). Jorda et al. (2020) adopted
a water temperature with an upper limit of 30°C, similar to the procedure used
in our model, whereas Frieler et al. (2013) applied the degree heating month,
which is the integral of the difference between the monthly mean SST and the
reference warmest month SST. Thus, the gap between these projections may be
caused by the difference in methods used, but the studies all project that coral
habitats will shrink significantly in the future, so countermeasures that focus
on ecosystem services and other factors may be necessary.
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Figure 6. Projected global distribution of coral habitat. a Present, b 2050s in
RCP2.6, ¢ 2090s in RCP2.6, d 2050s in RCP8.5, e 2090s in RCP8.5. Green, blue
and red represent areas of no change, loss due to climate change and expansion
due to climate change, respectively.

5 Conclusions

Coral habitats shrank by 74% by 2100 under RCP8.5, but macroalgal beds, tidal
marshes, and mangroves were sustainable and seagrass meadows expanded by
11%. If coastal development such as hard infrastructure and land use is assumed,
however, tidal marshes and mangroves shrank by 91.9% and 74.3%, respectively.

Because of the potential for considerable loss of coral reefs, which are effective in
wave attenuation, it may be necessary to consider countermeasures that include
the best mix of coastal hard infrastructure and SWEs reduce coastal hazards in
the future. Sustaining or expanding the distribution of the other SWEs, which
have relatively high CO, absorption (Kuwae and Hori, 2019), with appropriate
coastal management is a promising avenue for climate change mitigation.
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