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Abstract Mangrove forests are critical coastal ecosystems that provide great socio‐ecological services,
which are also highly vulnerable to climate change, particularly to sea level rise (SLR). Here we assess changes
in mangrove forests in four distinct river/tide/wave‐dominant large deltas along the Indo‐Pacific coast based on
1,336 remote sensing images by machine learning techniques. We find that mangroves are migrating seaward at
a rate of 18% ± 12% m/yr, which can offset landward mangroves loss, 67% of which caused by land use
conversion. The fact that mangroves are expanding seaward with accretion rates exceeding SLR suggests that
climate change has not yet triggered substantial loss in deltaic mangrove forests. Assuming that present
environmental conditions do not change and that sediment and organic deposition in the deltaic topsets match
SLR rates, we project that 90% of deltaic mangrove forests may start to retreat after 132–194 years. Early
inundation of mangroves will occur in wave‐dominated delta.

Plain Language Summary Mangrove forests provide significant ecological and societal services,
and mitigation global warming. However, large‐scale loss in mangroves could be induced by anthropogenic
drivers and sea level rise (SLR). Our study based on deltas along the Indo‐Pacific coast, highlight that
mangroves are expanding seaward at a rate of 18% ± 12% m/yr, indicating that there is little impacts from SLR
and has not been substantial loss in mangrove forests in these deltas so far. Mangrove expansion here can
efficiently offset 67% landward mangrove losses indicates that our new model project that 90% of mangrove
shorelines will may start retreating within 132–194 years. We conclude that favoring mangroves expansion
seaward would enhance coastal protection and reduce the need of landward mangrove restoration.

1. Introduction
Mangrove forests, present along tropical and subtropical shorelines, provide significant ecological and societal
services (Duke et al., 2007; Woodroffe et al., 2016), including coastal protection (Zhou et al., 2022), blue carbon
sequestration (Duarte et al., 2013), and fisheries support (Aburto‐Oropeza et al., 2008). Despite the importance of
their ecological services, mangrove forests have declined by 30%–50% over the past half century (FAO, 2007),
and deforestation continues at an annual rate ranging between 0.16% and 0.39% since 2000 (Hamilton &
Casey, 2016). Urbanization of the shoreline and land‐use change driven by agriculture and aquaculture directly
induce large‐scale degradation of the global mangroves stock (Friess et al., 2019). Insufficient fluvial sediment
supply caused by damming might slow accretion in mangrove forests, possibly triggering ecosystem degradation,
while seawalls and dykes parallel to the shoreline will hamper the landward expansion of mangroves (Murray
et al., 2019, 2022; Schuerch et al., 2018; Tamura et al., 2020).

Furtherly, while the vertical accretion ability of mangroves cannot match sea level rise (SLR), possible wide-
spread mangrove loss will be found in the near future (Blankespoor et al., 2014; Lovelock et al., 2015; Spencer
et al., 2016). Recent work in the Indo‐Pacific shows that in 69% of 27 mangrove sites SLR exceeds the soil surface
elevation gain (Lovelock et al., 2015), indicating that mangrove could face the drowning risk from SLR.
However, it can note that the persistence of mangroves along coastlines implies their ability to cope with moderate
rates of SLR (Woodroffe et al., 2016). Furtherly, mangrove forests can continue to colonize seaward when
sediment supply is sufficient or there is broad bare tidal flat in front of the mangroves (Asbridge et al., 2016;
Godoy & Lacerda, 2015; Long et al., 2022; Lovelock et al., 2010; Willemsen et al., 2016). Therefore, although
large‐scale mangrove loss was be driven by anthropogenic stress, limited information reveals whether mangrove
wetland can keep pace with SLR or not.

RESEARCH LETTER
10.1029/2024GL109675

Key Points:
• Mangroves along typical deltas are

expanding seaward of about
18% ± 12% m/yr, indicating that there
is little impacts from sea level rise

• Mangrove expansion here can
efficiently offset 67% landward
mangrove losses

• New model project that 90% of
mangrove fringes may start retreating
within 132–194 years, and wave‐
dominated delta present early
inundation

Supporting Information:
Supporting Information may be found in
the online version of this article.

Correspondence to:
Z. J. Dai,
zjdai@sklec.ecnu.edu.cn

Citation:
Dai, Z., Long, C., Mei, X., Fagherazzi, S.,
& Xiong, Y. (2024). Overestimation of
mangroves deterioration from sea level rise
in tropical deltas. Geophysical Research
Letters, 51, e2024GL109675. https://doi.
org/10.1029/2024GL109675

Received 11 APR 2024
Accepted 26 SEP 2024

Author Contributions:
Conceptualization: Zhijun Dai
Data curation: Zhijun Dai, Chuqi Long,
Xuefei Mei
Formal analysis: Zhijun Dai, Chuqi Long,
Sergio Fagherazzi
Funding acquisition: Zhijun Dai,
Sergio Fagherazzi
Investigation: Zhijun Dai, Chuqi Long,
Xuefei Mei, Sergio Fagherazzi,
Yuan Xiong
Methodology: Zhijun Dai
Project administration: Zhijun Dai
Resources: Zhijun Dai, Chuqi Long,
Xuefei Mei, Yuan Xiong
Software: Zhijun Dai, Sergio Fagherazzi
Validation: Zhijun Dai
Visualization: Zhijun Dai
Writing – original draft: Zhijun Dai

© 2024. The Author(s).
This is an open access article under the
terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

DAI ET AL. 1 of 9

https://orcid.org/0000-0001-7682-0310
mailto:zjdai@sklec.ecnu.edu.cn
https://doi.org/10.1029/2024GL109675
https://doi.org/10.1029/2024GL109675
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2024GL109675&domain=pdf&date_stamp=2024-10-03


Here we present new evidence on demonstration that mangrove forest extent and associated seaward/landward
migration between 1986 and 2020 in deltas along the Northwest Pacific coast could experience distinct changes
despite SLR. Deltaic regions host most of the world's mangrove forest by accounting for about 40.5%
(54,972 km2) of the total mangrove area (Giri et al., 2011; Lovelock et al., 2015; Worthington et al., 2020). The
Nanliu, Beilun, Red, and Mekong deltas where selected to account for variations in rates of sea‐level rise, tidal
range, wave regime, fluvial discharge, and anthropogenic disturbance. These 4 deltas represent tide‐dominated,
wave‐dominated, rive and wave dominated and river‐dominated, respectively (Figure 1). Using 1,336 Landsat
scenes combined to records of sediment discharge delivered to the delta, we map (a) loss and gain in mangrove
area to discern which driver is dominant and (b) retreat or advance in mangrove shoreline to determine whether
the mangroves can survive SLR. Assuming that the present conditions will be maintained, we present a new
model to project deposition rates of deltaic mangroves and compare them to SLR. Our results broaden our un-
derstanding of mangrove forest dynamics and provide key data sets for mangrove‐based protection against future
flooding.

2. Methods
2.1. Extraction of Temporal and Spatial Distribution of Mangrove Forest and Bare Tidal Flat

A total of 1,336 Landsat remote sensing imageries between 1986 and 2020 were utilized to extract the spatial
distribution of mangrove forest in 4 deltas, which can be freely accessed and queried through Google Earth
Engine (https://code.earthengine.google.com/) (Figure S1 in Supporting Information S1). Four effective spectral
indexes were served as auxiliary inputs into the Random Forest classifier to enhance the classification (Table S2
in Supporting Information S1). Since the visible extent of bare tidal flats depends on the tide levels, a total of 20
cloud‐free images taken at around the same tide level were selected for analysis of the seaward margin of bare
tidal flat. Yearly sediment discharge and tidal level data were collected from BeiHai, HonDua, and VungTau
stations (Tables S3 and S4 in Supporting Information S1), provided by the Permanent Service for Mean Sea Level
(PSMSL) (https://psmsl.org/data/) and Mekong River Commission (MRC) (https://portal.mrcmekong.org/, upon
registration/login). To quantify changes in mangroves and bare tidal flats, we calculated the historical shoreline
change rate with DSAS (https://www.usgs.gov/centers/whcmsc/science/digital‐shoreline‐analysis‐system‐dsas),
representing the average annual seaward transgression of mangroves and adjacent flats (Himmelstoss et al., 2021)
(Figure S1 in Supporting Information S1).

Writing – review & editing: Zhijun Dai,
Sergio Fagherazzi

Figure 1. Map of study area along the Indo‐Pacific. Location of four mangrove dominated deltas, including Manliu delta,
Beilun delta, Red delta, and Mekong delta.
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2.2. Calculation of the Mangrove Forests Submergence in Different SLR Scenarios

ETOPO 2022 is an earth surface elevation data set (NOAA National Centers for Environmental Information)
(https://www.ncei.noaa.gov/products/etopo‐global‐relief‐model), generated from NASA's ICESat‐2 satellite
elevation images with a resolution of 15 arc‐second. The vertical mean bias error is 0.12 ± 0.75 m and the overall
root mean square error is 0.76 m (Amante et al., 2023). This data set was only used to calculate the slope tanθ of
each DSAS transect (Figures S2 and S3 in Supporting Information S1). The average slope of the 4 deltas (Nanliu,
Beilun, Red, and Mekong) is 0.00413°, 0.042°, 0.00297°, and 0.00257°, respectively.

According to the Intergovermental Panel on Climate Change (IPCC) 6th Assessment Report (AR6), future sea
level change can be cataloged in six scenarios based on projected Greenhouse Gas Emissions: very low rate of
SLR (SSP1‐1.9), low (SSP1‐2.6), intermediate (SSP2‐4.5), high (SSP3‐7.0), and very high (SSP5‐8.5)
(IPCC, 2022) (https://sealevel.nasa.gov/ipcc‐ar6‐sea‐level‐projection‐tool). The annual mean SLR rates Vslr
under the scenarios SSP1‐2.6, SSP2‐4.5, and SSP5‐8.5 were selected in this study (Figure S4 and Table S3 in
Supporting Information S1). The rate of annual sea level transgression (mean SLR projected along the horizontal
direction) is V′slr:

V′slr = Vslr/ tan θ

Considering both the bare flats and mangrove forest slopes θ.

Three possible scenarios are present for bare tidal flat variations in response to SLR: (a) with bare flat in front, if
the vertical accretion rate of the bare flat is lower than SLR, the bare flat will become submerged; (b) without bare
tidal flat, if the vertical accretion in the forest is lower than SLR, the mangroves will be submerged by the rising
water levels; and (c) with a bare flat in front and both have an accretion rate below SLR (Figure S3 in Supporting
Information S1), the bare flat is initially submerged, followed by the mangroves. Details of the calculation process
are provided in Supporting Information S1: Auxiliary Methods.

Based on the above three scenarios, the time limit of mangrove forest expansion for each transects of the delta in
response to the SLR scenarios of SSP1‐2.6 (low), SSP2‐4.5 (intermediate), and SSP5‐8.5 (very high SLR) is
calculated (IPCC, 2022). Then, the cumulative frequency of submergence time for all sections of each delta in the
three scenarios is computed (Figure 4 and Figure S5 in Supporting Information S1). Finally, the relationship
between cumulative frequency and submergence time is fitted using quadratic exponential function, with the
fitting accuracy reaching the significance level of 0.01 (Tables S5 and S6 in Supporting Information S1). The time
limit for the submergence of 75% and 90% of the entire deltaic mangroves area can be estimated through the
fitting function.

3. Results
3.1. Dynamics in Mangrove Areas

Here, four deltaic mangrove forests are investigated, which represent riverine, wave and tidal end‐members of
world deltas (Dalrymple et al., 1992) (Figure 1a). We found that the total area of mangrove forests display a
significant gain with average change rate of 80.8 ha/yr during 1986–2020 (Figure 2a), in contrast to previous work
that reports a global loss of mangroves at a yearly rate of 34,700 ha between 1990 and 2020 (FAO, 2020). Further,
the mangrove forest shorelines present an expansion rate of 18.9 m/yr over the past 35 years. Between 1986 and
2020, the area of mangrove forests in the tide‐dominated Nanliu delta increased 25.31 ha/yr, while the mangroves
of the Mekong, Red, and Beilun deltas have increased of 245.07, 45.03, and 7.66 ha/yr, respectively (Figure 2a
and Table S7 in Supporting Information S1). Interannual variations in mangrove area are also present, indicating
the occurrence of occasional loss along with long‐term expansion. For instance, the mangrove forest in the Beilun
delta covers 1,021 ha during 1990–1995, around 90% of the area measured in 1986, while mangroves in the Red
and Mekong delta display a decrease of 21% and 4% in 2015 with respect to 2010 (Figure 2a and Table S7 in
Supporting Information S1).

3.2. Spatial Distribution of Mangroves

The spatial distribution of mangrove forests in the 4 deltas is further analyzed every 5 years (Figure S6 in Sup-
porting Information S1). Despite a net overall gain, the 4 deltas indicate large‐scale local loss (Figures 2b and 3,
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Table S7 in Supporting Information S1). In 2005, mangrove forests in the
Beilun, Red, and Mekong deltas even present net overall losses exceeding
gains, with mangrove area much lower than in previous years (Figure 2b and
Table S7 in Supporting Information S1). We note that mangroves loss is
concentrated at the upland border, while gain mainly occurs at the ocean
boundary, with local erosion sometimes occurring in areas open to the sea
(Figure 3 and Figure S7 in Supporting Information S1). This trend is partic-
ularly obvious in the wave‐dominated Red delta (Figure S7c in Supporting
Information S1). When compared to 1986, both landward mangrove loss and
seaward gain suggest seaward progradation of the deltas (Figure 3 and Figure
S6–S8 in Supporting Information S1). The net variation of mangrove forest
area is therefore a tradeoff between the seaward gain and landward loss.

3.3. Gain and Loss in Mangroves

We stress that mangrove forest losses are concentrated in the upland
boundary, while the ocean margin mostly displays forest gains. On the basis
of our analysis of 2,242 transects in 4 deltas at 100 m interval (Figure S2 in
Supporting Information S1), we find that the loss of mangrove forest exceeds
our expectations if we ignore the seaward mangrove expansion (Figure 3).
The landward loss were 70, 455, 1,220, and 2,557 ha in Nanliu, Beilun, Red,
and Mekong delta in the past 35 years, respectively (Table S8 in Supporting
Information S1). We also found that the amount of gross loss or gain at a 5‐
year interval is much larger than the amount of overall net gain, thus dis-
playing large oscillations, which means that overall mangrove loss of four
delta is far below their areal variation (Tables S2–S4 in Supporting Infor-
mation S1), and all 4 deltas exhibit mangrove gains (Table S7 in Supporting
Information S1, Figure 2). In facts, while the area of mangrove forest in the
Red delta presents a slight increase during 1986–1995 (Figure 2a), the loss of
mangrove forest area in 1990 and 1995 is 534.35 and 541.42 ha when
compared to 1986 and 1990, with a net gain of 47.94 and 110.08 ha (Figure 2b

and Table S7 in Supporting Information S1). It is noted that 95% of the losses between 1986 and 2020 are
concentrated at the upland boundary, likely due to deforestation.

Mangrove gains at the ocean margin and mangrove loss at the upland boundary are respectively 2,873.27 and
1,220.73 ha, with the gain accounting 85.90% of the total area in 2020 (Figure S9, Tables S8 and S9 in Supporting
Information S1). Overall, mangroves are migrating seaward at a rate of 18% ± 12% m/yr (Table S10 in Sup-
porting Information S1), which largely offsets the mangrove loss due to human intervention (Table S8 in Sup-
porting Information S1). Nanliu delta has the highest migration rate with 33.41 m/yr, while the Mekong delta
expands at a rate of only 15.55 m/yr. Approximately 80% of the mangroves' shorelines are expanding seaward,
with a percentage of 92%, 81%, 80%, and 69% in Naliu, Beilun, Red, and Mekong delta, respectively, showing
that deltas dominated by different dynamics are still expanding seaward in spite of SRL (Table S10 in Supporting
Information S1).

In tide‐dominated deltas, tidal currents transport abundant sediment to the estuary, enabling fringe mangrove
forests to deposition and expand seaward with high deposition rate (Long et al., 2022). In river‐dominate delta, the
terrestrial sediment inputs are mainly delivered to the interior mangroves rather than the mangrove front. Barrier
islands are the typical geomorphic feature of wave‐dominated delta, which create a sheltered and low‐energy
environment for mangroves growth (Adame et al., 2010). The strong wave force induces sediment overwash
through the barriers and deposit behind, proving significant materials for mangroves (Long et al., 2021). When the
gaining elevation of mangrove forests through sediment trapping cannot keep pace with raising sea level,
mangroves will be submerged and retreat (Lovelock et al., 2015; Saintilan et al., 2023).

Further, 54% of the original mangrove forests in 1986 has been eroded or converted to other land‐use over the past
35 years in the 4 deltas, but the net area gain is 176% of the 1986 value (Figure 2b and Table S7 in Supporting
Information S1), which is in contrast with a previous area loss estimation of 12% in Asia (FAO, 2020). The

Figure 2. Changes of mangrove forest in four typical deltas (Nanliu, Beilun,
Red, and Mekong) during the period of 1986–2020. (a) Changes in
mangrove forest areas between 1986 and 2020. (b) Loss and gain of
mangrove forest every 5 years in each delta.
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anthropogenic inland losses were 70.88, 455.1, 1,220.73, and 2,557.81 ha in 4 deltas (Nanliu, Beilun, Red, and
Mekong), which account for 67%, 97%, 94%, and 72% of the total loss in the period of 1986–2020 (Table S8 in
Supporting Information S1). Although some losses of mangrove forest are present along the ocean boundary, the
gained area seaward is about 12 times higher (Tables S8 and S9 in Supporting Information S1). Specifically, if we
exclude the anthropogenic inland losses, the gained area of mangrove forests is larger than calculated. Therefore,
the seaward expansion of mangroves compensates for the loss in the upland regions, and generates the illusion of
an overall low rate of areal loss. Similarly, we find that the loss of mangrove forest is much higher without
accounting for seaward progradation. When considering seaside gain and upland loss separately, we find that the
seaside gain is 3 times the upland loss in the 4 deltas (Tables S7–S9 in Supporting Information S1).

4. Discussion
4.1. Impact of Suspended Sediment Discharge Reduction

Northwest Pacific mangroves are suffering from various anthropogenic disturbances, like deforestation, land
reclamation, and shrimp farming (Adame et al., 2018; Gandhi & Jones, 2019). These activities are also

Figure 3. Delta images indicate the distribution of mangrove forest, with the green patches representing unchanged
mangroves between 1986 and 2020, the purple and blue patches representing the gain and loss of mangroves, respectively.
Curve graphs show the change rate of mangrove forest (color in purple) and bare tidal flats (color in blue). (a) Nanliu delta,
(b) Beilun delta, (c) Red delta, and (d) Mekong delta.

Geophysical Research Letters 10.1029/2024GL109675

DAI ET AL. 5 of 9

 19448007, 2024, 19, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024G

L109675 by B
oston U

niversity, W
iley O

nline Library on [03/10/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



responsible for mangrove loss in the 4 deltas analyzed in this study (Figure 1).
To save costs and maximize benefits, people typically cut the forest and
reclaim land at the landward boundary; thus seaside mangroves are main-
tained because they are located far from human dwellings (Long et al., 2021).

In recent years it has been proposed that a sharp decline in sediment supply
from rivers has triggered mangrove retreat (e.g., Hu et al., 2020; Long
et al., 2021; Milliman & Farnsworth, 2011; Syvitski et al., 2009). In contrast
to previous studies, here we indicate that: (a) mangrove loss mainly occurs at
the landward boundary of deltas. We estimate an area loss of 4,300 ha at the
landward boundary of the 4 deltas during 1986–2020 caused by anthropo-
genic land use conversion rather than a decline in riverine sediment (Figures
S7, S9, and Table S8 in Supporting Information S1); (b) Seaward mangroves
are more directly affected by riverine sediment supply and SLR. Over the past
35 years, the 4 deltas have gained 13,600 ha at the ocean margin, indicating
that the decrease in suspended sediment discharge and the increase in sea
level have not yet influenced these forests (Figure 3, Figures S10 and S11 in
Supporting Information S1). We therefore stress that the attribution of
mangrove loss to a decline in riverine suspended sediment discharge might be
biased, since it ignores the spatial variation of mangrove areas, reclamation of
mangrove forests at the land side, and gain‐loss tradeoff.

4.2. Impact of Sea‐Level Rise

Although deltaic mangroves are threatened by rapid sea‐level rise, an increase in water level might induce
landward migration of mangrove forests and possibly areal expansion (Friess et al., 2022; McIvor et al., 2013;
McKee et al., 2007; Morris et al., 2002; Woodroffe et al., 2016). However, the landward expansion is likely
constrained by topographic slope and human infrastructure (Schuerch et al., 2018). The rate of sea‐level rise over
the four deltaic regions have ranged between 77 and 109 mm over 1986–2020 while their tidal amplitudes are
between 2.04 and 3.8 m (Figure S12 in Supporting Information S1). All the 4 deltas display seaward expansion of
mangrove forest, rather than landward migration. In detail, mangroves in the Nanliu delta expanded of 25.3 ha/yr
while in the Mekong, Beilun, and Red deltas prograded of 245.1, 7.7, and 45 ha/yr (Figures 2 and 3, Table S7 in
Supporting Information S1). When considering the slope of nearby bare tidal flats, the rate of seaward migration
suggests a vertical accretion rate that exceeds the rate of sea‐level rise.

Mangroves are typically distributed in the intertidal zone between Mean Sea Level (MSL) and high tide elevations
(Lewis, 2005), it is very rare to find them at elevations much lower than MSL. Obviously, if mangrove shoreline
can remain lasting seaward movement, this mean that elevation of the migration location in mangrove shoreline
should be higher than that of MSL with little impacts from SLR. Thereof, our results about the robustly seaward
migration of mangrove forest in the 4 deltas indicates that they can trap sediments to maintain their flat soil
elevation to avoid mangrove dieback by SLR (Figure 3).

In the Indo‐Pacific region over 28 deltas are present dominated by riverine, wave and tidal dynamics (Figure S13
in Supporting Information S1). Four typical deltas in the Northwest Pacific were selected to represent a wide
range of tidal and wave conditions. Our study suggests that Northwest Pacific deltaic mangrove forests have been
less affected by sea‐level rise than previously expectation.

4.3. Relationship Between Mangrove Forest and Bare Tidal Flats

We also found that the seaward mangrove boundary where expansion occurs is often adjacent to broad bare tidal
flats. The width of these flats can be as high as 2,800 m while the narrowest parts are still 100 m wide (Figures S6
and S8 in Supporting Information S1). Fast seaward mangroves expansion is associated to broad bare tidal flats,
where the vegetation can easily encroach (Figure S14 in Supporting Information S1). Regions without bare tidal
flats often display mangroves retreat, for example, the south part of the Mekong delta and the northeast part of the
Beilun delta (Figures S7 and S8 in Supporting Information S1). Moreover, if the elevation in bare tidal flats does
not match SLR, bare tidal flat deterioration will occur. When the bare flats retreat to the mangroves margin, the
seaward expansion of the mangroves will stop. Therefore, there is close link between mangroves extension and

Figure 4. Submergence time of mangrove forest under three sea level rise
scenarios published by IPCC: SSP1‐2.6 (low), SSP2‐4.5 (intermediate), and
SSP5‐8.5 (very high).
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bare flats lateral progradation (Figure S15 in Supporting Information S1). Taken altogether, these observations
mean that bare tidal flats control the process of mangroves development (Figures S14 and S15 in Supporting
Information S1).

4.4. Future Changes in Deltaic Mangroves

The speed of global mangrove retreat in the face of SLR is of great concern around the world. There are two
patterns of mangroves retreat: (a) the bare tidal flats in front of the mangroves are eroded away. Once mangroves
lose the protection of the adjacent bare flats, they have to directly face currents and wave forcing, which can
expose and undercut the forest roots, destabilize the trees, create erosion scarps that eventually result in man-
groves retreat (Figure S8 in Supporting Information S1). (b) Bare tidal flats still expand seaward but vertical
accretion cannot balance SLR, lowering the elevation below MSL. Thereafter the shorelines of mangrove and
bare flat coincide with each other. Thus mangroves start to retreat, similar to the first pattern (Figure S16 in
Supporting Information S1).

In the first configuration, erosion will occur at the ocean margin of the mangroves (Lovelock et al., 2015; Spencer
et al., 2016). In the southern part of the Mekong delta, some seaward sites do not have a facing bare tidal flat and
display mangrove loss (Figure 3, Figures S6 and S7 in Supporting Information S1), possibly caused by strong
wave erosion that exposes mangrove roots and results in forest dieback. Similar seaward mangrove erosion can be
found in the Red delta where wave heights range between 0.5 and 2.5 m (Figure 3, Table S10 in Supporting
Information S1).

Meanwhile, a landward shift of tidal flooding location driven by SLR provides new space for mangroves
expansion (Figure S16a in Supporting Information S1). If the bare tidal flat slope is lower than the upland slope,
the area of potentially submerged mangroves due to SLR is larger than the area subject to landward expansion. In
addition, the upland area is often occupied by shrimp ponds and agricultural levees, which limit the expansion
area to a certain extent. Therefore landward expansion cannot compensate seaward loss of mangroves due to
inundation. In this configuration, the ocean boundary of the mangroves is coincident with the bare tidal flat
shoreline, and both retreat at the same time during SLR. However, the 4 deltas studied herein are still expanding
seaward and therefore do not fall in this shoreline trajectory.

In the second configuration, bare tidal flats develop in front of the mangroves and they still expand seaward as sea
level rises (Figure S16b in Supporting Information S1). The expansion rate of mangroves is closely related to the
original bare tidal flat width and the change rate of bare tidal flat (Figures S13 and S14 in Supporting Infor-
mation S1). Therefore, we include both bare tidal flats and mangrove dynamics in the conceptual model (Figures
S16b and S16c in Supporting Information S1), and we determine the start of mangrove retreat under the low,
intermediate and very high SLR scenarios published by IPCC (Figure S4 in Supporting Information S1). Model
results suggest that mangroves in the 4 deltas can be able to survival for 410–720 years under future SLR (IPCC
6th Assessment Report) (Figure 4 and Table S8 in Supporting Information S1). The Nanliu delta may be sub-
merged within 350–550 years, the Beilun delta in 420–470 years, the Red delta in 120–200 years, and the Mekong
delta in 410–720 years, under the three selected IPCC scenarios (Figure S5 in Supporting Information S1).
Approximately 75% of the mangrove forest will stop expanding within 80–110 years, while 90% may be sub-
merged within 132–194 years (Figure 4). We project complete loss of the mangrove forest in 410–720 years
(Figure 4) when the mangroves border reaches the bare tidal flat limit at approximately MSL.

We also found that when there are enough bare tidal flats in front of the mangroves and relatively small waves
(such as in the Nanliu delta), the submergence time is shorter than deltas with strong wave energy (like the Beilun
and Red deltas), this might be because low wave energy can favor growth of mangrove propagules (Figure 3,
Figures S8, S17, and S18, Table S4 in Supporting Information S1). Therefore, wave energy and width of adjacent
bare tidal flats may control the mangrove's seaward expansion.

5. Conclusions and Perspective
Mangrove forests serve as an important carbon sequestration ecosystem, and play a crucial role in storm pro-
tection (FAO, 2020; Friess et al., 2019). One km of mangroves can attenuate over 80% of storm surge (Zhou
et al., 2022). Global warming will increase the risk of flooding by storm surges, and current dike systems designed
for flood control may lose their efficacy. Mangrove forest can thus become the best natural defense system against
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storms (Murray et al., 2022). Unfortunately, landward migration of mangrove forests is not possible due to the
construction of anthropogenic barriers, like those present along the Indo‐Pacific coast, and this ecosystem service
might disappear. Removal of barriers to allow mangrove transgression is unlikely because these infrastructures
are vital for the protection of agricultural fields and dwellings. Our study indicates that most deltaic mangroves
are still migrating seaward. We insist that taking necessary measures to maintain the seaward expansion of
mangroves can be an effective strategy for flood control, rather than demolition of existing sea dikes on the
landward side. Specifically, we should promote the formation of bare tidal flats with suitable soil surface ele-
vations, and create enough seaward migration space for mangroves encroachment. Prograding mangroves can
also provide blue carbon sequestration and mitigate the impact of tropical storms. We believe that a nature‐based
shoreline defense can be realized by creating seaward space for mangrove expansion through appropriate siltation
techniques and measures to promote the elevation of bare tidal flat.

Data Availability Statement
The hydrological data collected at BeiHai, HonDua, and VungTau gauging stations (Table S4 in Supporting
Information S1) were provided by the Nation Oceanography Centre Permanent Service for Mean Sea Level
(PSMSL) (https://psmsl.org/data/obtaining/) and the Mekong River Commission (MRC) (Data is available from
https://www.mrcmekong.org/, upon registration/login). The used Landsat remote imageries were downloaded
from the U.S. Geological Survey (https://glovis.usgs.gov/app?fullscreen=0).
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