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Global deltaic mangroves are threatened by accelerated sea-level rise. However, the extent to which accelerated
sea-level rise drives landward mangrove migration remains difficult to verify in modern deltas, where concurrent
seaward expansion is often driven by sediment delivery. Part of the complication is that interplay of anthro-
pogenic activities and sediment-hydrodynamics in deltas obscures the mangrove response to sea-level rise. Here
we analyze the dynamics of the Mekong Delta mangrove shorelines over 496 km through 1992-2024. We find
that, despite high rates of relative sea-level rise (RSLR), there was a net mangrove gain of approximately 46300
ha, with three-quarters occurring landward and one-quarter seaward. The observed landward migration was
statistically associated with RSLR and occurred where accommodation space was available, while seaward
expansion was linked to river sediment supply and modulated by local hydrodynamic processes. Disparities in
landward migration between estuarine and coastal regions underscore challenges to mangrove resilience,
reflecting how the mangrove response to RSLR is mediated by anthropogenic constraints. This study provides
critical insights to inform adaptive management of mangroves under rising sea levels.

1. Introduction landward migration. This dual dynamic is primarily governed by a

delicate balance among RSLR, sediment supply, and hydrodynamic

Approximately 41% of global mangroves are located in tropical and
subtropical deltas (Worthington et al., 2020), where they mitigate wave
energy, sustain marine habitats, and provide critical carbon storage
(Donato et al.,, 2011; Temmerman et al., 2013). However, these
mangrove ecosystems face compounding threats from climate change
and human interventions. Global fluvial sediment loads have declined
by nearly 49% due to extensive dam construction (Dethier et al., 2022),
severely altering the sediment budgets of major river deltas (Leuven
et al., 2019). Meanwhile, relative sea-level rise (RSLR) threatens to
submerge mangrove forests when local surface accretion fails to keep
pace with rising water levels (Lovelock et al., 2015; Spencer et al.,
2016).

Despite these global pressures, mangrove survival fundamentally
depends on their spatial adaptability through seaward progradation and

processes (Rogers et al., 2019; Schuerch et al., 2018; Woodroffe et al.,
2016). As RSLR increases the vertical and lateral accommodation
space for mangroves, the role of sediment becomes critical. Sufficient
fluvial sediment supply that outpaces RSLR effectively fills this accom-
modation space, enabling mangroves to migrate landward (Beselly et al.,
2021; Feng et al., 2020). Conversely, sediment deficits combined with
intense hydrodynamic forces accelerate shoreline erosion and seaward
retreat (Balke et al., 2015; Xie et al., 2020). Successful landward
migration requires continuous sediment deposition to elevate the sub-
strate along with coasts free from human infrastructure. When artificial
barriers restrict this inland pathway, mangroves experience coastal
squeeze, leading to potential habitat loss (Borchert et al., 2018;
Enwright et al., 2016). Therefore, evaluating mangrove sustainability
requires assessing both seaward and landward changes simultaneously.
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The Mekong Delta, the world's third-largest delta (Fig. 1A), provides
an ideal environment to investigate these dual migration dynamics.
Since the early 1990s, robust conservation policies by the Vietnamese
government have curtailed direct mangrove deforestation that was
historically driven by shrimp pond expansion (Li et al., 2020; Phan and
Stive, 2022). Consequently, dominate drivers of mangrove change have
shifted to reduced sediment loads from the Mekong River and acceler-
ating sea-level rise (Fig. 1C-D) (Kondolf et al., 2014; Li et al., 2017).
Spanning a 496-km coastline, the delta exhibits marked spatial hetero-
geneity in sediment supply and coastal infrastructure. Notably, seawalls
have primarily been constructed landward of existing mangroves in the
estuarine zones, leaving most zones along the coast with few artificial
barriers. This uneven development of the shoreline allows us to assess
mangrove adaptation to RSLR, contrasting constrained coastal squeeze
against unhindered landward migration.

In this study, we present a comprehensive assessment of mangrove
spatial dynamics in the Mekong Delta spanning over thirty years.
Leveraging 30-m Landsat imagery and a Random Forest (RF) machine
learning classifier, we reconstruct the annual mangrove distribution
across different zones from 1992 to 2024, identifying decadal-scale
trends of mangrove expansion and retreat. Furthermore, we integrate
fluvial sediment loads, RSLR, and hydrodynamic factors to examine the
influence of these environmental variables on mangrove landward and
seaward migration.
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2. Materials and methods
2.1. Data acquisition and pre-processing

Landsat Surface Reflectance products were used as the primary
remote-sensing data source for mapping mangrove dynamics in the
Mekong Delta from 1992 to 2024. The Landsat archive provides the only
continuous, systematic, and spatially consistent satellite record suitable
for reconstructing multi-decadal mangrove changes since the early
1990s. Landsat 5 TM, Landsat 7 ETM+, Landsat 8 OLI, and Landsat 9
OLI-2 Surface Reflectance images with a spatial resolution of 30 m were
accessed and processed using the Google Earth Engine platform. A total
of 1617 Landsat scenes covering the study area were used for annual
mangrove mapping from 1992 to 2024 (Fig. S1A).

Clouds, cloud shadows, and other low-quality observations were
removed using the quality assessment bands provided with the Landsat
Surface Reflectance products. To reduce the influence of seasonal vari-
ability, residual cloud contamination, short-term inundation, and tidal
flooding on mangrove classification, annual median composites were
generated for each year. The use of annual median composites is
particularly suitable for deltaic mangrove environments because single-
date images are often affected by tidal stage and may underestimate
mangrove extent along the seaward edge. Based on the annual com-
posites, four spectral indices were calculated to improve the separability
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Fig. 1. (A) The Mekong River Basin and the location of the Mekong Delta. The basin boundary was derived from the HydroBASINS dataset (https://www.hydrosheds
.org/products/hydrobasins); (B) The three mangrove distribution zones: North Estuary (NE), Central Coast (CC), South Coast (SC); (C) Annual fluvial sediment load
of the Mekong River obtained from Dethier et al. (2022); (D) Annual mean relative sea level at the My Thanh tide gauge station, referenced to the Vietnam National

Vertical Datum.
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among mangroves, water bodies, tidal flats, built-up land, and other
vegetation types: the Modified Normalized Difference Water Index,
MNDWTI; the Normalized Difference Built-up Index, NDBI; the Normal-
ized Difference Vegetation Index, NDVI; and the Mangrove Vegetation
Index, MVI (Rouse et al., 1974; Xu, 2006; Zha et al., 2003; Baloloy et al.,
2020). These spectral indices (Table S1), together with the original
Landsat spectral bands, were used as input variables for mangrove
classification.

Hourly tide-level data from the Vung Tau tide-gauge station were
obtained from the Sea Level Station Monitoring Facility and were used
to identify Landsat scenes acquired under low-tide conditions. These
low-tide scenes were not used to generate the annual mangrove maps
directly, but were used as independent reference images to evaluate
whether the annual median composites could effectively reduce tidal
noise along mangrove seaward boundaries. Three optimal low-tide
Landsat images, with a mean tide level of approximately 1326 mm,
were selected for comparison with annual median composites (Fig. S2;
Table S2).

In addition to satellite images, several environmental datasets were
compiled to analyze potential drivers of mangrove dynamics. Monthly
suspended sediment load data for the Mekong River were obtained from
Dethier et al. (2022). Monthly sediment fluxes were aggregated into
annual sediment loads for 1992-2020 and used to assess the relationship
between river sediment supply and mangrove changes. Relative sea-
level data referenced to the Vietnam National Vertical Datum were ob-
tained from the My Thanh tide-gauge station, located near the mangrove
seaward edge of the Mekong Delta. Annual mean relative sea level was
calculated for 1992-2019 and used to evaluate the potential influence of
relative sea-level rise on mangrove migration.

Tropical cyclone records were obtained from the International Best
Track Archive for Climate Stewardship. Cyclone tracks affecting the
Mekong Delta and adjacent coastal waters from 1992 to 2024 were
extracted to calculate annual cyclone frequency and monthly landfall
distribution. Offshore current velocities and directions were obtained
from the Copernicus Marine Service global physical reanalysis product.
Current fields from 1992 to 2024 were used to compare seasonal cir-
culation patterns between the Southwest Monsoon and Northeast
Monsoon periods. Offshore wave height and wave direction data were
derived from the ECMWF ERAS reanalysis dataset. Wave direction and
significant wave height along the Mekong Delta coast were analyzed to
characterize spatial differences in hydrodynamic exposure, particularly
for interpreting seaward edge erosion and expansion patterns.

Aucxiliary datasets were used for training sample collection and
classification validation. These included the Global Mangrove Watch
dataset, historical mangrove maps of the Mekong Delta, and high-
resolution images from Google Earth. Together, these data sources
provided spatial references for mangrove, water, bare flat, and urban or
built-up classes.

2.2. Mangrove extraction and accuracy assessment

Mangrove extent was extracted annually from 1992 to 2024 using a
RF classifier. RF is an ensemble machine-learning algorithm that in-
tegrates multiple decision trees and produces final classifications
through majority voting. It is suitable for high-dimensional remote-
sensing data and is relatively robust against overfitting and noise
(Poortinga et al., 2020). Previous studies have demonstrated its effec-
tiveness in mangrove mapping, including in tidally influenced and
frequently flooded coastal environments (Jia et al., 2023; Zablan et al.,
2023).

For each annual Landsat median composite, the original spectral
bands and four spectral indices, namely MNDWI, NDBI, NDVI, and MV],
were used as input features. Four land-cover classes were defined:
mangroves, water bodies, bare tidal flats, and urban or built-up areas.
Training and validation samples were manually and visually interpreted
by integrating Global Mangrove Watch, historical mangrove datasets,
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and high-resolution Google Earth imagery. To ensure temporal consis-
tency, training samples were selected from stable areas where land-
cover types could be reliably identified across multiple years. The
sample dataset was randomly divided into training and testing subsets
using a 7:3 ratio. The RF model was configured with 20 decision trees
and a bootstrap sample ratio of 0.8.

Classification accuracy was assessed using independent validation
samples. Overall accuracy, producer's accuracy, user's accuracy, and the
Kappa coefficient were calculated from confusion matrices. The annual
mangrove classification achieved an overall accuracy greater than 90%
and a Kappa coefficient greater than 0.9 (Fig. S1B), indicating that the
classification results were suitable for analyzing multi-decadal
mangrove dynamics at the delta scale.

Because single-date Landsat imagery is sensitive to tidal stage,
mangrove seaward edges may be partially submerged during high tide,
causing underestimation of mangrove extent (You et al., 2023; Zhou
et al., 2024). We therefore used annual median composites to reduce
tidal noise. To validate this approach, mangrove seaward edges derived
from annual median composites were compared with those derived from
three optimal low-tide Landsat scenes using the Digital Shoreline
Analysis System, DSAS. A £ 30 m tolerance threshold, corresponding to
one Landsat pixel, was used to evaluate boundary agreement. The mean
boundary discrepancies ranged from —10.91 m to +10.29 m, and nearly
50% of the compared boundary segments showed perfect overlap
(Figs. S3, S4). This result indicates that annual median composites
effectively reduce tidal-induced boundary uncertainty and are appro-
priate for extracting long-term mangrove extent in the Mekong Delta.

The potential influence of mixed pixels associated with 30-m Landsat
imagery was also evaluated. Mangroves in the Mekong Delta are
generally characterized by extensive and contiguous canopies rather
than narrow, highly fragmented fringing patches. Patch-size analysis for
representative epochs showed that large mangrove patches greater than
1 ha, equivalent to more than 11 Landsat pixels, accounted for 89.7%,
88.1%, and 91.3% of total mangrove extent in 1995, 2008, and 2020,
respectively (Table S3). Therefore, mixed-pixel uncertainty is mainly
restricted to patch margins and is unlikely to substantially affect delta-
scale estimates of mangrove area change (Bullock et al., 2017). Never-
theless, we acknowledge that the 30-m spatial resolution limits the
detection of fine-scale ecological processes and sub-pixel degradation.

2.3. Measurements of mangrove changes

Using the spatial analysis tools in ArcGIS (Scott and Janikas, 2009),
we quantified the unchanged, gained, and lost mangroves for the periods
of 1992-1997, 1997-2002, 2002-2007, 2007-2012, 2012-2017,
2017-2024, and 1992-2024. Mangrove area statistics were conducted
across the entire Mekong Delta and its subregions (SC, CC and NE) to
characterize spatiotemporal dynamics. Mangrove seaward edges were
delineated for years 1992, 1997, 2002, 2007, 2012, 2017 and 2024. The
Digital Shoreline Analysis System (DSAS) generated 3811 cross-sections
perpendicular to the baseline of mangrove seaward edges at 100 m in-
tervals. For each cross-section, two key indicators were derived—the
azimuth angle and the End Point Rate (EPR)—which respectively
represent the spatial location and the rate of coastal erosion or deposi-
tion. The azimuth specifies the exact geographic position and directional
orientation of the eroding or accreting shoreline. The End Point Rate
(EPR) was used to calculate the rate of mangrove seaward edge expan-
sion or retreat. The EPR is a linear ratio between the positional differ-
ence of the earliest and latest phases and the time span, which effectively
accommodates both non-equidistant time intervals of remote sensing
imagery acquisition and non-linear changes along delta fronts influ-
enced by tidal and sedimentary dynamics (Genz et al., 2007; Thieler
et al., 2009).
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2.4. Statistical analysis

The dynamics of mangrove seaward and landward migration in the
Mekong Delta were reflected by changes in mangrove area and seaward
edges across the entire Mekong Delta and its subregions. To minimize
the influence of outliers, annual time-series data for mangrove area and
seaward edges were aggregated into 5-year averages. We then calcu-
lated the fluvial sediment load and relative sea level values for corre-
sponding periods. Correlation analyses were conducted to assess the
relationships between: (1) annual mean mangrove area/mangrove
seaward edge change rate and annual mean fluvial sediment load and
(2) annual mean mangrove area/mangrove seaward edge change rate
and annual mean relative sea level during the same periods. Statistical
significance was determined using p-values, with a less stringent
threshold (p < 0.1) applied to account for the limited number of tem-
poral intervals, particularly in cases with moderately strong correlation
coefficients.

We did not attempt to quantitatively partition the relative contri-
butions of sediment supply, relative sea-level rise, and anthropogenic
interventions using a single attribution model, because these drivers are
characterized by different spatial and temporal resolutions and are
strongly interdependent. Fluvial sediment load and relative sea level are
available mainly as delta-scale annual time series, whereas anthropo-
genic interventions such as seawalls, shrimp ponds, and restoration
measures are spatially heterogeneous and lack consistent annual records
for the full study period. Therefore, our analysis focuses on identifying
statistical associations between mangrove dynamics and sediment and
relative sea level variability, and on interpreting these associations using
spatial contrasts among coastal sectors with different geomorphic set-
tings and degrees of human constraint.
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3. Results
3.1. Gains and losses of mangroves

The Mekong Delta experienced a net mangrove expansion of
approximately 46300 ha, characterized by three distinct temporal
phases. The most rapid growth occurred from 1992 to 2001, averaging
3146.47 ha/yr, followed by a transitional decline phase from 2001 to
2010 with a loss of —1788.20 ha/yr. Subsequently, an accelerated re-
covery phase began, reaching a growth rate of 2431.61 ha/yr by 2024
(Fig. 2A). Furthermore, mangrove expansion exhibited spatially het-
erogeneous patterns across the estuarine and coastal zones. The NE
experienced an initial contraction phase from 1992 to 2003, with a loss
rate of 806.32 ha/yr, before transitioning to increase at 313.77 ha/yr
through 2024 (Fig. 2B). In contrast, the CC exhibited fluctuating but
overall increasing mangrove area at 161.72 ha/yr (Fig. 2C). Notably, the
SC dominated mangroves expansion, contributing nearly half of the total
mangrove gains through sustained growth averaging 1096.96 ha/yr
(Fig. 2D).

From 1992 to 2024, landward expansion dominated in the Mekong
Delta, accounting for an area approximately three times greater than
seaward progression (Fig. 3; Table S4). Landward losses also affected the
net change, with the lowest landward reduction occurring between 2012
and 2017 (Figs. 3B, S5E), coinciding with peak overall net gains
(Fig. 3A). Although seaward zones showed net increases overall, the
expansion rate declined sharply after 2002 (Figs. 3C, S5C-F). This was
accompanied by progressively intensifying seaward losses (Fig. 3B),
potentially linked to RSLR (Osland et al., 2022; Alongi, 2008).

Mangrove gains and losses exhibited notable spatiotemporal het-
erogeneity (Fig. 4A). In the NE, losses and gains nearly balanced,
resulting in minimal net area change (Fig. 3D). The NE incurred land-
ward losses of 6047.95 ha in Tra Vinh and Ben Tre, while acquiring
7505.79 ha through seaward expansion between 1992 and 2024
(Table S4). Simultaneously, the CC showed modest net gains in both
landward and seaward zones (Fig. 3D). The strongest changes occurred
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Fig. 2. Mangrove area changes in the Mekong Delta from 1992 to 2024. (A) Mekong Delta; (B) North Estuary (NE); (C) Central Coast (CC); (D) South Coast (SC).
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in the SC, where landward expansion accounted for 38552.9 ha of gains,
while seaward gains and losses effectively offset each other during the
study period (Fig. 3D; Table S4).

3.2. Mangrove seaward edge changes

Mangrove seaward edges in the Mekong Delta expanded at an
average rate of 5.99 m/yr during 1992-2024 (Fig. 4B-C). Of the total
mangrove edges, 42% experienced landward retreat at an average rate
of —17.47 m/yr, while 56% expanded seaward at 23.50 m/yr. Overall,
the NE and CC displayed net expansion trends, whereas the SC exhibited
a retreating pattern. Specifically, the NE expanded at an average rate of
10.86 m/yr, with 23% retreating at —7.66 m/yr and 74% expanding at
17.07 m/yr. Seaward expansion dominated in the west of river mouths
and deltaic islands (Fig. 4 B3), whereas retreat dominated the eastern
side (Fig. 4B4). The CC expanded at an average rate of 11.01 m/yr, with
34% retreating at —5.47 m/yr and 64% expanding at 20.12 m/yr.
Expansion occurred along the southwestern and southeastern coast of
Bac Lieu and Soc Trang (Fig. 4B). The SC exhibited the most dynamic
changes, with maximum expansion rate exceeding 100 m/yr (Fig. 4 B1)
and retreat rate below —50 m/yr (Fig. 4 B2).

3.3. Associations with river sediment supply and relative sea-level change

To examine the potential links between mangrove migration, river
sediment supply, and relative sea-level change, we compared the multi-
year average time-series trends of mangrove area, seaward edge
migration rate, fluvial sediment load, and relative sea level in the
Mekong Delta (Fig. S6). Statistical analyses revealed no significant
correlation between fluvial sediment load and total mangrove area, but
identified a positive correlation between fluvial sediment load and
mangrove seaward edge change rate (Fig. 5A-B). This result suggests
that interannual variations in sediment supply were more closely asso-
ciated with seaward edge dynamics than with total mangrove area. The
long-term decline in sediment supply may have contributed to the
attenuation of seaward mangrove expansion, with slowed or locally
reversed seaward progression in some sectors (Fig. S6B). In the SC, a
significant positive correlation (p < 0.05) between fluvial sediment load

and mangrove seaward edge change rate was observed (Fig. 5B), likely
reflecting the dependence of tidal-flat accretion and mangrove estab-
lishment on suspended sediment availability (Balke et al., 2015; Xie
et al., 2020).

A significant positive correlation emerged between relative sea level
and mangrove area, whereas no significant relationship was found be-
tween relative sea level and mangrove seaward edge change rate
(Fig. 5C-D). This pattern suggests that relative sea-level rise was more
closely associated with landward expansion and total area change than
with seaward edge migration. However, this association should not be
interpreted as a direct or universally positive effect of sea-level rise on
mangrove expansion. Rather, RSLR can create potential landward ac-
commodation space, but whether this space is colonized by mangroves
depends on sediment redistribution, substrate elevation, and the
absence of artificial barriers.

Spatial differences among the NE, CC, and SC sectors provide addi-
tional context for interpreting these associations. In the NE, no signifi-
cant correlation was found between relative sea level and mangrove area
(Fig. 5C), probably because estuarine shorelines are more frequently
constrained by seawalls and other human infrastructure (Nguyen et al.,
2022; Veettil et al., 2019). By contrast, along many coastal tidal-flat
areas of the SC and CC, fewer artificial barriers occur landward of
existing mangroves, allowing greater potential for landward migration.
Therefore, the contrast between constrained estuarine zones and less
constrained coastal sectors provides qualitative evidence that anthro-
pogenic barriers mediate the mangrove response to RSLR.

3.4. Spatial variations of coastal hydrodynamics

Offshore wave conditions showed clear spatial heterogeneity along
the Mekong Delta coast, corresponding closely to the observed patterns
of mangrove seaward edge change. Cross-sectional analyses indicated
that 88% of erosion zones were exposed to dominant east-northeast
waves (Figs. 6, S7). In the eastern sectors of SC, CC, and NE, east-
northeast waves with significant wave heights exceeding 1 m accoun-
ted for 17%, 20%, and 22% of wave occurrences, respectively
(Fig. 6B-D). These wave-exposed sectors corresponded to average
mangrove seaward edge retreat rates of —27.06 m/yr, —6.81 m/yr, and
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— 9.77 m/yr, respectively (Figs. 4, S8).

By contrast, wave-sheltered areas located west of river mouths and
deltaic islands exhibited lower hydrodynamic energy and were associ-
ated with seaward mangrove expansion. These sheltered environments
were particularly evident near the Song Co Chien and Cung Hau river
mouths (Fig. S9). The western sector of SC was characterized by a
multidirectional wave climate, with only 5% of west-southwest waves
exceeding a significant wave height of 1 m (Fig. 6A). In this low-energy
setting, the mangrove seaward edge expanded at an average rate of
49.64 m/yr (Figs. 4, S5). Tropical cyclones further contributed to
episodic sediment redistribution along the coast. More than 80% of
cyclones coincided with southwestward offshore currents (Figs. S10,
S11), which likely promoted sediment transport from river mouths to-
ward the SC sector.

4. Discussion

4.1. Local hydrodynamics modulate mangrove response to sediment
reduction

Reduced fluvial sediment supply has often been regarded as a pri-
mary driver of mangrove degradation in the Mekong Delta and other
large tropical deltas (Sanchez-Ntinez et al., 2019; Xiong et al., 2024).
However, our results indicate that the response of mangrove seaward
edges cannot be explained by sediment reduction alone. Rather than
quantitatively partitioning the contribution of sediment reduction, our
analysis shows that seaward edge migration was statistically associated
with sediment supply and that this association varied strongly among
hydrodynamic settings. Mangrove dynamics are likely governed by the
interaction between sediment availability, wave exposure, coastal
morphology, and human modification of the shoreline. This interaction
generates strong spatial heterogeneity, whereby some mangrove
seaward edges retreat rapidly under energetic wave conditions, whereas
others continue to expand in locally sheltered depositional environ-
ments (Long et al., 2021).
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Fig. 5. Statistical associations between mangrove changes, fluvial sediment load, and mean relative sea level in the Mekong Delta. (A) Relationship between annual
mean mangrove area and annual mean fluvial sediment load; (B) relationship between mangrove seaward edge change rate and annual mean fluvial sediment load;
(C) relationship between annual mean mangrove area and annual mean relative sea level; (D) relationship between mangrove seaward edge change rate and annual
mean relative sea level. MD: Mekong Delta; NE: North Estuary; CC: Central Coast; SC: South Coast.

The partial inconsistency between our findings and previous studies
likely arises from differences in spatial scale and process representation.
Earlier assessments commonly emphasized the delta-wide decline in
riverine sediment delivery caused by upstream dam construction, sand
mining, and channel modification (Allison et al., 2017; Li et al., 2017;
Wang et al., 2011). While this perspective is essential for understanding
the long-term vulnerability of the Mekong Delta, it tends to treat the
coast as a relatively uniform sediment-starved system. Such a framework
may overlook the fact that mangrove establishment and retreat occur at
much finer spatial scales, where local hydrodynamic conditions deter-
mine whether the remaining sediment is retained, reworked, or exported
offshore (Dai et al., 2024). This is particularly true when comparing
estuarine and open-coast settings. In estuarine areas, distributary-
channel variability can redistribute sediment unevenly among adja-
cent mangrove seaward edges, producing strong alongshore contrasts in
accretion. In open-coast areas, however, the absence of direct fluvial
focusing means that accretion depends more on local wave shelter,
embayment geometry, and sediment trapping efficiency, so the response
is typically more discontinuous and spatially patchy.

Our results suggest that sediment supply, while a foundational con-
trol, has its impact modulated by local hydrodynamic conditions and
coastal morphology. The spatially heterogeneous response of mangroves
is consistent with this interpretation. Localized wave-sheltered zones
may buffer against the regional sediment deficit by reducing nearshore
turbulence and promoting the trapping and deposition of fine suspended
sediment. These natural refugia are often found in the lee of estuary
shoals, behind deltaic islands, or within irregular coastlines. Further-
more, episodic events such as tropical cyclones may enhance sediment
redistribution, potentially supporting mudflat accretion and subsequent
mangrove colonization, particularly within sheltered zones (Balke et al.,

2015; Xie et al., 2020; Huang and Zhu, 2023).
4.2. Resilience of mangroves to sea-level rise

Rising sea levels pose major threats to coastal wetlands (Osland et al.,
2022), contributing to the loss of approximately 10-15% of global
mangroves and driving landward retreat of these ecosystems (Alongi,
2008; Liang et al., 2023; Mafi-Gholami et al., 2020). Data from the My
Thanh tide gauge station, situated near the mangrove seaward edge,
indicate an annual mean RSLR of 23 mm/yr in the Mekong Delta
(Fig. 1D). Importantly, this relative sea-level signal integrates both
oceanographic sea-level rise and vertical land motion, including natural
compaction and anthropogenically induced subsidence. Land subsi-
dence may be a particularly important component of relative sea-level
rise in the Mekong Delta. Previous studies have reported that some
areas of the delta may experience subsidence rates of 20-25 mm/yr,
largely associated with sediment compaction, groundwater extraction,
and other anthropogenic activities (Minderhoud et al., 2019).

Despite these challenges, a net mangrove expansion was observed in
the Mekong Delta, with three-quarters occurring landward and one-
quarter seaward (Fig. 4D). This pattern should not be interpreted as
evidence that sea-level rise directly causes mangrove expansion. Instead,
it reflects the complex interactions among RSLR, sediment availability,
accommodation space, and human constraints, which together regulate
mangrove ecosystem resilience (Woodroffe et al., 2016). Mangrove
seaward expansion can occur only where sediment supply and local
deposition are sufficient to keep pace with RSLR and support tidal-flat
accretion (Enwright et al., 2016; Lovelock et al., 2015). Similar adap-
tation strategies have been observed in the Pearl River estuary, the
Leichhardt River estuary, and the deltas of the Nanliu, Beilun, and Red
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Fig. 6. Offshore wave direction and height distribution along the Mekong Delta coast. (A) West coast of the SC; (B) East coast of the SC; (C) CC; (D) NE.

Rivers (Asbridge et al., 2016; Dai et al., 2024; Feng et al., 2020).

A complementary survival mechanism is adaptive landward migra-
tion (Borchert et al., 2018; Enwright et al., 2016). The dominant land-
ward expansion observed in the Mekong Delta is consistent with the
creation and subsequent occupation of landward accommodation space.
As RSLR increases water levels, it may generate new potential habitats
inland; however, continuous sediment redistribution is essential to
elevate the substrate and enable mangrove establishment (Rogers et al.,
2019; Woodroffe et al., 2016). Importantly, this process is viable only
where inland habitats remain physically accessible. Divergent migration
patterns in estuarine and coastal regions underscore this constraint. In
the NE, seawalls and other anthropogenic barriers restrict landward
accommodation, whereas many coastal tidal-flat sectors in the SC and
CC remain less constrained and therefore allow greater potential for
landward migration.

4.3. Conservation policies for mangrove landward migration

The landward migration of mangroves in the Mekong Delta has been
constrained by the construction of seawalls and shrimp ponds (Nguyen
et al., 2022; Veettil et al., 2019). Although a full quantitative time se-
ries of anthropogenic interventions was unavailable for this study, their
spatial distribution provides important qualitative evidence for inter-
preting the observed migration patterns. Seawalls have primarily been
constructed landward of existing mangroves in the estuarine zones,
whereas many open-coast sectors have fewer artificial barriers. This
uneven development of the shoreline creates a contrast between con-
strained coastal squeeze and relatively unhindered landward migration,
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helping to explain why mangrove responses to RSLR differ among
sectors.

Restrictions associated with seawalls are primarily concentrated in
the NE, whereas constraints related to shrimp ponds are mainly found in
the CC and SC. In response, the Vietnamese government implemented a
series of conservation policies (Hai et al., 2020; Thuc et al., 2016). In
1991, legislation mandated that mangroves constitute at least 70% of
land designated for aquaculture and agriculture (Li et al., 2020). How-
ever, these efforts have not achieved consistent success (Phan and Stive,
2022). Between 2002 and 2012, mangrove loss occurred concurrently
with limited landward expansion (Figs. 3B-C, S5C-D), as human activ-
ities likely constrained migration, probably linked to the relaxation of
conservation policies. Subsequent policy enhancements targeting
mangrove protection and restoration (Pham et al., 2022; Tinh et al.,
2022) were associated with increased landward migration (Figs. 3B-C,
S5E), fostering integrated mangrove-aquaculture ecosystems (Fig. S12).
Nonetheless, ongoing anthropogenic pressures continue to hinder
mangrove migration, highlighting the necessity of robust regulatory
enforcement. Without such measures, economic exploitation may
further degrade mangrove habitats, disrupt ecological balance, exacer-
bate the impacts of rising sea level, and accelerate delta instability.

4.4. Limitations and broader implications

Although our study provides a comprehensive multi-decadal
assessment of delta-scale mangrove dynamics, the reliance on 30-m
Landsat imagery introduces inherent analytical constraints. First, the
30-m resolution limits our minimum mapping unit, making fine-scale
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ecological processes undetectable. Therefore, the mangroves dynamic in
this study should be strictly interpreted as macro-scale trends involving
aggregate areal changes of thousands of hectares. Second, sub-pixel
noise can affect the overall mangrove classification. Our validation
using low-tide single-date imagery confirmed that annual median
composites effectively reduce tidal and atmospheric noise, keeping
boundary uncertainties within one pixel (Figs. S$2-S4). However, sub-
pixel phenological or tidal changes may still affect the result. Future
studies tracking mangrove restoration or sub-pixel degradation will
require higher-resolution sensors, such as Sentinel-2 or commercial sub-
meter imagery. Nonetheless, for identifying multi-decadal drivers dating
back to the 1990s, the Landsat archive remains the only viable and
systematic data source.

This study identifies statistical associations and spatial contrasts
among mangrove dynamics, fluvial sediment supply, relative sea level,
hydrodynamic exposure, and anthropogenic constraints, but it does not
provide a strict quantitative partitioning of their relative contributions.
Such partitioning is limited by the different spatial and temporal reso-
lutions of the available datasets. Fluvial sediment load and relative sea
level are represented mainly by delta-scale annual records, whereas
mangrove changes, wave exposure, shoreline morphology, seawalls,
shrimp ponds, and restoration activities vary at much finer spatial
scales. Moreover, the drivers are interdependent: sediment effects are
modulated by hydrodynamic exposure, and the influence of RSLR de-
pends on sedimentation and the availability of landward accommoda-
tion space. Therefore, our interpretation focuses on likely dominant
controls inferred from correlations, sectoral contrasts, and geomorphic
mechanisms. Future attribution work should integrate time-resolved
maps of anthropogenic infrastructure, local sediment accretion mea-
surements, subsidence observations, and hydrodynamic modeling to
more rigorously quantify the relative contributions of these interacting
drivers.

From a management perspective, the findings are transferable to
other deltaic mangrove systems primarily at the level of process un-
derstanding rather than as direct numerical rates. The observed Mekong
Delta pattern—attenuated seaward expansion under declining fluvial
sediment supply, combined with landward migration where accommo-
dation space remains available—highlights a general management
principle relevant to many sediment-starved deltas. In systems where
upstream damming, sand mining, river regulation, or channel engi-
neering have substantially reduced fluvial sediment delivery, the ca-
pacity of mangroves to expand seaward or keep pace vertically with
relative sea-level rise is likely to weaken, particularly along exposed
coasts with limited mudflat accretion (Woodroffe et al., 2016). Under
such conditions, conservation strategies that rely only on seaward
colonization or coastal afforestation may become increasingly ineffec-
tive unless sediment availability and hydrodynamic suitability are
maintained or restored.

However, transferability will depend strongly on local sediment re-
gimes, tidal range, wave climate, subsidence rate, coastal morphology,
and the intensity of human pressures. In river-dominated deltas with
continued sediment delivery, such as relatively sediment-rich distribu-
tary mouths, mangrove expansion may remain strongly controlled by
mudflat formation and shoreline progradation (Woodroffe et al., 2016).
In contrast, in dam-impacted or sediment-deficient deltas, such as parts
of the Chao Phraya, Irrawaddy, or Ganges-Brahmaputra-Meghna sys-
tems, mangrove persistence may depend more heavily on landward
accommodation space, sediment trapping efficiency, and the removal or
redesign of hard coastal barriers (Bidorn et al., 2021; Bomer et al., 2020;
Xiong et al., 2024). Therefore, the Mekong case suggests that deltaic
mangrove management should move beyond static protection bound-
aries and adopt dynamic adaptation planning, including the protection
of landward migration corridors, stricter control of coastal squeeze from
aquaculture and infrastructure, sediment-sensitive river-basin manage-
ment, and spatial prioritization of restoration in areas where geomor-
phic conditions can support long-term mangrove persistence.
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5. Conclusion

The Mekong Delta experienced a net mangrove expansion of
approximately 46300 ha over the past three decades, with seaward edge
expansion at an average rate of 5.99 m/yr. Mangrove expansion differs
between seaward and landward directions, with approximately three-
quarters occurring landward and one-quarter seaward. Reduced river
sediment supply has attenuated seaward mangrove expansion trends,
while RSLR is a key factor in the landward zones, creating potential
accommodation space that can facilitate mangrove migration into
inland habitats where physical barriers are absent. The observed land-
ward migration represents a key resilience mechanism, allowing man-
groves to adapt to rising sea levels where accommodation space is
available. However, deltaic mangroves are increasingly threatened by
compounding pressures from rising sea level and coastal squeeze, which
may precipitate potential ecosystem collapse. Thereafter, rigorous
enforcement of mangrove conservation policies represents a critical
priority to safeguard naturally migrating ecosystems, thereby strength-
ening their capacity to mitigate coastal vulnerability to rising sea levels.
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Data availability

The Landsat Surface Reflectance products used for mangrove
extraction are accessible via the Google Earth Engine platform
(https://developers.google.com/earth-engine/datasets/catalog/lands
at). Fluvial suspended sediment load data were obtained from Dethier
et al. (2022) and are available on Zenodo (https://zenodo.
org/records/7808492). Relative sea-level data at the My Thanh tide
gauge station were provided by the Mekong River Commission, and the
derived annual mean relative sea-level have been deposited in the
Mendeley Data repository (doi:10.17632/cptzrxz6b6.1; https://data.
mendeley.com/datasets/cptzrxz6b6,/1). Hourly tide levels at Vung Tau
station are acquired from the Sea Level Station Monitoring Facility at
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https://www.ioc-sealevelmonitoring.org/index.php. Tropical cyclones
are derived from the International Best Track Archive for Climate
Stewardship at https://www.ncei.noaa.gov/products/international
-best-track-archive. Offshore current velocities/directions are acquired
from the Copernicus Marine Service at https://data.marine.copernicus.
eu/product/GLOBAL MULTIYEAR PHY_001_030/services. Wave heig
hts and directions are sourced from the ECMWF ERAS reanalysis dataset
(https://cds.climate.copernicus.eu/datasets/reanalysis-era5-single-lev
els).
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