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h he land-sea i f | wheth
Changes at the land-sea interface reveal whether mangrove systems advance seaward, Accepted 27 September 2026

retreat landward, or undergo coastal squeeze as their seaward and landward bounda-
ries converge. Yet global assessments have largely relied on area change, with less KEYWORDS

focus on these directional processes. This study applies a global coastline-normal Mangrove migration;
transect framework to Global Mangrove Watch data for 1996, 2008, and 2020. By mangrove boun_dafy; spatio-
quantifying the seaward and landward edges together with width and centroid posi- temporal evolution; coastal

tion, we distinguish expansion, directional migration, and contraction across multiple ~ Sdu€€z¢

spatial scales. Globally, mangroves lost an average width of 77.2 m: the seaward edge
retreated landward by 47.5 m, a pattern consistent with marine forcing including
relative sea-level rise and coastal erosion, while the landward edge shifted seaward
by 53.7 m, compatible with restricted accommodation space. Together, these opposing
movements reveal widespread asymmetric contraction. Among regions exhibiting clear
directional migration, 65.2% shifted seaward, including advances of up to 2.5 km in
Marajé Bay, Brazil, whereas less frequent landward migration reached 5.6 km in the
northern Gulf of Mexico. After 2008, the prevalence of landward migration increased,
particularly across Asia and Africa. The edge trajectories constrain the set of plausible
controls but do not uniquely attribute change to sea-level rise, sediment supply,
topography, land use, or restoration. Conservation should therefore protect potential
landward migration pathways while accounting for uncertainty in the mechanisms
producing individual local trajectories.

1. Introduction

Occupying the transition between terrestrial and marine domains, mangrove forests continually adjust their
cross-shore position as sedimentation, inundation, erosion, and human land use alter the available intertidal
space. Satellite remote sensing has progressively resolved mangrove extent, structure, and multi-decadal
change, but most global products remain area based and therefore do not explicitly distinguish movement
of the seaward and landward boundaries (Lu and Wang 2021; Lucas et al. 2020; Lymburner et al. 2020;
Wang et al. 2019).

Mangroves are among the most productive coastal ecosystems, providing critical services including carbon
sequestration, shoreline stabilisation, and protection from storm surges (Alongi 2002; Giri et al. 2011; Jia et al.
2023; Spalding 2010; Sunkur et al. 2023). Their persistence under climate change depends on their capacity to
adjust to relative sea-level rise through vertical accretion, lateral migration, or both (Lovelock et al. 2015;
Schuerch et al. 2018; Wen, Glasby, and Hughes 2023). Process-based studies show that this adjustment is
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governed by the interaction of sediment supply, elevation dynamics, and accommodation space, with thresh-
olds beyond which mangroves cannot maintain their position relative to rising sea levels (Krauss et al. 2014;
Saintilan et al. 2020; Woodroffe et al. 2016). Where sediment supply is sufficient, mangroves may expand
seaward; where accommodation space exists, they may migrate landward; and where both pathways are
constrained, coastal squeeze leads to contraction of width and area (Phan, de Vries, and Stive 2015; Rogers
2021). These processes are further modified by coastal geomorphology, tidal range, and hydrodynamic
conditions, producing spatially heterogeneous responses across regions and scales (Xie et al. 2022).

Despite this mechanistic understanding, a fundamental conflict persists in the interpretation of man-
grove change. At the process level, rising sea levels are expected to drive landward retreat, while sediment
accumulation may promote seaward expansion. At the observational level, however, global analyses
frequently report net-areal loss or gain without resolving directionality, leading to apparently contradictory
evidence of simultaneous landward retreat and seaward advance (Giri et al. 2011; Goldberg et al. 2020;
Hagger et al. 2022; Thomas et al. 2017). This inconsistency reflects a mismatch between process-based
expectations and the metrics used to quantify change. Area-based assessments integrate multiple pro-
cesses into a single scalar measure, obscuring whether mangroves are adapting through migration,
expanding through sedimentation, or being compressed by coastal squeeze. As a result, identical net-
area changes may arise from fundamentally different underlying dynamics, limiting the ability to diagnose
mechanisms or predict future responses.

This interpretive problem is compounded by scale. Landsat and Sentinel-2 time series, multi-source
observations, interpretable classification, and border-focused training have substantially improved national
and regional mangrove mapping (Tian et al. 2025; Yang et al. 2024; Ye and Weng 2025; Zhao and Qin 2020;
Zhao et al. 2023;). Local studies can also contextualise change using sediment, storm, or land-use evidence
(Liang et al. 2025; Sun and Jiang, 2024). Conversely, global products provide consistent coverage but
usually lack an explicit coast-normal representation of both boundaries. A standardised framework for
quantifying edge movement across scales is therefore needed, while recognising that directional geometry
alone cannot identify a unique driver.

Accordingly, this study addresses five objectives that move from global edge measurement to classifi-
cation, multi-scale comparison, interpretive reconciliation, and robustness assessment.

The objectives concern observed edge geometry and its robustness across sampling densities and
spatial scales; they do not treat spatial patterns as causal driver identification.

Specifically, this study aims to: (1) quantify global changes in mangrove seaward and landward
boundaries from 1996 to 2020; (2) distinguish expansion, directional migration, and contraction using
edge-based indicators; (3) assess how migration patterns vary across spatial scales and regions; (4) reconcile
the apparent coexistence of landward retreat and seaward expansion; and (5) evaluate whether the
principal categorical results are sensitive to reduced transect-sampling density.

To address these objectives, we use Global Mangrove Watch data for 1996, 2008, and 2020 (Bunting et al. 2022;
Xu et al. 2024) and a global coastline-normal transect framework that separately measures the seaward (nearest)
and landward (farthest) boundaries. Nearest Distance Change (NDC), Farthest Distance Change (FDC), Width
Change (WC), Centroid Distance Change (CDC), and Extreme Distance Change (EDC) are combined to distinguish
expansion, directional migration, and contraction across grid, national, and continental scales.

By explicitly resolving change direction, the framework moves beyond a single area statistic and
identifies where opposing edge movements warrant closer examination of accommodation space, sedi-
ment supply, or anthropogenic constraints. These controls are treated as hypotheses requiring independent
contextual evidence rather than as drivers diagnosed from edge movement alone.

2. Materials and methods
2.1. Analytical framework and study design

This study quantifies global mangrove land-sea migration by explicitly resolving the movement of both
seaward and landward mangrove boundaries. The analysis is designed to distinguish between three
fundamental outcomes—seaward expansion, landward retreat, and coastal squeeze—by separating the
behaviour of each edge and their combined effect on mangrove width. To achieve this, we implement a
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coastline-normal transect framework to extract directional metrics from multi-temporal mangrove distribu-
tion data, followed by classification and multi-scale statistical analysis.

The workflow comprises four stages: (1) construction of a global coastal baseline and generation of
coastline-normal transects; (2) extraction of edge-based and spatial indicators describing mangrove posi-
tion and width; (3) calculation of temporal changes between 1996, 2008, and 2020; (4) classification of
migration patterns and analysis across grid, national, and regional scales.

This framework ensures that mangrove change is interpreted in terms of directional processes rather
than net area alone.

2.2. Data sources and transect generation

Mangrove distribution data were obtained from the Global Mangrove Watch (GMW) dataset (Bunting et al. 2022),
using three benchmark years: 1996, 2008, and 2020. These time points define two analysis periods (1996-2008 and
2008-2020), enabling decadal-scale assessment of migration dynamics.

A static global coastal baseline was derived from the Natural Earth 1:110 million coastline dataset
(version 4.1.0, released May 2018; https://www.naturalearthdata.com/) and manually checked to maintain a
consistent seaward geometric reference for measuring land-sea distances. The baseline was not interpreted
as the observed shoreline in 1996, 2008, or 2020. Because the same origin and transect orientation were
used for all epochs, a constant positional offset cancels in temporal distance differences.

From this baseline, equally spaced transects were generated perpendicular to the coastline at 3 km
intervals using the Google Earth Engine (GEE) platform. A sensitivity test for the choice of 3 km is attached
in the supplementary material. Transects were extended landward across mangrove zones, with lengths
defined according to regional mangrove extent using Marine Ecoregions of the World (MEOW) classifica-
tions (Spalding et al. 2007). This ensured that transects captured the full cross-shore distribution of
mangroves in each region.

2.3. Extraction of edge-based indicators

For each transect and time point, mangrove patches were identified and analysed using a 50 m buffer to
isolate intersecting mangrove areas. From these, two key boundary points were extracted: the seaward
(nearest) edge and the landward (farthest) edge relative to the coastal baseline (Figure 1). These points
form the basis for all directional metrics.

4°34°E 4°36'E 4°38°E 4°41E
1 1 1

A

-6°17N

- 6°14'N

QO Centroid
— Coastal baseline
Sampling lines
Mangrove extent
[ ] grove I 6°12N
e, Mangrove patches 0
=

Figure 1. Extraction method of mangrove land-sea migration indicators.
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2.3.1. Mangrove width

Mangrove width was calculated as the total number of mangrove pixels intersecting each transect multiplied by
the spatial resolution (K= 25 m) (Xu et al. 2024). For a given region k, the average mangrove width was calculated
as the arithmetic mean of all transect-based width measurements within that region. As a scalar indicator,
mangrove Width Change WCj) reflects overall expansion or contraction trends. It was calculated as follows:

3

W = K X N; (M

1
m =
WG = Wiy — Wiq 2)

where, W represents the average mangrove width for the k" region; K (= 25 m) denotes the sampling distance.
For k™ region, N; x is number of mangrove pixels for the i sampling line, and m is total number of sampling lines;
Wi and W, denote mangrove width, with subscripts a and b denoting initial and final time periods, respectively.

2.3.2. Extreme distance change
We calculated extreme distance for both the nearest and farthest distances to the coastal baseline. First, to
isolate mangrove patches along the transect, a 50-m buffer was used to clip the mangrove extent. These
patches were then intersected with the sampling line to identify two boundary points: the sea-facing and
land-facing edge points. The distances from these two points to the coastal baseline along the transect
were recorded as the Nearest Distance (ND) and Farthest Distance (FD) to the sea, respectively (Figure 1).
Nearest Distance represents the distance between the sea-facing edge of mangroves and the sea.
Therefore, the Nearest Distance Change (NDC) reflects the movement of the sea-facing edge of mangroves
and was calculated as follows:

M3

NDy = ND; « (3)

1
m;

1
NDCy = NDyp — NDyq (4)

where, ND,, represents the average nearest distance to the sea for k™" region, ND; y is the nearest distance to
the sea of mangrove patches for /" sampling line, and m is total number of sampling lines; NDy, and NDj,
denote nearest distance at final (b) and initial (a) periods. NDC is a directional variable, with positive values
indicating landward migration and negative values indicating seaward migration.

The farthest distance represents the distance between the land-facing edge of mangroves and the sea.
Therefore, the Farthest Distance Change (FDC) reflects the movement of the land-facing edge of man-
groves and was calculated as follows:

3

FDy = FD; « (5)

1
m -4

FDCy = FDyp — FDyq (6)

where, FD, represents the average farthest distance to the sea for k™" region, FD; x is the farthest distance to
the sea of mangrove patches for /" sampling line, and m is total number of sampling lines; FDy, and FD,
denote farthest distance at final (b) and initial (a) periods. FDC; is a directional variable, with positive values
indicating landward migration and negative values indicating seaward migration.

By summing the changes in the nearest and farthest distances, the total migration distance was
obtained, reflecting the extreme land-sea displacement of mangroves. The Extreme Distance Change
(EDCy) was calculated as follows:

EDC, = NDCy, + FDC; (7)

where, NDC, and FDC, represent nearest distance change and farthest distance change for k' region,
respectively. The sign of EDCy indicates the predominant migration direction, with positive values denoting
landward movement and negative values denoting seaward movement.



GISCIENCE & REMOTE SENSING e 5

2.3.3. Centroid distance change

Centroid Distance (CD) was used to characterise the overall distance of mangrove patches from the sea. A
50 m buffer was applied to each transect and used to clip the mangrove extent, extracting the mangrove
patches along the transect (Figure 1). The centroid of each extracted patch (x., y) was then calculated
using the following formula (Jia et al. 2016):

_ XLaXai
- n
2iqa

(8)

n

_ s ai
n
i=1Gi

)

(a
where, (x;, y) represents the centroid coordinates for each basic shape, g; is the area of each basic shape.
By calculating the distance between the centroid and the coastal baseline, the centroid distance of

mangroves along the transect was obtained. The Centroid Distance Change (CDC) was used to reflect the
overall land-sea migration of mangrove patches and was calculated as follows:

M3

CDy = CDix (10)

1
m‘1

CDCy = CDypy — CDyq (1)

where, CDj represents the average centroid distance to the sea for k" region, CD; x is the centroid distance
to the sea of mangrove patches for i sampling line, and m is total number of sampling lines; CDy, and CDy,
denote centroid distance at final (b) and initial (a) periods. CDC; is also a directional variable, with positive
values indicating landward migration and negative values indicating seaward migration.

For all directional indicators, positive values denote landward displacement and negative values denote
seaward displacement; WC > 0 denotes expansion and WC < 0 denotes contraction. At 1°x 1° grid scale for
1996-2020, the observed ranges were NDC: —1034.4 to 5629.1 m; FDC: —2468.3 to 3402.0 m; EDC: —1724.9
to 5622.2 m; CDC: —1350.5 to 2135.4 m; and WC: —5732.5 to 694.7 m. Display limits in the figures are used
only to reveal distributional detail and do not filter the data.

2.4. Classification of migration patterns

Mangrove migration patterns were classified based on the combined behaviour of Width Change (WC),
Nearest Distance Change (NDC), and Farthest Distance Change (FDC). This classification distinguishes six
categories representing expansion, contraction, and directional migration (Table 1; Figure 2): Categories 1
and 4: Landward Migration; Categories 2 and 5: Seaward Migrations; Categories 3 and 6: No Dominant
Directional Change.

This classification explicitly captures the geometric squeeze configuration: contraction (WC < 0) accom-
panied by landward retreat of the seaward edge (NDC = 0) and seaward movement of the landward edge
(FDC < 0). The convergence of the two mapped edges is directly observed, whereas the environmental or
anthropogenic causes of that convergence require independent evidence.

Table 1. Classification of mangrove land-sea migration patterns.

WC NDC-FDC condition Mangrove change status Migration pattern categories
>0 NDC=0 A FDC>0 Mangrove expansion with landward movement 1
NDC<0 A FDC<0 Mangrove expansion with seaward movement 2
-D Mangrove expansion with no overall directional change 3
<0 NDC=0 A FDC>0 Mangrove contraction with landward movement 4
NDC<0 A FDC<0 Mangrove contraction with seaward movement 5
-D Mangrove contraction with no overall directional change 6

Note: D=(NDC>=0 A FDC>0) vV (NDC<0 A FDC<0); therefore, =D is the mathematical complement of the two directional NDC-FDC
conditions.
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Figure 2. Schematic diagram of six mangrove land-sea migration patterns.

2.5. Multi-scale statistical analysis

All indicators were aggregated to a 1°x 1° grid to analyse global spatial patterns while retaining local
variability. Results were also summarised at national and continental scales to assess scale-dependent
behaviour.

Temporal changes were evaluated across two periods (1996-2008 and 2008-2020) to identify shifts in
migration dynamics. Statistical summaries, including mean, median, and distributional properties, were
computed for all indicators, and spatial clustering of migration types was analysed across regions.

The multi-scale analysis evaluates whether local edge configurations persist, cancel, or become concen-
trated when aggregated to grid, national, and continental units. Differences among scales describe the
spatial organisation of change and generate hypotheses about potential controls; they are not treated as
statistical attribution of drivers.

3. Results

This section quantifies mangrove land-sea migration from 1996 to 2020 using the edge-based indicators
defined in the Methods. The analysis proceeds from global patterns to temporal and regional variation, and
then to scale-dependent interpretation across national and 1°x 1° grid units. This structure is necessary
because mangrove migration is not expressed uniformly across scales: global averages reveal the dominant
contraction signal, regional distributions show where that signal is strongest or weakening, and grid- and
country-level analyses reveal how local seaward and landward shifts aggregate into broader patterns.
Results are interpreted using Width Change (WC), Nearest Distance Change (NDC), Farthest Distance
Change (FDC), Extreme Distance Change (EDC), and Centroid Distance Change (CDC), which together
distinguish expansion, contraction, directional migration, and coastal squeeze at the land-sea interface.

3.1. Overall global trends in mangrove-edge change

Based on the sampling lines, change indicators were extracted and aggregated into 1°x 1° grids. Because
extreme values affected the overall data display, the box plots were stretched to show distributional detail
while outliers were hidden for clarity (Figure 3; Table 2). From 1996 to 2020, global mangroves declined in
average width by 77.2 m, indicating a substantial reduction in cross-shore extent. This reduction reflects
opposing movements of the mangrove edges: the sea-facing edge retreated landward, with a mean
Nearest Distance Change (NDC) of 47.5 m, while the land-facing edge shifted seaward, with a mean
Farthest Distance Change (FDC) of —53.7 m. Together, these changes produced a weak net seaward signal,
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1996-2020
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Landward / Increase
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Figure 3. Split half-violin and box plots of the five 1996-2020 indicators at 1°x 1° grid scale. NDC and FDC describe
displacement of the seaward and landward mangrove edges, respectively; EDC is their summed displacement, CDC
describes centroid displacement, and WC describes width change. Positive values are shown on the right half of each
distribution and denote landward movement, or expansion for WC; negative values are shown on the left and denote
seaward movement, or contraction for WC. The display is limited to —250 to 250 m only to reveal distributional detail;
density estimation and summary statistics use the complete data, whose full ranges are reported in Section 2.3 and
Table 2.

Table 2. Key statistics for each indicator from 1996 to 2020.

Nearest distance Farthest distance Extreme distance Centroid distance
Measure change (m) change (m) change (m) change (m) Width change (m)
Minimum -1034.4 —2468.3 -1724.9 —1350.5 —5732.5
1st Qu. -0.2 -42.7 -39.2 =233 -86.7
Median 53 -4.7 0.0 -0.3 -234
Mean 47.5 -53.7 -6.2 -39 -77.2
3rd Qu. 422 0.0 23.8 19.1 0.0
Maximum 5629.1 3402.0 5622.2 21354 694.7

with an average Extreme Distance Change (EDC) of —6.2 m and an average Centroid Distance Change (CDC)
of —3.9 m.

This combination of positive NDC, negative FDC, and negative WC indicates that the global signal is not
simple directional migration but contraction from both boundaries. Near-zero EDC and CDC values
therefore do not imply stability. Rather, they reflect compensating edge movements that mask a systematic
loss of mangrove width. The global pattern is consistent with widespread coastal squeeze, in which
mangroves are compressed between retreat of the seaward edge and constraints acting on the landward
edge.

The spatial distribution of global mangrove land-sea migration patterns from 1996 to 2020 was analysed
at both grid and country scales (Figure 4). Grid-based classification showed that mangrove areas experien-
cing width reduction (Categories 4, 5, and 6) accounted for 74.2% of the total, while expansion (Categories
1, 2, and 3) accounted for 25.8%. Areas exhibiting clear directional migration (Categories 1, 2, 4, and 5)
accounted for 32.2% of the total. Within these, seaward migration was more prevalent than landward
migration, with proportions of 65.2% and 34.8%, respectively.

Seaward migration was globally distributed, with regional concentrations in the Philippines, Sulawesi,
and the eastern coast of Myanmar. The most extreme seaward case occurred in Marajo Bay, Brazil, where
displacement reached 2468.2 m. Nine countries showed an overall seaward pattern, including Myanmar
and Venezuela. Landward migration had less distinct regional concentration, but nine countries also
displayed an overall landward pattern; the largest displacement occurred in the northern Gulf of Mexico
(5629.1 m). Only South Africa, Timor-Leste, and Bangladesh combined landward migration with increased
mangrove width, whereas the remaining six countries combined landward movement with width loss.
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Figure 4. Global distribution of mangrove migration patterns during 1996-2020 at (a) 1° x 1° grid and (b) national scales.
Categories 1 and 4 indicate landward expansion and contraction, respectively; Categories 2 and 5 indicate seaward
expansion and contraction; and Categories 3 and 6 indicate expansion and contraction without a dominant migration
direction. The complete NDC-FDC-WC conditions are given in Table 1.

3.2. Temporal, national, and regional change patterns

Mangrove migration patterns were extracted using national boundaries and 1° x 1° grids for the three time
points 1996, 2008, and 2020, producing two study phases: 1996-2008 and 2008-2020 (Figures 5 and 7).
Comparison between these phases shows a clear temporal shift in migration dynamics.

In Phase 1 (1996-2008), directional migration was relatively limited. Most regions exhibited near-zero
EDC and CDC values, reflecting balanced edge movements rather than stability. In Phase 2 (2008-2020),
landward migration became more prominent. At the national scale, the number of countries exhibiting
landward migration increased from 5 (6.3%) in Phase 1 to 17 (21.3%) in Phase 2 (Figure 5), indicating a
substantial increase in inland displacement.

To further examine these patterns, countries with dominant migration in each phase were ranked by
EDC (Figure 6). For Phase 2 landward-migrating countries, CDC generally aligned with EDC, except in Oman
and Madagascar. Bangladesh showed the strongest landward migration, driven primarily by landward
boundary displacement and accompanied by increased width. Ghana also showed strong centroid migra-
tion despite relatively small EDC values.

In contrast, Phase 1 seaward-migrating countries showed greater divergence between CDC and EDC,
including Myanmar, the United Arab Emirates, Indonesia, and Fiji. Myanmar exhibited the strongest
seaward migration, driven primarily by changes in the land-facing boundary and associated with width
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Figure 5. National-scale mangrove migration patterns during (a) 1996-2008 and (b) 2008-2020. Categories 1 and 4
indicate landward expansion and contraction, respectively; Categories 2 and 5 indicate seaward expansion and contrac-
tion; and Categories 3 and 6 indicate expansion and contraction without a dominant migration direction. The complete
NDC-FDC-WC conditions are given in Table 1.

reduction. Venezuela showed a low CDC value that did not correspond to its EDC ranking, highlighting
differences between centroid and edge-based metrics.

Several countries, including the United States and Fiji, showed reversals in migration direction between
phases. More than half of all countries (41, or 51.3%) showed no clear directional migration trend in either
phase. For example, Pakistan experienced a width reduction of 886.4 m without a clear directional trend,
indicating balanced contraction from both boundaries.

At the grid scale, seaward migration was more prevalent than landward migration in both phases
(Figure 7). In Phase 1, seaward migration occurred 1.89 times more frequently than landward migration,
while in Phase 2 this ratio decreased to 1.45. Both migration types increased in Phase 2, but landward
migration increased more rapidly, with landward grids increasing by 46.9% compared with 12.6% for
seaward grids.

3.2.1. Regional analysis

Regional distributions further clarify the spatial and temporal dynamics of mangrove migration across the
four major geographies (Figures 8 and 9). During Phase 1 (1996-2008), the statistical distributions of CDC
and EDC across all regions were tightly centred around zero, initially showing no clear directional trend in
overall mangrove migration (Figure 8).
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However, this apparent stability masked significant internal boundary dynamics. As illustrated in
Figure 9, the near-zero CDC and EDC values resulted from strongly opposing migration directions at the
two margins. During Phase 1, NDC values were predominantly positive, indicating a landward migration of
the seaward edge. Simultaneously, FDC values were overwhelmingly negative, indicating a seaward
migration of the landward edge. This opposing directional trend—where both boundaries migrate toward
each other—highlights a severe bilateral coastal squeeze across most regions. This contraction was most
pronounced in Asia, which exhibited the widest deviations in both the landward-shifting NDC and the
seaward-shifting FDC, reflecting substantial mangrove shrinkage. In contrast, changes in Oceania were
relatively modest, suggesting highly stable boundary conditions.

In Phase 2 (2008-2020), CDC and EDC values remained approximately centred around zero but became
more dispersed, indicating greater local variability (Figure 8). NDC and FDC distributions moved closer to
zero than in Phase 1, while the prevalence of grids and countries classified as landward migration increased,
particularly in Asia and Africa (Figure 9). With only two 12-year intervals, these results demonstrate a change
in the frequency and distribution of migration classes, not a statistically resolved acceleration or a discrete
post-2008 climatic or policy trigger.

4. Discussion

The results reveal a dominant global signal of contraction alongside regionally variable and locally
expressed migration patterns. Opposing movements of the seaward and landward edges are directly
observed, whereas sea-level rise, sediment supply, topography, land use, and restoration remain potential
controls whose contributions cannot be separated by edge geometry alone. Interpretation therefore
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direction. The complete NDC-FDC-WC conditions are given in Table 1.

proceeds from observed indicators, to configurations consistent with particular mechanisms, and only then
to locally supported contextual evidence.

4.1. Validation of extracted land-sea migration patterns using representative regions

To validate the reliability of the extracted land-sea migration patterns, several representative regions of change
were selected and visually examined using high-resolution remote sensing imagery. One of the most illustrative
examples is Maheshkhali Island, located in the northeastern Bay of Bengal, which exhibited significant seaward
and landward mangrove shifts during different phases of the study period (Figure 10).

In Phase 1, pronounced seaward migration was observed, with mean centroid displacement up to 655.3
m (Figure 10b,c). The mapped expansion coincided with local sediment trapping and land-building
activities that may have favoured colonisation of newly accreted intertidal zones (Jupin et al. 2023). This
contextual correspondence is compatible with a sediment-related contribution but does not isolate it from
hydrodynamic or management effects.

In Phase 2 (2008-2020), mangroves along the adjacent Maheshkhali Channel exhibited landward
migration (Figure 10¢,d). Changes in sediment supply, hydrodynamics, erosion, or intervention are plausible
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Figure 8. Regional distributions of Centroid Distance Change (CDC) and Extreme Distance Change (EDC), in metres,
during 1996-2008 and 2008-2020. Positive values denote landward movement and negative values denote seaward
movement. Violins and box plots summarise 1°x 1° grid values within Africa, the Americas, Asia, and Oceania. The display
is limited to —100 to 100 m only to reveal distributional detail; the underlying data were not filtered.

explanations, but they cannot be separated by the available observations. The agreement between mapped
edge trajectories and high-resolution imagery supports the reliability of the directional indicators without
establishing a specific cause.

4.2. Relationship between mangrove migration and broader tidal wetland dynamics

To further explore the relationship between mangrove migration and broader intertidal ecosystem
dynamics, we compared the extracted migration patterns with tidal wetland changes using the global
dataset provided by Murray et al. (2022), applying the same methodological framework described in
Section 2.2 (Table 3).

As mangroves represent a key component of tidal wetlands, their spatial dynamics are closely linked.
Mangrove migration can be viewed as a subset of broader tidal wetland migration, while the extent of
other tidal wetland types, including tidal flats and saltmarshes, may create spatial opportunities for
mangrove expansion (Waycott et al. 2011).

At Maheshkhali Island, tidal wetlands migrated landward during both phases. Mangrove movement
aligned with this trend in Phase 2 but showed the opposite pattern in Phase 1. This mismatch may result
from slight differences in the timeframes used for mangrove and tidal wetland analyses, or it may reflect
genuine differences in migration behaviour. The shift in mangrove migration type between phases
suggests that earlier landward movement of tidal wetlands may have created suitable substrate for
subsequent mangrove expansion.
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during 1996-2008 and 2008-2020. NDC describes the seaward edge and FDC the landward edge; positive values denote
landward movement and negative values denote seaward movement. Violins and box plots summarise 1° x 1° grid values
within Africa, the Americas, Asia, and Oceania. The display is limited to —100 to 100 m only to reveal distributional detail;
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A contrasting pattern is observed at the Amazon River mouth. In both phases, tidal wetlands expanded
and exhibited consistent seaward migration, primarily driven by strong expansion of the sea-facing edge. In
contrast, mangroves experienced contraction in Phase 1 followed by expansion in Phase 2, with notable
landward migration during Phase 1. These differences highlight the complexity of intertidal ecosystem
interactions and demonstrate that mangroves, while linked to broader wetland systems, respond to drivers
in distinct and sometimes asynchronous ways.

4.3. Potential controls on mangrove land-sea migration and limits of attribution

Interpreting potential controls on mangrove land-sea migration requires linking the observed edge
configurations to independent environmental and land-use evidence. Relative sea-level rise, sediment
dynamics, storms, topography, aquaculture, infrastructure, and restoration can each influence boundary
position, but the present global edge dataset does not estimate their independent causal contributions.
Because the 2018 Natural Earth coastline was held fixed across the three observation years, the reported
edge displacements represent changes relative to a common geometric baseline rather than movement
relative to the contemporaneous shoreline. Although this fixed reference improves temporal comparability
and causes a constant baseline offset to cancel in temporal differences, coastline migration and general-
isation may locally alter transect orientation and mangrove-patch intersections, particularly in rapidly
changing deltas and fragmented archipelagos. Accordingly, local displacement estimates in such settings
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Figure 10. High-resolution temporal remote sensing imagery (from Google Earth Pro) of mangrove migration in a
representative region: Maheshkhali Island, located in the northeastern Bay of Bengal, Bangladesh. The blue and yellow
outlined areas highlight mangroves undergoing seaward and landward migration, respectively.

Table 3. Key parameters for the extraction of tidal wetland and mangrove migration in representative regions.

Typical area Type Time period NDC (m) FDC (m) EDC (m) CDC (m) WC (m)
Maheshkhali Tidal wetland 1999-2010 71.0 44.8 115.9 288.4 94.5
2010-2019 -173.9 188.6 14.7 451.0 383.3

Mangrove 1996-2008 543.7 -1150.8 —607.1 —1234.8 —447.5

2008-2020 —1455.2 1266.1 —189.1 1033.4 1257.2

Amazon Tidal wetland 1999-2010 -1401.0 -79.6 —1480.6 —523.3 242.2
2010-2019 —1445.2 -1.7 —1446.9 7714 397.0

Mangrove 1996-2008 306.6 -293.8 12.8 -34.2 -22.7

2008-2020 —1964.8 —605.3 —2570.1 -1638.3 1568.0

should be interpreted with caution, while the fixed baseline preserves a consistent temporal reference for
regional and global comparisons.

At the global scale, the Results show a mean width loss of 77.2 m accompanied by opposing movements
of the seaward and landward edges (NDC =47.5 m; FDC = —53.7 m; Table 2). This observed configuration is
consistent with compression between marine-side retreat and restricted landward accommodation, but it
does not by itself identify the processes responsible for either edge movement.

Figure 11 places the observed squeeze configuration within an idealised tidal-estuary framework. Panel
(a) shows three non-exclusive landscape contexts: river-sediment input supporting seaward expansion,
open low-gradient accommodation space allowing landward migration, and local topographic or infra-
structure restriction producing edge convergence. Mangroves form a dense seaward intertidal belt and
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Figure 11. Conceptual mangrove edge-response pathways. (a) An idealised tidal estuary showing sediment-supported
seaward expansion, landward migration where accommodation space remains open, and edge convergence where space
is restricted. Mangroves form a dense seaward intertidal belt and become sparser inland along tidal distributaries. (b)
Corresponding NDC-FDC phase space. WC = FDC — NDC = 0 separates expansion from contraction; C1-C6 denote the six
classes in Table 1. Coloured arrows are illustrative pathways, and the black diamond records the observed global sign
combination (NDC > 0; FDC < 0). The pathways do not identify causal drivers.

become progressively sparser inland along tidal distributaries. Panel (b) maps these pathways into
NDC-FDC phase space: WC=FDC — NDC =0 separates expansion from contraction, C1-C6 correspond to
Table 1, and the black diamond records only the observed global mean sign combination (NDC >0 and
FDC < 0). The coloured vectors are illustrative, non-exclusive pathways rather than fitted driver effects.

At the regional scale, variability in sediment supply and accommodation space modulates this global
signal. Regions with high sediment supply can sustain seaward expansion, as illustrated by the Marajé Bay
example in Brazil (up to 2468.2 m), while regions with available accommodation space allow substantial
landward migration, as observed in the northern Gulf of Mexico (up to 5629.1 m). However, in many
regions, anthropogenic pressures limit inland migration pathways. Activities such as river damming,
dredging, aquaculture expansion, and coastal infrastructure development restrict sediment delivery and
reduce available accommodation space, thereby constraining adaptive capacity (Schuerch et al. 2018; Di
Nitto et al. 2014; Jankowski, Térnqvist, and Fernandes 2017).

To add locally contextualised quantitative evidence, we assessed southern Mekong Delta (Figure 12). The
grid intersected 47 transects, of which 44 supported valid 2-km landward assessment corridors. Within
these corridors, Copernicus DEM GLO-30 elevation had a median of 1.8 m (interquartile range 0.5-2.6 m),
and 98.8% of cells were at or below 5 m. Mapped 2020 aquaculture occupied 28.6% of corridor area (Jiang
et al,, 2024). Together with NDC=284.7 m, FDC=-57.2 m, and WC=-637.3 m during 1996-2020, these
observations show that low-lying accommodation space coincides locally with substantial aquaculture
occupation. Aquaculture is interpreted as a potential land-use constraint, not as proof that it caused the
observed contraction.

At the local scale, diverse edge combinations produce the patterns observed in Figures 6 and 7. Seaward
migration was 1.89 and 1.45 times more frequent than landward migration at grid scale in the two periods,
whereas the number of countries classified as landward migration increased from 5 (6.3%) to 17 (21.3%).
These are descriptive differences in frequency and regional concentration; they do not demonstrate
sediment-driven processes or reduced constraints without independent local evidence.

These scale-dependent patterns explain how global contraction can coexist with local seaward migration
and a post-2008 increase in the prevalence of landward migration. The mapped geometry is compatible
with multiple interacting controls, but the relative effects of sea-level rise, sediment dynamics, land use, and
restoration require temporally matched driver data.
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Figure 12. Representative topographic and anthropogenic context for grid NO9E105 in the southern Mekong Delta/Ca
Mau coastal setting. (a) Copernicus DEM GLO-30 elevation and coast-normal transects; yellow circles locate the mapped
2020 landward mangrove edges. (b) Mapped 2020 coastal aquaculture ponds (blue) and 2-km landward assessment
corridors (orange). Within the corridor, median surface elevation was 1.8 m (interquartile range 0.5-2.6 m), 98.8% of DEM
cells were < 5 m, and aquaculture occupied 28.6% of corridor area. The grid exhibited NDC = 284.7 m, FDC=-57.2 m, and
WC =-637.3 m during 1996-2020. This local correspondence is not treated as causal attribution. Aquaculture data: Jiang
et al. (2024); DEM: Copernicus GLO-30 (2021 release).

The 2008 epoch is an observation boundary rather than a statistically detected changepoint. The
2008-2020 interval overlaps continued global mean sea-level rise and the expansion of restoration,
protected-area, and climate-adaptation initiatives, any of which could alter mapped edge gains or available
accommodation space (Arifanti 2020; Lovelock et al. 2015; Worthington et al. 2020). Because these
environmental and policy changes were gradual, regionally asynchronous, and not encoded as temporally
matched covariates, the observed increase in landward-migration prevalence is contextualised as coinci-
dent with—not attributed to—global climate or policy shifts.

4.4. Coastal squeeze, ecosystem services, and management implications

The significance of monitoring mangrove migration lies in the essential ecosystem services these forests
provide (Lee et al. 2014). Regions exhibiting positive NDC, negative FDC, and width loss have an edge
configuration consistent with coastal squeeze. Continued loss of mangrove width can reduce ecosystem
function, although the consequences at individual sites depend on forest structure and local setting
(Barbier 2016; Gedan et al. 2011).

Restoration provides an additional anthropogenic explanation for some apparent edge gains. Planting or
assisted natural regeneration on abandoned landward aquaculture or agricultural land can appear as
landward migration, whereas planting on accreting tidal flats can produce seaward expansion. Because
Global Mangrove Watch does not encode whether new cover arose from natural recruitment or interven-
tion, the post-2008 increase in landward-migration prevalence cannot be attributed solely to sea-level rise
or changing accommodation space.

The Results show that 74.2% of analysed mangrove units experienced contraction, indicating that
squeeze-consistent edge configurations are widespread rather than localised. Width loss can affect shore-
line protection, carbon storage, and habitat provision, but these ecological consequences were not
measured directly in the present analysis.

By identifying areas where opposing edge movements lead to contraction, the analysis provides a
spatially explicit basis for prioritising restoration and conservation efforts. Incorporating mangrove migra-
tion patterns into coastal zone management enables more adaptive strategies that anticipate ecological
responses to sea-level rise, erosion, and infrastructure development (Walters et al. 2008).
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Effective management therefore requires moving beyond static conservation boundaries toward
dynamic approaches that preserve landward migration pathways and maintain sediment supply.

4.5. Future research and policy directions

Future research should prioritise the integration of high-resolution spatial and temporal data to refine
understanding of regional variation in mangrove migration. This includes incorporating sediment transport
modelling, hydrological data, and socioeconomic indicators to disentangle the complex drivers of change
(He et al. 2024).

Advances in Earth observation technologies, coupled with long-term ecological monitoring, will be
critical for developing early-warning systems and adaptive management frameworks (Worthington et al.
2020). Policymakers are encouraged to embed migration-informed zoning and restoration strategies into
broader coastal development agendas (Arifanti 2020), ensuring that mangrove systems retain the spatial
flexibility needed to respond to environmental change while continuing to deliver essential ecosystem
services.

5. Conclusion

This study shows that global mangrove dynamics are dominated by contraction rather than simple
directional migration. From 1996 to 2020, mangrove width declined by an average of 77.2 m alongside
opposing movements of the seaward and landward edges. Although 32.2% of analysed units exhibited
clear directional migration, approximately two-thirds shifted seaward. These edge trajectories describe the
geometry of change but do not, by themselves, identify a causal driver.

After 2008, the prevalence of landward migration increased, especially across Asia and Africa, but often
alongside continued width loss. The coexistence of landward and seaward shifts is consistent with spatially
variable sediment dynamics and accommodation space; their relative contributions, together with restora-
tion and land-use change, cannot be separated by the present design.

Effective management must therefore prioritise dynamic coastal space, particularly the protection of
landward migration pathways under accelerating sea-level rise.
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