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A B S T R A C T

Mangrove forests are globally acknowledged for stabilizing coastlines, reducing wave energy, and protecting 
coastal habitats and adjacent land uses from extreme events. However, most regions experience alarming 
mangrove loss against natural and human disturbances. This study profiles dynamic changes in mangrove cover 
and shoreline migration along the Yangon estuary using Landsat imagery and machine learning approach from 
1988 to 2023. Mangrove cover declined from 1175 ha in 1988 to 531 ha by 2011. It then increased to 5470 ha by 
2023, resulting in a net gain of over 4000 ha. Concurrently, shoreline analysis using the mangrove vegetation 
line, indicates 92 % seaward progradation along the coastline. The western shoreline recorded mean accretion 
and erosion rates of +35.6 m/yr and − 1.7 m/yr, while the eastern side showed more dynamic rates of +79.6 m/ 
yr for accretion and − 29.1 m/yr for erosion. Key findings highlight mangroves’ ability to keep pace with the 
relative SLR, aquaculture as the dominant driver of post-2008 mangrove loss, and underscore the roles of 
sedimentary variation and high sediment availability, extensive tidal flat existence, and coastal sheltering in 
supporting recent mangrove expansion. While further studies are needed, these insights offer a valuable foun
dation for future conservation and management efforts.

1. Introduction

Located in tropical and subtropical intertidal regions, mangrove 
forests are among the world’s richest ecosystems, supporting to land- 
building through sediment trapping, providing vital services such as 
flood regulation, shoreline protection, sediment trapping, biodiversity 
support, carbon sequestration, and climate adaptation (Anthony, 2004; 
Kumara et al., 2010; Brander et al., 2012; Alongi, 2016; Ahmed et al., 
2018; Hamilton, 2019). Recognized as a key nature-based approach for 
climate resilience and disaster risk management (Sunkur et al., 2023), 
mangroves remain one of the most threatened tropical biomes (Field 
et al., 1998; Polidoro et al., 2010). According to the 2024 IUCN Red List 
of Mangrove Ecosystems, 50 % of mangrove units are at risk of collapse.

Global mangroves are largely found in Asia-Pacific, followed by the 
Americas and Africa (UNEP, 2023; Bunting et al., 2018, 2022). Between 
2000 and 2020, approximately 284,000 ha of mangroves disappeared 

due to human and environmental stresses (FAO, 2023). Major anthro
pogenic factors include illegal logging, agricultural and aquaculture 
expansion, and urbanization (Richards and Friess, 2016; Ai et al., 2020; 
Leal and Spalding, 2022; Tinh et al., 2022). Natural factors such as 
hydrological and climatic changes also are having an impact on 
mangrove dynamics (Gilman et al., 2008; Alongi, 2009; Twilley and 
Day, 2013), with dominant drivers varied by region. Natural causes, for 
example, dominate in South America and Oceania, whereas 
human-caused impacts prevail in Asia and Africa (FAO, 2023).

Sea level rise (SLR) poses a major threat to mangroves (Gilman et al., 
2008), as their survival depends on available accommodation space and 
species’ ability to colonize new areas; while landward transgression may 
occur where space and adaptation allow, seaward mangroves risk 
drowning if they cannot keep pace with rising waters (Alongi, 2008). 
Mangrove response to SLR is complex. While mangroves in the 
Indo-Pacific struggle to keep pace with SLR (Lovelock et al., 2015), some 
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coasts exhibit progradation (Long et al., 2021; Xiong et al., 2024). 
Mangrove range shifts are impeded by cold sensitivity, rainfall regimes, 
and salinity extremes, which affect species distribution differently across 
regions (Osland et al., 2017). Storms also contribute to mangrove 
destruction through erosion and dieback, as proven by the 2007 Cyclone 
Ceder and the 2009 Cyclone Aila in the Sundarbans (Paul et al., 2018). 
In addition, sediment dynamics and topographic factors strongly influ
ence resilience of mangrove ecosystems, with both positive (Swales 
et al., 2019) and negative impacts (Ward et al., 2016; Lovelock et al., 
2021; Worthington et al., 2020).

Hydrodynamic forces play a critical role in building mangrove eco
systems. Recent studies have begun to quantify these influences through 
relevant thresholds. For example, Cannon et al. (2020) identified an 80 
mm critical wave height for seedling establishment on Florida’s Atlantic 
coast, while Constance et al. (2021) established wave power thresholds 
of 2.3 Wm-1 for stable mangrove zones and 7.1 Wm-1 for areas with 
mangrove presence in the Western Indian Ocean. Meanwhile, Kibbler 
et al. (2022) reported that flow velocities of 1.5 m/s and 1.2 m/s were 
sufficient to uproot Avicennia germinans and Rhizophora mangle 
seedlings, respectively. These quantitative parameters provide benefi
cial information for identifying suitable restoration sites. Complemen
tary research (Lewis, 2005; Pilato, 2019; Friess et al., 2012; Le Minor 
et al., 2019) suggests that, while these thresholds are still being 
enhanced, they reflect greater attempts to establish mangrove man
agement in hydrodynamic realities.

Despite slowing global loss trends, mangrove degradation persists 
(Hamilton and Casey, 2016). Effective conservation requires accurate, 
up-to-date spatial data (Ellison et al., 2020; Zhang et al., 2023). 
Field-based mapping remains challenging due to the difficult terrain, 
dense vegetation, and frequent tidal inundation in mangrove environ
ments. These constraints limit regular access and data collection, mak
ing remote sensing particularly beneficial for scaled, high-resolution 
monitoring (Friess et al., 2019; Thakur et al., 2019). Recent advances in 
machine learning, when combined with multispectral inputs from 
open-source datasets like Landsat and Sentinel-2, have improved 
large-scale mangrove classification and mapping with notable accuracy 
(Giri, 2016; Sawant et al., 2024).

Due to these advances, the number of remote sensing studies moni
toring mangrove dynamics in diverse coastal area is increasing. Some 
instances include southern Vietnam (Veettil et al., 2019), the Beibu Gulf 
(Long et al., 2022), the Indus Delta (Zhou et al., 2024), and Myanmar’s 
Ayeyarwady Delta (Xiong et al., 2024). High-resolution imagery from 
QuickBird and WorldView has facilitated species-level assessments as 
seen in the Caribbean Coast of Panama (Wang et al., 2004) and the Texas 
Gulf Coast (Everitt et al., 2007). At a global scale, mangrove forest area 
has been delineated using Landsat-based datasets, such as Mangrove 
Forests of the World (Giri et al., 2011) and Continuous Global Mangrove 
Forest Cover for 21st Century (Hamilton and Casey, 2016), and the most 
recent Global Mangrove Watch v4.0 scored 95.3 % accuracy with 
Sentinel-2 (Leal and Spalding, 2024).

While global mangrove mapping is growing rapidly, Myanmar re
mains underrepresented in the literature. Despite having the third- 
largest mangrove area in Asia (Spalding, 2010), Myanmar receives 
fewer research papers than countries with smaller areas, such as Viet
nam or the Philippines (Gerona-Daga & Salmo III, 2022). This gap 
highlights the relevance of studying the Yangon Estuary, part of the 
broader Ayeyarwady Delta system, formerly Myanmar’s most extensive 
mangrove region. Reports suggest that nearly 72 % of mangroves in the 
Ayeyarwady Delta have already been disappeared (Aung, 2022). Despite 
its ecological and socio-economic significance, the Yangon Estuary has 
received limited focused study. Moreover, while mangrove expansion is 
globally rare in recent decades, signs of recovery and gain in parts of the 
Yangon Estuary present a valuable opportunity to understand localized 
drivers of resilience and change.

Thereafter, this study aims to: (1) assess spatial and temporal 
changes in mangrove area along the Yangon Estuary, (2) examine multi- 

decadal shoreline migration of mangrove fronts, and (3) identify key 
drivers of mangrove gain and loss. The findings will deliver baseline 
knowledge to inform sustainable management, particularly as mangrove 
expansion remains an uncommon trend globally, making recent gains in 
this region scientifically significant.

2. Materials and methods

2.1. Study area

The Yangon River Estuary, situated in southern Myanmar in the 
Yangon Region, is the easternmost distributary of the Ayeyarwady Delta 
complex. The Myitmaka River, later known as the Hlaing River, joins 
tributaries such as the Pan Hlaing River, Pazundaung Creek, Bago River, 
and Twante Canal. They collectively form a wide and shallow water
course that empties into the Gulf of Martaban (Gulf of Mottama) (Fig. 1). 
The estuary hosts the Yangon Port, a major maritime gateway for na
tional trade, and has undergone considerable sedimentation and 
morphological change.

The northern Indian Ocean, which covers the Gulf of Martaban and 
the Andaman Sea, is controlled by the seasonally reversing Asian 
monsoon (Wyrtki, 1961). The northeast (NE) monsoon, December to 
February, creates average wind speeds of 15–29 km/h, whereas the 
southwest (SW) monsoon, mid-May to September, generates stronger 
winds of up to 30 km/h (Liu et al., 2020). According to data from 
Myanmar’s Department of Meteorology and Hydrology (2010–2015), 
Yangon has an annual rainfall of roughly 2800 mm, with noticeable 
seasonal change characteristic of a tropical monsoon climate (JICA, 
2016).

Tidal motion in the Gulf is semi-diurnal (Sindhu and Unnikrishnan, 
2013) with a range of 4–7 m according to the Indian Tide Tables 2002 
(2001). The estuary is exposed to tidal asymmetry, with shorter and 
steeper flood tides. High current speeds of up to 3 m/s are observed in 
the northern Andaman Sea (Ramaswamy et al., 2004). Seasonal waves, 
formed due to monsoon winds, are most intense during the southwest 
monsoon and weakest during the northeast monsoon (Besset et al., 
2017).

Seasonal river flow runoff and tidal processes significantly influence 
on sediment transport in the Yangon Estuary. While monsoon season 
records seaward-directed flow, dry season floods compel landward 
sediment movement, and transport is higher during spring tides (Sir 
Alexander Gibb and Partners, 1974; Nelson, 2000). Suspended sedi
ments are predominantly fine silt, and concentrations are widely varying 
during the wet and dry seasons, increasing considerably in the latter. 
June sediment levels of 2500 mg/L and October sediment levels of 5300 
mg/L were recorded under the latest offshore observations conducted by 
JICA (2016) in 2015. Despite these observations, the broader dynamics 
of sediment dispersal into the Gulf of Martaban remain relatively 
underexplored.

In recent years, the estuary’s delta front has attracted growing in
terest for coastal and environmental management owing to ongoing 
high sedimentation, mangrove development, and extensive mudflats. 
Fig. 1 outlines the estuarine setting, major tributaries, and the location 
of designated mangrove zones. Efforts to leverage natural infrastructure 
and greenbelt strategies have resulted in the designation of several 
previously unprotected mangrove stretches as protected since 2015, 
especially on the east coast. As part of Myanmar’s coastal resilience 
initiatives along the Gulf of Martaban, approximately 23,855 acres 
(about 9653 ha) of community-managed mangrove forests have now 
been established along the Yangon Region coastline (Ministry of Infor
mation, Myanmar, January 7, 2024).

2.2. Materials

To map the interannual spatial distribution of mangrove forests, all 
available Landsat time-series imagery (Path 132, Rows 48–49) with less 
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than 50 % cloud cover from 1988 to 2023 were acquired via Google 
Earth Engine (GEE) (https://earthengine.google.com). The dataset 
included imagery from Landsat 5 TM (1988–2011), Landsat 7 ETM+

(2012–2013), Landsat 8 Operational Land Imager (OLI) (2013–2023), 
and Landsat 9 OLI-2 (2021–2022), all sourced from Collection 1. Cloud- 
contaminated pixels—including clouds, cirrus, shadows, and atmo
spheric haze—were removed using the Fmask algorithm based on the 
image quality assessment (QA) band. The filtered imagery was used to 
generate annual median composite images, ensuring consistent and 
accurate land cover representation.

Training datasets for mangrove classification were compiled using 
the Global Mangrove Watch dataset (https://www.globalmangrovewa 
tch.org/) and historical high-resolution imagery from Google Earth. 
To incorporate tidal variability in shoreline detection, local tide tables 
from the Yangon River and Elephant Point—provided by the Myanma 
Port Authority—were utilized during the image selection process. Sup
plementary tidal information was obtained from Tide Tables published 
by the NOAA National Ocean Service, covering the Central and Western 
Pacific and Indian Ocean regions, as well as Admiralty Tide 
Tables Volume 5, which includes the South China Sea and Indonesia.

To assess potential drivers of mangrove forest change in the Yangon 
Estuary, multiple datasets were incorporated. These included the 1 arc- 
second Shuttle Radar Topography Mission (SRTM) global digital 
elevation model (DEM) for slope analysis, suspended sediment discharge 

(SSD) records from 2013 to 2023 at the Bago station provided by the 
Directorate of Water Resources and Improvement of River Systems, and 
regional sea-level rise (SLR) data from 1992 to 2023, sourced from the 
NOAA Laboratory for Satellite Altimetry. Additionally, monthly wave 
data, including direction and significant wave height for 2022, were 
obtained from the European Centre for Medium-Range Weather Fore
casts (ECMWF).

2.3. Methods

2.3.1. Mangrove area extraction
Firstly, to distinguish landforms with different surface properties, 

this study selected surface reflectance from the blue, green, red, near- 
infrared (NIR), and shortwave infrared (SWIR) bands. Six spectral 
indices were calculated for classification inputs: the Normalized Dif
ference Vegetation Index (NDVI) (Rouse et al., 1974; Tarpley et al., 
1984), Land Surface Water Index (LSWI) (Chandrasekar et al., 2010; 
Xiao et al., 2004), modified Normalized Difference Water Index 
(mNDWI) (Xu, 2006), Mangrove Vegetation Index (MVI) (Baloloy et al., 
2020), Normalized Difference Mangrove Index (NDMI) (Shi et al., 2016) 
and Enhanced Vegetation Index (EVI) (Huete et al., 2002). The following 
formulas were used in calculation of the above indices: 

NDVI=
NIR − RED
NIR + RED

(1) 

Fig. 1. Location of Study Area. A: Location of Myanmar. B: Map of Yangon River Estuary and its associated rivers. C, D: Detailed Google Earth Maps of West and East 
Coasts, respectively, with Protected Areas designated by Forest Department, Myanmar.
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LSWI=
NIR − SWIR
NIR + SWIR

(2) 

mNDWI=
GREEN − SWIR
GREEN + SWIR

(3) 

MVI=
NIR − GREEN

SWIR1 − GREEN
(4) 

NDMI=
SWIR2-GREEN

SWIR2 + GREEN
(5) 

EVI=2.5 ×
NIR − RED

NIR + 6 × RED − 7.5 × BLUE + 1
(6) 

Secondly, Google Earth Engine (GEE) was used to process annual 
Landsat composites and extract land cover classifications. The Random 
Forest (RF) classifier, widely recognized for its strong performance in 
mangrove land use classification (Farda, 2017; Kamal et al., 2019; 
Mondal et al., 2019; Li et al., 2019), was used to categorize land cover 
types including mangrove areas, non-mangrove tidal flats, terrestrial 
vegetation, surface water, bare land, and other land use classes. Training 
samples were extracted and categorized using historical Google Earth 
imagery and false color composite images. Finally, ArcMap 10.8 was 
used to handle and analyze the classified images. Geospatial tools were 
applied to calculate mangrove forest area, assess spatial coverage, and 
detect changes over time.

2.3.2. Mangrove shoreline extraction
According to Li et al. (2017), shoreline analysis is essential for 

comprehending delta evolution. While the shoreline is not a fixed line 
and therefore dynamic, it is approximated using a variety of indicators 
(Boak and Turner, 2005). Mangroves stand out among these being sig
nificant geological indicators in examinations of shoreline change 
globally (Souza Filho et al., 2006). In this study, the mangrove vegeta
tion line was selected as the shoreline indicator due to its close corre
spondence with long-term coastal dynamics in tropical deltas (Long 
et al., 2022; Xiong et al., 2024).

Mangroves can be reliably distinguished in satellite imagery through 
appropriate band combinations. For example, Marini et al. (2015)
highlighted the potential of RGB composites for visual mangrove 
delineation. Anang and Asriningrum (2019) demonstrated the effec
tiveness of Landsat 8’s 5-6-4 (NIR–SWIR–Red) composite in separating 
mangrove forests from surrounding land cover. In this study, a combi
nation of true color and false color composites, informed by such pre
vious work, was created using Landsat imagery to facilitate manual 
visual interpretation. Thirteen historical mangrove shorelines were 
extracted by overlaying selected composite images from 1988 to 2023.

To ensure tidal consistency and minimize intertidal noise, most im
agery was chosen from the dry season (November to April), and only 
images corresponding to similar tide levels—estimated using local tide 
tables from the Yangon River and Elephant Point—were selected for 
analysis. The prioritization of tide-controlled imagery improves spatial 
accuracy and consistency of shoreline delineation. In this study, 
extracted 1988 and 2023 shorelines were considered as the oldest and 
youngest shorelines to calculate the change analysis in the Digital 
Shoreline Analysis System (DSAS) of ArcGIS software.

To evaluate the potential contribution of shoreline progradation to 
vertical sediment accumulation, the average vertical sediment accu
mulation rate (AVSA) was estimated following the approach of Xiong 
et al. (2024): 

AVSA=V tan θ (7) 

Where V is the average accretion rate of the shorelines, and θ is the mean 
slope of the area obtained from DEM.

2.3.3. Extraction of shrimp pond extent and associated mangrove loss
To evaluate human-induced mangrove degradation, shrimp pond 

boundaries were manually digitized from Landsat imagery at approxi
mately five-year intervals between 1988 and 2023. Image selection was 
based not only on cloud cover but also on seasonal variation in pond 
texture, which improves visual detectability. In some cases, multi-season 
imagery was examined to capture textural changes over time. Shrimp 
ponds were identified based on distinctive geomorphological and 
spectral patterns—particularly their regular, rectilinear shapes and high 
reflectance during dry-season conditions. All digitization was conducted 
by a single analyst at a consistent viewing scale to ensure interpretive 
consistency.

Mangrove loss associated with shrimp pond expansion was quanti
fied using spatial overlay techniques in ArcGIS 10.8. For each time in
terval, mangrove loss polygons—derived from classified annual 
mangrove maps—were intersected with the pond extent from the final 
year of that period. Impounded mangrove areas were extracted by 
overlaying the classified mangrove extent with the visually delineated 
shrimp pond boundaries of the same year. This approach enabled 
quantification of both direct mangrove conversion and enclosed 
mangrove degradation linked to aquaculture development.

2.4. Accuracy assessment

Classification accuracy was evaluated using a confusion matrix 
derived from the Random Forest classifier output in GEE. The confusion 
matrix serves as a foundation for quantifying classification performance 
and identifying potential sources of error that may inform future 
refinement of classification procedures (Foody, 2002). Key metrics 
include Overall Accuracy (OA)—the proportion of correctly classified 
samples relative to the total—and the Kappa coefficient, which accounts 
for agreement expected by chance (Congalton, 1991). Additionally, 
Producer’s Accuracy (PA) and User’s Accuracy (UA) were calculated for 
each land cover class, allowing class-specific assessment of omission and 
commission errors.

The classification results demonstrated consistently high perfor
mance, with minimum OA and Kappa values of 0.92 and 0.91, respec
tively, across all analyzed years. A complete summary of OA, Kappa, PA, 
and UA values for each class and year is provided in the Supplementary 
Material (Table S1). The mangrove class specifically achieved PA values 
above 92 % and UA values above 90 % in all years, confirming its robust 
separability in the classification scheme. Although some confusion was 
observed between certain land cover categories such as mangroves and 
non-mangrove tidal flats, or bare land and sparsely vegetated areas, 
though these errors were infrequent and did not significantly compro
mise the overall classification reliability. Accuracy was largely consis
tent across time and space, with only minor reductions in early years 
likely due to lower image quality and limited vegetation cover.

For shoreline movement analysis, shoreline change rate was calcu
lated with a 90 % confidence interval in DSAS. A minimum shoreline 
intersection threshold of four transects was applied to enhance the sta
tistical reliability of calculated shoreline change rates. In some early 
images, sparse mangrove vegetation presented challenges for precise 
shoreline extraction.

3. Results

3.1. Variations in mangrove forest area

The overall mangrove coverage rose from 1175.5 ha in 1988–5469.7 
ha in 2023, as shown in Fig. 3A, which depicts area variance with linear 
regression trend lines and contributions split into two distinct eras. 
Mangroves along the study estuary have grown by 4294.2 ha within the 
last 35 years, representing 3.6 times their extent in 1988. This translates 
to the average annual increase rate of approximately 4.5 % along the 
overall coast. Nevertheless, it is important to note that this trend did not 
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persist throughout the whole study period (Fig. 2A). Despite occasional 
fluctuations, the mangrove area indicated a gradual decline mainly from 
1991 until around 2011, with almost half of the initial mangroves lost, 
opposing to the overall incline (Fig. 2A). After 2011, the mangroves 
experienced a dramatic increase, with the total increase amounted to 
4938.7 ha, making this recent period the primary contributor to the 
overall increase over the 35 years. Similarly, in terms of contribution, 
the west coast accounted for the total coverage until 2011, after which 
the east coast showed significant shift (Fig. 2A). The variations of 
mangrove area within two separated regions presented the same pat
terns in general compared to the overall trend, by taking the turning 
point at 2011 (Fig. 2B and C).

Between 1988 and 2011, in the western region, mangroves experi
enced a reduction of approximately two-thirds, decreasing from 630 ha 
to 220.2 ha, with an average annual decline of 19.3 ha. Since 2011, this 
region began to increase at an average annual rate of 111.4 ha (Fig. 2B). 
For the eastern region, although mangrove area declined from 1988 to 
2004, reaching the minimum points for all data sets, the trend line ex
tends to 2011 as it reflects a significant increase starting from this year. 

In 1988, the eastern region’s mangrove area was 547.5 ha, declining at 
an annual rate of 13.3 ha until 2011. However, after 2011, it recovered 
notably, reaching to a peak of 4656.2 ha by 2021, with an annual growth 
rate of 394.5 ha (Fig. 2C).

In summary, both coasts witnessed substantial mangrove expansion. 
Mangroves expanded by over 6-fold on the eastern coast and more than 
doubled on the western coast. Despite both regions showing expansion, 
the western region more closely mirrored the estuary-wide pattern in the 
early years, whereas the eastern region did so in the most recent years.

3.2. Gain and loss in mangrove area

Over the entire study, the two coasts revealed unique spatial patterns 
of mangrove area gain and loss (Figs. 3 and 4). To describe these 
changes, site names officially designated by the Forest Department (FD), 
as shown in Fig. 1C and D, will be referred. During 1988 to 1993 
(Fig. 3A), mangroves were primarily concentrated along the west coast. 
The Green Wall (GW) region showed significant losses both landward 
and seaward sides, while Mya Sein Thaung (MST) recorded minor gains, 

Fig. 2. Temporal variation of mangrove area along the Yangon Estuary. A: Total area from 1988 to 2023, with west (red) and east (blue) contributions. Percentages 
indicate the dominant coast’s share (black for west, white for east). B–C: Area trends for the west and east coasts, respectively, with linear regressions and 95 % 
confidence intervals.
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totaling gain and loss amount of 189.2 ha and 267.7 ha, respectively. On 
the eastern coast, mangroves that were once confined to what are now 
known as Minywar Athin and Bate Thate Mahar Thar Thar were nearly 
vanished by 1993, resulting in a total loss of 464.6 ha, with only a minor 
seaward gain of 78.4 ha.

From 1993 to 1998 (Fig. 3B), MST growth on the western coast 
mainly contributed 155.6 ha of gain while GW primarily drove deple
tion, resulting a regional loss of 224.6 ha. The east coast remained 
largely unchanged, with minimum gains (75.5 ha) and losses (64.9 ha) 
effectively balancing each other. Between 1998 and 2003 (Fig. 3C), the 
west coast experienced ongoing GW depletion, MST growth, and the 

establishment of the Ale Ywar region (ALY). These produced nearly 
balanced net changes of 161.5 ha gained and 151.9 ha lost. MST showed 
some seaward losses, likely linked to exposure to southwestern 
monsoon-driven wave action. Meanwhile, on the east coast, nearly all 
mangroves diminished, depicting 35.5 ha gained and 168 ha lost 
(Fig. 4).

Within 2003–2008 period, persistent areas in GW region began to 
deplete after 15 years of stability while MST and ALY remained rela
tively stable (Fig. 3D). The east coast began recovering, with new 
emerged patches as gains totaled 115.4 ha, while losses declined to just 
28.6 ha. Based on Fig. 3E, the 2003–2008 period revealed similar trends 

Fig. 3. Gains and losses of mangrove area in the study area. A–G: Spatial distribution of mangroves during 1988–2023. Remaining area means the extent in the initial 
year of that period.
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for the west coast, while ALY expanded further upstream, likely aided by 
its sheltered setting and local sediment trapping. Meantime, the east 
coast demonstrated notable growth, particularly in Aung Chan Thar and 
Shwepyi Ayechan Boh areas, contributing to a total gain of 463.9 ha.

Between 2013 and 2018 (Fig. 3F), substantial growth of the 
Kanyashe and recovery of GW region led to minimum local loss of 61.6 
ha throughout the west coast. On the eastern side, dramatic seaward and 
lateral expansion occurred, totaling 2755.2 ha, six times the previous 
period, transforming the coastline and establishing the foundation of 
building a green belt for coastal protection. Recently, from 2018 to 2023 
(Fig. 3G), despite increased losses, the west coast recorded its peak gains 
of 799.8 ha, driven by continued seaward advances. Similarly, the east 
coast continued to expand, with a remarkable mangrove growth of 
1892.6 ha. However, this expansion was accompanied by a significant 

near-half loss of 973.5 ha (Fig. 4). FD’s announcements stated that the 
new mangrove forests emerged naturally after 2008, aligning with the 
findings presented in Fig. 3E. In summary, while early decades were 
marked by losses, particularly in GW of the west and across the eastern 
coast, the recent decade has seen significant recovery and expansion, 
especially on the eastern coast.

3.3. Mangrove shoreline changes

Based on the shoreline analysis of 944 transects, the majority of 
mangrove shorelines migrated seaward over the previous 35 years, with 
an average rate of 58 ± 3.2 m/yr, however, certain coastal areas showed 
landward movement (Fig. 5). Remarkably, approximately 92 % of the 
shoreline expanded seaward, resulting in accretion and erosion rates of 
63.9 m/yr and − 18.4 m/yr, respectively. Additionally, the maximum 
movement between the oldest (1988) and the youngest (2023) shore
lines along the entire coast amounted to − 348.3 m for erosion and 
4502.2 m for accretion.

Over 35 years, both western and eastern coasts have been accreted 
with overall rate of 32.7 ± 2.9 m/yr and 71.6 ± 3.8 m/yr, respectively 
(Fig. 6). With average rates of +35.6 m/yr for accretion and − 1.7 m/yr 
for erosion, seaward progradation controlled 92.2 % of the Yangon River 
estuary’s western coast, with little to no substantial erosion occurring 
(Fig. 6A). Similar to this, the eastern coast showed significant accretion, 
making up 92.3 % of the region; though, the average rates of change 
were quite distinct, with erosion occurring at − 29.1 m/yr and accretion 
at +79.6 m/yr (Fig. 6B). The easternmost area of the eastern region 
exhibited the highest erosion, with a peak rate of − 56.7 m/yr. Thus, 
both regions exhibited substantial seaward mangrove encroachment, 
consistent with the spatial patterns described in Section 3.2 and aligning 
well with the documented accretion trends in the eastern Ayeyarwady 
Delta reported by Anthony et al. (2019) and Chen et al. (2020). Despite 
considerable expansion, the mangrove growth along the Yangon River 
estuary was scattered, contributing to irregular and uneven shorelines in 

Fig. 4. Loss and gain areas of the seven periods in west and east coasts.

Fig. 5. Mangrove shoreline movement along the Yangon Estuary showing accretion (blue) and erosion (red) along the western and eastern coasts. Key regions and 
divisions are labeled.
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the early years.

3.4. Patterns of mangrove degradation linked to shrimp aquaculture

The impact of shrimp pond development on mangrove loss was 
quantified by visually extracting shrimp pond boundaries and mangrove 
extent within those ponds over a five-year interval (Fig. 7). Between 
1988 and 2008, the proportion of mangrove loss directly attributed to 
shrimp pond construction in the region was relatively low, with losses 
from pond construction accounting for less than 10 % (Fig. 7A). This 
changed significantly after 2008. From 2008 to 2018, the proportion of 

mangrove loss within shrimp pond areas has increased dramatically, 
peaking at nearly 65 % of total loss during this period, before decreasing 
again in the most recent interval (2018–2023), most likely due to 
external factors such as the COVID-19 pandemic and political instability.

Concurrently, since 2008, mangroves have been bunded in the 
extensive traditional “trap and hold” shrimp farms (Fig. 7B). These in- 
pounded mangroves in the shrimp farm areas have been significantly 
increasing during the last decade and occupied nearly 30 % of the entire 
area of mangroves by 2023. The regression analysis reveals a statisti
cally strong expansion trend, with shrimp pond areas increasing at an 
estimated rate of 120 ha/yr (R2 = 0.95, p < 0.001), and in-pounded 

Fig. 6. Transect-based linear regression rates (LRR) of mangrove shoreline change. Bars represent individual transects for the western (A) and eastern (B) coasts, with 
error bars indicating 90 % confidence intervals.
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mangrove areas expanding at approximately 75 ha/yr (R2 = 0.83, p <
0.05). These trends suggest significant land use transitions over the past 
decade.

4. Discussion

4.1. Sediment dynamics and mangrove expansion

4.1.1. Impacts of fluvial sediment supply
Suspended Sediment Discharge (SSD) from rivers is crucial for 

forming tidal flats in deltas, creating essential habitats for mangrove 
establishment (Swales et al., 2019). While some studies associate 
declining riverine SSD with slowed expansion or even losses of deltaic 
mangroves (Worthington et al., 2020; Lovelock et al., 2021; Jayanthi 
et al., 2023), others, such as recent research in the northern Beibu Gulf, 
suggest that reduced SSD did not directly constrain mangroves forest 
expansion (Long et al., 2021). Due to limited availability of long-term 
sediment records in Myanmar, SSD data from the Bago River at the 
Bago station (2013–2023), provided by the Directorate of Water Re
sources and Improvement of River Systems, were analyzed to infer po
tential influence on the estuary. This annual average SSD data suggest a 
statistically significant increasing trend, with a linear regression slope of 
approximately 614.5 kg/s annually (R2 = 0.48, p < 0.05), despite up
stream damming activities. Pearson’s correlation analysis further 
revealed a moderate but significant positive correlation between SSD 
and mangrove area expansion across the estuary (r = 0.64, p = 0.03), 
and separately for the western (r = 0.68, p = 0.02) and eastern (r = 0.62, 
p = 0.04) coasts. These results suggest that fluvial sediment 
input—particularly from the Bago River—supports mangrove growth, 
with stronger correlation noted on the west coast. These results suggest 
that fluvial sediment input, particularly from the Bago River, supports 
mangrove growth, with stronger correlation noted on the west coast. 
However, various analyses, including sediment composition, distribu
tion, and seasonal flux, should be conducted along the coast for better 
understanding. However, this conclusion is drawn from a single moni
toring station and may not represent the full sediment budget of the 
estuary, which receives inputs from multiple river systems. Thus, the 
findings should be interpreted as indicative rather than exhaustive. This 
trend of increasing SSD aligns with the long-term seaward progradation 
of mangrove shorelines observed in Section 3.3.

4.1.2. Influence of estuarine deposition distribution
Previous field reconnaissance by Anthony et al. (2019) revealed a 

west-to-east gradient in shoreline morphology and sediment composi
tion across the Ayeyarwady Delta, with sediment becoming increasingly 
muddy toward the Gulf of Martaban. Although most of their study was 

focused on the western delta, there was a single station in the eastern 
section near Yangon that, with a median size of approximately 180 μm, 
indicating a finer sedimentary environment favorable for mangrove 
colonization. Supporting this, the 2002 soil map by the Land Use Divi
sion of the Myanma Agriculture Service (as cited in Lwin and Khaing, 
2012) indicates the presence of mangrove forest soils along the coastline 
of Yangon estuary (Fig. 8). Similarly, Park (2004) also found that greater 
mud content provides a greater amount of nutrients for plant growth, 
possess a greater mangrove cover, whereas cleaner sands and lower mud 
content, typically in open positions, support fewer mangroves. Com
bined, these observations suggest that the environments in the Yangon 
estuary’s soils and sediments are conducive to mangrove establishment 
and contribute in part to the recent expansion trend reported in this 
study.

4.1.3. Proximal sediment sources and transport
Another peculiar feature of this estuary is the presence of large 

sediment sources on the sea side (Glover et al., 2021; Whitty and Maw, 
2023). Recent studies showed that Approximately 83 % of sediment 
from the Ayeyarwady River is carried eastward into the Gulf of Marta
ban rather than deposited at the river mouth (Kuehl et al., 2019; Liu 
et al., 2020). In addition, estuarine exchange of turbid water from the 
northeastern Gulf of Martaban facilitates sediment import into the es
tuary (Glover et al., 2021). Moreover, rapid muddy bank erosion in the 
Sittaung River estuary (Shimozono et al., 2019; Liu et al., 2020) may 
also contribute to the muddy foreshore deposit along the accreted east 
coast to some extent.

Meanwhile, due to coastal orientation, shallow coastal morphology, 
and with the timing of energetic seasonal marine conditions, Yangon 
estuary has possibly high sediment retention (Glover et al., 2021). 
Within the Gulf, tidal currents dominate as the primary drivers of 
sediment resuspension reworking (Kuehl et al., 2019). Tidal cycles 
further regulate sediment transport, with seaward transport during ebb 
tides and potential landward redistribution during flood tides (Harris 
et al., 2022), supporting accumulation in intertidal zones. This inter
action of tidal forces, estuarine exchange, and coastal circulation can 
foster the formation of mud flats and nutrient-rich soils that support 
mangrove establishment and expansion in the study area.

4.2. Environmental challenges

4.2.1. Impacts of extensive tidal flats
The evolution and existence of extensive tidal flats along the coast 

(Fig. 9B) plays an important role in mitigating wave energy, effectively 
attenuating wave action along nearby shoreline. Although direct 
elevation measurements of these tidal flats remain limited, the 

Fig. 7. A: Percentage of mangrove loss in every period by shrimp ponds. B: Shrimp Pond areas and impounded mangrove area extracted visually by 5-year interval.
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Fig. 8. Soil map of the Yangon area (copyright of Land use division, Myanma Agriculture Service (Feb 11, 2002). Adapted from Lwin and Khaing (2012), p. 177.
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nearshore morphology along Yangon coast is possibly to have accre
tional processes vertically and laterally. This inference is supported by 
observations of shallower waters and high sedimentation within the 
offshore channel of Yangon River (JICA, 2016). In the case of the 
Kanyashe mangrove development, the sandy beach has gradually 
transformed into a low-energy depositional environment dominated by 
silt and muddy sediments, evolved into saltmarsh over time and there
after, being replaced by mangroves (Source: local news). While direct 
observations are lacking, long-term residents interviewed during the 
study described noticeable changes in local nearshore conditions, 
including shallower depths, declining wave intensity at the beach, and 
the visible formation of offshore flats approximately one mile from the 
coast since the early 2000s. As seen in Fig. 9B, the flat along the west 
coast appear as segmented and detached units, which can additionally 
shelter and buffer the main coast against offshore forces locally, mean
while, particularly the extensive, continuous muddy flats along the east 
coast create a favorable substrate for mangrove establishment and 
expansion, as observed in northern Beibu Gulf (Long et al., 2022).

4.2.2. Impacts of waves
Wave activity is a one of the key drivers of shoreline erosion, a 

process projected to intensify under climate change scenarios (Gilman 
et al., 2008). Simultaneously, fringe mangroves, particularly those in 
shallow coastal waters, are highly vulnerable to wave-induced stress and 
erosion (Sakho et al., 2011; Hu et al., 2015). Wave action is reduced in 
the Gulf of Martaban (Kuehl et al., 2019). The region is influenced by the 
southwest monsoon with southwest waves (Fig. 9A), resulting in 
uprooting and loss of mangroves, particularly the erosion observed in 
the southwest part of MST (Fig. 3; Fig. 12C). Even during the dry season, 
with wave heights 0.5–1.0 m, persistent wave action can hinder the 
initial establishment and growth of marsh and mangrove ecosystems 
along the shoreline. On the one hand, small waves (with significant 
wave height less than 20 cm) are capable of resuspending sediment over 
tidal flats (Green, 2011; Uncles and Stephens, 2000) thereby potentially 
increasing sediment availability to adjacent wetlands. On the other 
hand, wave forecasting and hindcasting, and observational data from 
2015 (JICA, 2016) further demonstrated that waves at the Yangon River 
offshore are characterized by long period waves, even the wave heights 
are low. In general, long period waves hold higher energy to mobilize 

seabed materials, thereby, resulting changes in geographical features, 
followed by impacts on morphological evolution in mangrove ecosys
tems. Therefore, although the region is more sheltered and calmer from 
the wave action compared to the Ayeyarwady delta, generally small but 
long-period waves, with possible sediment reworking and redeposited 
along the coast, can further foster the mangrove development.

4.2.3. Impacts of cyclone disturbance
The Bay of Bengal frequently experiences tropical cyclones, with 

Myanmar situated in their path, over 25 of which have affected the 
Ayeyarwady delta since 1870 (Knapp et al., 2010). Among them, the 
2008 Cyclone Nargis stands out as the most destructive in recent history, 
and the only cyclone since 1968 to directly strike both the Ayeyarwady 
and Yangon regions (Gunasekera et al., 2023). While cyclones often 
cause widespread destruction, they may also contribute to mangrove 
resilience by depositing suspended particulate matter (SPM) and 
allochthonous sediment that enhance surface elevation—a critical 
mechanism for coping with sea-level rise (Smoak et al., 2013; Ward 
et al., 2016). Following Nargis, sediment concentrations remained 
elevated for at least two months, possibly, due to unusually high 
fine-grained fluvial sediment inputs (Besset et al., 2017). The most se
vere impacts were recorded in the exposed western delta. In contrast, the 
Yangon estuary, located on the more sheltered eastern side, experienced 
relatively less damage due to the storm’s inland trajectory. This un
derscores the spatial variability in cyclone effects across the delta. In the 
years following Nargis, signs of ecological recovery were evident. 
Notably, from 2011 onward, significant lateral and seaward expansion 
of mangroves was observed in the eastern estuary (Fig. 3D–E). This 
expansion may have been aided by cyclone-driven dispersal of seeds and 
propagules across barriers, at greater scale than what occurs under 
normal tidal conditions (Peterson and Bell, 2015). Although causality 
cannot be fully confirmed, these observations suggest that Cyclone 
Nargis may have indirectly supported longer-term mangrove regenera
tion. However, such effects are highly localized and cannot be gener
alized to all future storm events.

4.2.4. Impacts of sea level rise
Sea level rise is recognized as a significant threat to mangroves, as it 

can alters inundation patterns and salinity levels (Ball, 1988; Friess 

Fig. 9. A: Monthly significant wave height and direction in the Yangon Estuary for 2022, derived from ECMWF reanalysis data. B: Presence of extensive tidal flats 
along the estuary, which are submerged at high tide and exposed at low tide. Local names are shown as recorded in historical charts.
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et al., 2012) leading to long term adversely effect on the extent and 
health of mangrove ecosystems globally (Lovelock et al., 2015, 2017; 
Kassakian and Friedman, 2017). Considering global and regional in
fluences, sea level in 2100 is projected by the latest IPCC (2021) to rise 
up to 96 cm (SSP2-4.5 scenario) and up to 123 cm (SSP2-8.5 scenario). 
Consequently, the extensive, low-lying Ayeyarwady/Yangon Deltaic 
regions are particularly vulnerable to sea-level rise as 0.5 m sea level rise 
would result in the shoreline along the Ayeyarwady Delta retreat of 10 
km (Myanmar NAPA, 2012). However, mangroves demonstrate 
remarkable resilience to fluctuations in sea level (Woodroffe and 
Grindrod, 1991; Alongi, 2015) due to their ability to actively modify 
their environment through surface elevation change processes facili
tated by various mechanisms (Furukawa and Wolanski, 1996; Ward and 
Drude de Lacerda, 2021). In this study, annual mean sea level anomalies 
from 1992 to 2023 were derived from NOAA satellite altimetry datasets. 
Despite spatial variability in sea level trends near Yangon (Chen et al., 
2020), the long-term linear trend based on this dataset reflects a sta
tistically significant regional rise of approximately 3.24 mm/year 
(Fig. 10). Meanwhile, the average vertical sediment accumulation rate 
along the Yangon estuary, calculated from the average slope, is 64.7 
cm/yr. Thus, the moderate regional SLR rate appears to be balanced by 
the relatively rapid sediment built-up in the estuary. While mangrove 
responses to relative sea-level rise are complex and site-specific, the 
observed balance between steady vertical accretion and the abundant 
fine sediment supply from the Gulf of Martaban suggests that, at present, 
the mangrove shorelines in the Yangon Estuary, are keeping pace with 
rising seas, enabling continued seaward expansion.

4.3. Impacts of anthropogenic activities

4.3.1. Threats
Historical policies and land concessions laid the groundwork for 

large-scale land use transformation in the Yangon Estuary. In the 1990s 
and early 2000s, tens of thousands of acres of land were granted as 
concessions for aquaculture and industrial-scale paddy cultivation, 
following the completion of water control infrastructure for paddy 
cultivation and the 1989 passage of Myanmar’s Aquaculture Law 
(Belton et al., 2017). As part of special government program, three 
shrimp culture zones were established within Yangon region between 
2000 and 2006. Among these, Zone No.2 lies along the east coast of the 
Yangon estuary, initiated in 2001 (FAO, 2003). However, as shown in 

Fig. 7A, shrimp pond development accounted for only a small propor
tion of mangrove loss until 2008. Thus, the primary drivers during that 
period were likely agricultural expansion, salt pans, and domestic 
fuelwood harvesting, mirroring national trends reported in other 
mangrove regions of Myanmar.

Following 2008, a marked shift occurred. Shrimp pond development 
rapidly became the dominant driver of mangrove degradation during 
2008–2018. According to Whitty and Maw (2023), rice field conversion 
is the main cause of mangrove degradation in the Gulf of Martaban, 
which contradicts the findings of this study. However, interviews with 
local stakeholders and mangrove restoration project leaders support the 
finding that shrimp ponds, not agriculture, are the leading cause of 
recent mangrove decline, with domestic fuel having relatively lesser 
impact.

In addition, traditional shrimp farms have increasingly retained 
mangrove patches within their pond systems (Fig. 7B). While initially 
left standing, these “in-pounded” mangroves (now about 30 % of all 
mangrove extent) often degrade over time due to altered hydrological 
conditions caused by bunding. Field reports and local accounts confirm 
decomposition and dieback of these trees due to root suffocation and 
stagnant water, as previously documented in national assessments (FAO, 
2003). Recently, several issues and concerns have arisen among 
different stakeholders regarding the shrimp farm models in mangrove 
areas. Therefore, the findings underscore that it is likely that without 
careful management, the mangrove ecosystems in the region will face a 
concerning decline.

Globally, overgrazing by goats and camels is a common disturbance, 
particularly in Middle Eastern regions, highlighting the broader impli
cations of livestock grazing management on mangrove sustainability 
(Lewis, 2006). Along Yangon Estuary, livestock grazing, though a lesser 
threat compared to other challenges, also poses notable risks to seedling 
establishment in restored or naturally regenerating areas. In some zones, 
especially around saltmarshes and mangrove plantations, buffalo graz
ing results in trampling and consumption of young mangrove seedlings, 
hindering their establishment and growth (Fig. 11B). In contrast, posi
tive examples such as the community-led protection of Aleywar’s salt
marsh zones suggest that grazing control can significantly improve 
restoration outcomes (personnel communications).

Finally, while potential developments like the Yangon Port expan
sion into the sea could pose a potential future threat, current throughput 
trends and underutilized capacity suggest that such developments are 
unlikely in the near term (Myanma Port Authority).

4.3.2. Conservation and management
Research and restoration efforts targeting mangrove ecosystems in 

Myanmar have gained new momentum following the 2010 political 
reforms (Veettil et al., 2018). This shift in environmental governance 
likely contributed to the noticeable post-2011 increase in mangrove 
coverage observed in this study (Fig. 2A). Restoration initiatives have 
been conducted in Yangon region as of being one of 13 districts where 
mangroves, both dense and sparse, are still present. Based on the 
collected past legal process’s records, a major restoration project was 
launched in 2011, covering 22 villages along the Yangon coast. The 
organization named “Mingalar Myanmar” planted 293,833 saplings 
along the eastern coast by the end of 2011. However, due to land tenure 
uncertainties and the lack of legal registration after planting, portions of 
these restored areas were subsequently converted to other land uses. 
Recent Myanmar Reforestation and Rehabilitation Plan (2018–2027) by 
the Forest Department aims to restore nearly 29,690 acres (approxi
mately 12015 ha) of mangroves across degraded and depleted areas, 
targeting 3000 acres (1215 ha) annually over Myanmar coast (Aung, 
2022). Although the overall effectiveness of these plantation programs 
remains to be fully assessed, feedbacks from local interviews and Forest 
Department officials indicate promising results in the Yangon region. 
Efforts by several organizations such as the Gulf of Mottama Project 
(GoMP), World View International Foundation (WIF), and the 

Fig. 10. Annual mean sea level anomalies for the Yangon region, based on 
NOAA satellite altimetry from 1992 to 2023. A linear trend shows a statistically 
significant sea level rise of approximately 3.24 mm/yr.
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Biodiversity and Nature Conservation Association (BANCA), are actively 
engaging in mangrove conservation along the coast, through awareness 
campaigns, youth training and ecosystem restoration. As a result, local 
stakeholders now have fairly sufficient awareness and attributes to 
active participation in mangrove restoration although engagement 
levels still vary across stakeholder groups. However, despite these 
encouraging efforts, significant challenges still persist, due to the frag
mented governance among government departments hinders coordi
nated land-use planning and decision making. Strengthening 
inter-agency collaboration and robust enforcement of conservation 
policies will make rooms in addressing these issues and sustaining 
mangrove recovery efforts in the long term.

5. Conclusions and recommendation

Findings from satellite imagery and field observations indicate that 
the Yangon coastline is predominantly characterized by accretion, with 
substantial seaward mangrove expansion on the newly accreted tidal 
flat. The overall trend was mainly influenced by the west coast until the 
mid-2000s, after which the east coast began to play a more dominant 
role in shaping the patterns of the mangrove growth. Despite the 
continued increase in mangrove coverage after 2011, recent years have 
shown signs of decline in total mangrove extent, pointing to a potential 
reversal in gains and underscoring growing anthropogenic pressures on 
ecosystem sustainability. Among these pressures, aquaculture expan
sion, particularly shrimp pond construction and bunding, has emerged 
as the dominant driver of mangrove loss in the region.

From a geomorphological perspective, mangroves in the Yangon 

Estuary appear to be resilient to natural factors such as sea-level rise and 
localized subsidence. This resilience is supported by sedimentary pro
cesses including sediment reworking and remobilization under long- 
period waves, dominant tidal forcing, and the presence of extensive 
accreting tidal flats as all of which provide a stable foundation for 
mangrove establishment. Given by the region’s physical setting and the 
past event, less destructive impacts from tropical cyclones are expected 
for the regional mangroves in the future. On a landscape-scale, natural 
disturbance was of a much lower magnitude compared to large-scale 
human-driven loss. If left unchecked and uncontrolled, mangrove 
removal could be a serious concern for erosion in the mud-dominant 
estuary coast.

To ensure effective mangrove restoration, it is essential to strengthen 
law enforcement, establish continuous monitoring, and promote inter- 
agency coordination. Sustainable agriculture and aquaculture prac
tices should be encouraged, alongside proactive management of un
regulated development, pollution, and climate-related pressures.

While further studies are needed to deepen our understanding of the 
factors influencing mangrove dynamics in the Yangon estuary, this study 
provides a critical baseline, addressing key knowledge gaps and laying 
the groundwork for future investigations into conservation and 
management.
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