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Abstract: Land-use and land-cover change (LULCC) dynamics significantly impact deltas, which
are among the world’s most valuable but also vulnerable habitats. Non-risk-oriented LULCCs
can act as disaster risk drivers by increasing levels of exposure and vulnerability or by reducing
capacity. Making thematically detailed long-term LULCC data available is crucial to improving
understanding of those dynamics interlinked at different spatiotemporal scales. For the Ayeyarwady
Delta, one of the least studied mega-deltas, such comprehensive information is still lacking. This
study used 50 Landsat and Sentinel-1A images spanning five decades from 1974 to 2021 in five-year
intervals. A hybrid ensemble model consisting of six machine-learning classifiers was employed to
generate land-cover maps from the images, achieving accuracies of about 90%. The major identified
potential risk-relevant LULCC dynamics include urban growth towards low-lying areas, mangrove
deforestation, and the expansion of irrigated agricultural areas and cultivated aquatic surfaces.
The novel area-wide LULCC products achieved through the analyses provide a basis to support
future risk-sensitive development decisions and can be used for regionally adapted disaster risk
management plans and models. Developed with freely available data and open-source software, they
hold great potential to increase research activity in the Ayeyarwady Delta and will be shared upon
request.

Keywords: Ayeyarwady Delta; Myanmar; mega-delta; land cover classification; ensemble learning;
Landsat; Sentinel; disaster risk drivers

1. Introduction

During the Anthropocene, land use dynamics have become a global force that crucially
affect the Earth system [1-3]. Land-use/land-cover change (LULCC) has altered about
a third of the global land area in just six decades since 1960, with drastic consequences
accumulating particularly in so-called developing nations [4].

Various studies have found a correlation between consequences of LULCC, vulnera-
bility, and the impact of hazards, turning them into disasters [5-10]. This connection can
be part of what is termed a “new era of risk” [11] (p. 3), created by the conjunction of a
security and environmental crisis, where the first will not be solved without addressing
environmental degradation [11]. Therefore, disasters are “long-term processes of malde-
velopment” [9] (p. 7), indicating unsustainable development processes [12]. Underlying
disaster risk drivers (or disaster risk factors) are defined by the United Nations Office for
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Disaster Risk Reduction (UNDRR) as “processes or conditions, often development-related,
that influence the level of disaster risk by increasing levels of exposure and vulnerability or
reducing capacity” [13] (para. 1). According to the Global Assessment Report on Disaster
Risk Reduction [14] and the Sendai Framework [15], underlying disaster risk drivers in-
clude demographic pressures, poverty and inequality, environmental degradation and the
decline of ecosystem services, climate change, weak governance structures, and “the lack of
disaster risk considerations in land management and environmental and natural resource
management” [13] (para. 2). Non-risk-oriented LULCC dynamics have the potential to
trigger, increase, or even create disaster risks [16].

Representing key challenges of global change, potential disaster risk drivers are pro-
gressing faster and more intensely in deltaic areas, the “hotspots in the Anthropocene
transition” [17] (p. 2), which have been exposed to more than 7000 years of resource ex-
ploitation [17,18]. A global empirical typology of anthropogenic drivers of environmental
change in deltas can be found in [19]. Deltas are among the most economical and ecologi-
cally valuable environments worldwide [20,21]. With a population density eight times the
global average [18] and an expected population of more than a billion people by 2060 [22],
they are, at least on a global scale, key settlement areas for the majority of the population of
most coastal countries [23]. Located on the interface between land and water with a mostly
flat topography, deltaic areas combine numerous locational advantages such as abundant
riverine and marine resources, fertile alluvial soils, various ecosystem services, and high
biodiversity [24]. Deltas and their multiple transportation possibilities are often crucial for
the resource-based economy and food security of entire nations [24], and they are essential
places of national socio-economic and urban development, often of capital and primate
(mega)cities [23,25,26]. At the same time, deltas are highly vulnerable ecosystems, facing
increasing risk due to global sea-level rise, unsustainable regional water management and
human activities, land subsidence, climate change, and various ocean-born threats [24,27].

As some of these processes are characterised by time-lag effects (e.g., in the case of
deltaic subsidence [28,29]) and can act on longer time scales, detailed knowledge of long-
term spatio-temporal development processes constituting LULCC dynamics is required to
understand potential disaster risks and their underlying drivers, and thus to set the course
for “risk-sensitive development decisions” [7] (p. 1). However, while many deltas are well
studied, the Ayeyarwady Delta in Myanmar remains one of the least studied mega-deltas
in the world, despite its outstanding importance for the country and region as part of one
of the world’s major tropical river systems [30-32]. The political situation and reduced
accessibility of Myanmar have made access to the delta difficult and led to several research
gaps [33-37].

Against this background, remote sensing is one of the most important technologies
available for the long-term analysis of land surface dynamics, especially in data-poor and
difficult to access regions [38]. Technological advances have made possible what is called
a “new era of land cover analysis” [39] (p. 4254), allowing for a cost- and time-efficient,
spatially extensive, multi-temporal, and high-frequency analysis of LULCC dynamics
worldwide. Furthermore, remote sensing is also particularly suitable as a primary support
tool for disaster risk management to investigate, monitor, and assess the spatially and
temporally highly dynamic disaster risk processes [40,41]. The practical relevance is
demonstrated, for example, by the Sentinel Asia programme for disaster management
support in the Asia-Pacific region, a programme launched in 2005 by the Asia-Pacific
Regional Space Agency Forum [41].

Several recent approaches have successfully utilized remote sensing methods in the
Ayeyarwady Delta, albeit with a narrow thematic, spatial, or temporal focus. Using four
Landsat images from between 1978 and 2011, Webb et al. [36] identified the expansion of
agricultural land as the main driver of deforestation in the delta. Torbick et al. [42] analysed
the rice-based agriculture in Myanmar with a dense, intra-annual time series of Sentinel-1,
Landsat, and PALSAR-2 imagery between 2015 and 2016. More specifically, Sakai et al. [43]
monitored the seasonality of saline intrusion in the delta for 2018 and changes in the rice
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cropping system between 1981 and 2020 using Sentinel-2 imagery and a global NDVI
dataset, respectively. A coarse environmental change detection using four Landsat scenes
from between 2000 and 2017 was undertaken by Soe Soe Khaing et al. [44]. In addition, a
few recent studies has given a more comprehensive overview of the Ayeyarwady Delta,
focusing on the geomorphological evolution of the delta and the river system [30-32,45,46].
What is still lacking, and thus hindering informed decisions on risk-sensitive development,
is a comprehensive analysis of long-term LULCC dynamics and their relationship to
potential disaster risk at a high spatio-temporal resolution for the entire Ayeyarwady Delta.

While international experts and decision makers are calling for “freely available, reli-
able, quantitative scientific information to further improve knowledge and understanding
of river delta environments” [24] (p. 2), the acquisition of that information remains challeng-
ing (for details, see [24]). Covering large areas, the availability of long-term and cloud-free
images is often limited and costly. While global datasets neglect local diversity, and visual
interpretation based on expert knowledge is time-consuming and prone to errors, analyses
based on simple, automated methods are made difficult by the extreme spectral hetero-
geneity of deltaic areas [24,47,48]. In this context, multiple classifier systems or classifier
ensembles combining complementary pattern information are considered to have great
potential to improve the accuracy and efficiency of complex classifications [49,50].

Hence, the aim of this study is to develop an efficient framework providing a holistic
long-term analysis of LULCC dynamics and related potential disaster risk drivers in the
entire Ayeyarwady Delta of Myanmar, thus addressing the existing research gap. The
objectives are (1) establishing a hybrid ensemble classification using six different machine-
learning algorithms, combining optical Landsat data, Sentinel-1A radar data, and various
spectral indices, for dense five-year intervals between 1974 and 2021; (2) systematically
assessing thematically detailed LULCC dynamics; and (3) identifying potential disaster
risk drivers based on the global UNDRR frameworks and specified by the LULCC analysis
as a basis for supporting future risk-sensitive development decisions in the delta.

2. Materials and Methods
2.1. Study Area

The Ayeyarwady River originates in Myitsone in the south-eastern Himalayan Moun-
tains from the confluence of the N'mai Hka, rising from the Languela glacier in the Tila
massif sourced north of Puta-O, and the Mali Hka, sourced west of it in northern Kachin
State [51-53]. Consisting of 415,700 km? [53], the river catchment covers about 60% of
Myanmar’s territory, concentrating the population and connecting leading cities and eco-
nomic centres [54]. The Ayeyarwady River meanders over 2010 km [52] from Myitsone
via the Myitkyina plains through the Central Dry Zone around Mandalay, passes the his-
toric centres of Bagan and Sri Ksetra (today Pyay) to Hinthada and Pathein towards the
Andaman Sea. There, the wedge-shaped Ayeyarwady Delta was formed 7000-8000 years
ago [45] with the apex located about 90 km north of Hinthada [46], forming, together
with the coastal deposits of the Sittaung River in the east, the eleventh largest delta in
the world [31,45,46]. This study uses a definition of the delta based on that from Tessler
et al. [27], covering an area about 40,000 km? (see Figure 1).

Despite large-scale environmental transformations, the Ayeyarwady River is one of
the last rivers in Southeast Asia with relatively intact natural functions and ranks among
the largest rivers in the world with respect to sediment discharge [32,55,56]. Since the
sediment loads of Chinese rivers have declined, sediment discharges of 364 £+ 60 Mt/year
reported for the Ayeyarwady River make it the third largest sediment supplier in the global
sediment budget [55]. While the same authors estimate annual water discharges of 422 4 48
to 440 + 41 km3/ year [55], Furuichi et al. [57] have documented a significant decrease of
discharge of 379 & 47 km?3/year for the 20th century. Overall, the system has remained
nearly stable for the last ~150 years, with a landward movement of 0.34 km/century since
1925 [58]. Since 1974, changes along the delta coast have averaged 10.4 m/year [46], with
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erosion mainly in the western part (on average —4.7 m/year) and aggradation mainly in
the eastern part of the delta (on average 21.4 m/year).
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Figure 1. Location of the study area (a,b) and extents of utilized Landsat and Sentinel scenes (c).

The Ayeyarwady Delta is a mud-silt, tide-dominated system with a mean tidal range of
4.2 m and a shoreline of 450 km with nine mouths, comprising five major and many smaller
distributaries [31,45,53]. The climate of the delta is determined by the Indian Monsoon
with hot and humid months in the rainy season from May to October and relatively cool
and dry months from December to March [59,60]. The mean annual rainfall in the delta
ranges from 2000 to 3000 mm, while the area is prone to suffer from tropical cyclones,
flooding, and droughts [59,61-63]. The Ayeyarwady basin and delta are among the most
biologically diverse regions in the world, hosting 89 Key Biodiversity Area sites [64,65]. The
socio-economic advantages—first and foremost in terms of agriculture, aquaculture, and
industry—provided by the Ayeyarwady Delta are of outstanding relevance for Myanmar’s
future development [31,37,61]. The delta is already home to about 26% of the population of
Myanmar (estimate based on the census 2014 [66]), including the megacity Yangon [67,68]
and numerous regional and smaller cities and towns within the urbanised delta triangle of
Yangon, Pathein, and Pyay [54]. Being transformed to the world’s largest exporter of rice
under British colonialization [33], the delta is among the important rice-producing areas of
Southeast Asia and constitutes the most important agricultural region in Myanmar [69],
with significant concentrations of aquaculture [70,71].

The increasing amount of anthropogenic pressure is challenging the environmental
stability of the delta system [31,45,46]. In the literature, the Ayeyarwady Delta has been
classified as “in peril” due to “reduction in aggradation plus accelerated compaction
overwhelming rates of global sea-level rise” [72] (p. 684), increasing the potential exposure
to hazardous events and leading to possible creation of risk in the future [27].

2.2. Data and Preprocessing

To analyse the LULCC dynamics in the Ayeyarwady Delta and assess their impact
as potential disaster risk drivers, a hybrid ensemble learning model was established. The
workflow for the generation of this hybrid ensemble learning model is shown in Figure 2.
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Figure 2. Overall processing workflow for the generation of the hybrid ensemble learning model
including pre- and post-processing.

Landsat satellite imagery was used as the main data source for the study to establish
a consistent, long-term time series covering a 48-year time period (1973-2021). Having
a medium-resolution of 30 m (60 m for Landsat 1), Landsat data is particularly suitable
for analysing large scale LULCC dynamics with a high degree of spectral heterogeneity,
which is common in complex delta regions [24,73]. To cover the entire delta area, five
intersection image frames in two different paths were used (see Figure 1c). To ensure
the highest possible image quality, only cloud-free images (0% cloud coverage) acquired
as close to each other as possible during the dry season from December to March were
considered. Therefore, 40 Landsat images, including the baseline date 1973/1974, were
used in a nearly five-year-interval timeframe spanning from 1990 to 2021: Landsat-1 MSS
(1973/1974; hereafter 1974), Landsat-5 TM (1990, 1995, 2005, 2010), Landsat-7 ETM+ (2001),
and Landsat-8 OLI (2015-2021). Additionally, five Sentinel-1A images were used for each of
the most recent years, 2015 and 2021. As an active sensing system, the Sentinel-1A C-band
Synthetic Aperture Radar (SAR) instrument at 5.405 GHz provides comparative advantages
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such as all-weather capability and complementary sensitivity to soil moisture and water
content. For a complete overview of the 50 datasets used, see Table 1.

Table 1. Remote Sensing data used in this study with corresponding time intervals.

Time No. Date Scenes Sensor Ground Res. Bands
1 1-2 1973/12/18 2 Landsat 1 MSS 79m X 79m ! 4
3-5 1974/02/11 3 Landsat 1 MSS 79m x 79 m ! 4
” 6-8 1990/01/11 3 Landsat 5 TM 30m x 30 m 7
9-10 1990/02/05 2 Landsat 5 TM 30m x 30 m 7
3 11-13 1995/02/10 3 Landsat 5 TM 30m x 30m 7
14-15 1995/02/19 2 Landsat 5 TM 30m x 30 m 7
4 16-17 2001/02/27 2 Landsat 7 ETM+ 30m x 30 m 8
18-20 2001/03/06 3 Landsat 7 ETM+ 30m x 30m 8
5 21-23 2005/02/05 3 Landsat 5 TM 30m x 30 m 7
24-25 2005/02/14 2 Landsat 5 TM 30m x 30 m 7
6 26-28 2010/02/03 3 Landsat 5 TM 30m x 30 m 7
29-30 2010/02/12 2 Landsat 5 TM 30m x 30 m 7
31-33 2015/02/17 3 Landsat 8 OLI 30m x 30 m 11
- 34-35 2015/02/26 2 Landsat 8 OLI 30m x 30 m 11
36-37 2015/02/09 2 Sentinel-1A 20m x 20 m VV, VH
38-40 2015/02/28 3 Sentinel-1A 20m x 20 m VV, VH
41-42 2021/02/15 2 Landsat 8 OLI 30m x 30 m 11
3 43-45 2021/02/01 3 Landsat 8 OLI 30m x 30 m 11
46-47 2021/02/01 2 Sentinel-1A 20m x 20 m VV, VH
48-50 2021/01/27 3 Sentinel-1A 20m x 20 m VV, VH
1-8 51 SRTM 1 Arc-Second Global (30 m)

1 delivered data resampled to 60 m pixel size.

All Landsat data were downloaded via the open access USGS Earth explorer. The
Landsat-8, Landsat-7, and Landsat-5 images were provided as Level-2 surface reflectance
science products.

Pre-processing was conducted using the open source Orfeo ToolBox (OTB 7.4.0). As
Landsat-7 and Landsat-8 have a panchromatic channel, a statistical pan-sharpening al-
gorithm was used to increase the spatial resolution of the 30 m multispectral bands to
15 m, which improved the classification accuracy significantly [74,75]. Additional spectral
information increased the separability of classes and decreased the sensitivity to differ-
ences between the single satellite images common in large area mosaics and therefore also
enhanced the classification accuracy [42,73,76]. Hence, the well-established Normalized Dif-
ference Vegetation Index (NDVI) [77], the Normalized Difference Water Index (NDWI) [78],
the modified Burned Area Index (BAIM) [79], and—more specific for inland water and
pond classes—the Normalized Difference Turbidity Index (NDTI) [80] were calculated for
the Landsat images. As the discrimination of mangroves from non-mangrove vegetation
posed a special challenge in the study area, the Combined Mangrove Recognition Index [81]
was calculated for the Landsat data and combined with a topographic mask based on the
NASA SRTM Digital Elevation Modell (30 m) to exclude areas with an elevation higher
than 39 m where mangroves in Myanmar do not naturally occur [82].

The Sentinel-1A images were obtained from the Copernicus Open Access Hub as
dual-polarized (VV + VH) Level-1 Ground Range Detected (GRD) products in the Inter-
ferometric Wide Swath (IW) Mode and were further pre-processed using the ESA open
source toolbox SNAP (8.0.0). The Level-1 slice products were seamlessly combined into
assembled products in line with the two unique Sentinel orbits covering the study area.
Thermal noise was removed, and the annotated orbit information was updated using pre-
cise orbit state vectors before the data were converted to sigma nought. A gamma map filter
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with a 3 x 3 kernel size was applied to all images to reduce the granular noise. A Range
Doppler Terrain Correction using the NASA SRTM 1 sec HGT was applied, and all image
values were converted to the dB scale. To increase the texture description and separability
of different land-use/land-cover (LULC) types in the complex wetland landscape of the
delta, seven Gray-Level-Co-Occurrence Matrix (GLCM) texture variables (homogeneity,
energy, maximum probability, entropy, and mean) were calculated [83,84]. The Landsat-
and Sentinel-1A images were co-registered and stacked using SNAP and utilized together
with the indices and GLCM variables. The dimensionality of the multi-channel images
was reduced to six components using principal component analysis (PCA), providing a
balanced tradeoff between accuracy and processing efficiency. The results were used as
input for the hybrid ensemble classifier model.

2.3. Hybrid Ensemble Model and Change Detection

A specific classification scheme was developed based on existing land use research,
expert knowledge about the area, and high-resolution Google Earth imagery with respect
to the medium-resolution of the utilized Landsat data, resulting in 10 major LULC classes
(see Table 2).

Table 2. Classification scheme including major landscape characteristics.

ID LULC Classes Description
1 Urban and Sparsely to densely built-up areas, including industrial, commercial, and transportation
built-up areas units as well as urban green areas
5 Shrubland Sparsely vegetated areas, inché;ififr;rgerrﬁisrziﬁ:izfo ig;:‘;;é’;ural and natural vegetation in
Forest Densely vegetated broadleaf forest areas (closed)
4 Mangroves Coastal saline and brackish vegetation
Dry crops Non-irrigated farmland (dry-season bare fields), including fallow land and burnt areas
6 Irrigated crops Predominantly irrigated farr;izn(cjli f(i?e,;lste;i?;atg;?\gag?f)/ including early growing
7 Aquaculture Cultivated water ponds for inland aquaculture production (mainly fish and shrimps)
8 Brine ponds Shallow salt-water ponds for mineral extraction (mainly salt)
9 Water Inland or marine water courses and water bodies, including water reservoirs
10 Sediment plains Non-vegetated sediment deposit areas, including tidal flats and sand banks

Training polygons for the classifier were created using Google Earth high-resolution
imagery and complementary aerial photography. The training samples were generated
randomly stratified to represent the different LULC classes proportional to their area,
which improved the classification results [85]. The training samples were digitized across
the entire study area to capture different landscape conditions and different spectral and
illumination characteristics across the mosaics. As a result, representative datasets were
available, with training samples between 50,000 and 100,000 pixel per class, for every
classified image and each of the two Landsat paths covering the study area.

The pixel-based multiple classifier system was designed and performed using the
open source Orfeo ToolBox (OTB 7.4.0). First, a pool of classifiers was created from six
machine learning algorithms. Since the accuracy of the ensemble strongly depends on the
diversity of the classifiers [49], a hybrid approach with different classifiers with different
specialties and accuracies was chosen, consisting of a Random Forest (RF), Decision Tree
(DT), Support Vector Machine (SVM), k-Nearest Neighbour (KNN), Artificial Neuronal
Network (ANN), and a Bayes classifier.

RF is a non-parametric classifier using an ensemble of Classification and Regression
Trees (CARTs) by bootstrapping and replacement [86]. It is a fast algorithm, less sensitive
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to the quality of training samples and overfitting, and well suited to handling high data
dimensionality and multicollinearity [85], here implemented with a maximum of 2500 trees.
As a simpler implementation, a binary DT utilizes a sequential approach by recursively
partitioning the input data [87]. Therefore, it is computationally fast without statistical
assumptions but also prone to overfitting [87,88]. As non-parametric statistical learning
techniques, SVMs also make no assumptions about data distributions [89]. They are “based
on the concept of structural risk minimization (SRM), which maximizes and separates
the hyper-plane and data points nearest the spectral angle mapper (SAM) of the hyper-
plane” [90] (p. 7). They are considered to be well-performing, robust, and efficient classifiers
that can handle limited training samples, while the parameter assignment and especially
the kernel choice can be difficult [89,90]. The non-parametric KNN algorithm assigns
classes by analysing the most common class of a certain number of nearest neighbours k
(here: k =32) [88,91]. KNN is a relatively simple algorithm using instance-based learning.
However, the classification process is slow and especially sensitive to the data structure [88].
The feed-forward ANN applied here as multi-layer perceptrons (MLPs) is a non-parametric
classifier constructed as a mathematical equivalent to a human nervous system [90]. It was
trained by using a sequential back-propagation algorithm to minimize the error between
the MLP output and the training data [90]. As a relatively complex algorithm, parameter
specifications can be challenging and tend towards overfitting [88]. As the only parametric
classifier, a Bayes Classifier for normally distributed data (Normal Bayes Classifier, NBC)
was utilised as a probabilistic approach to classification. While efficient and simple to
implement, the NBC is based on the Bayes Theorem, which assumes the features to be
independent [92].

The classifiers were designed independently, without interactions in a “parallel combi-
nation” [50] (p. 4767). In a second step, the outputs of the classifier pool were combined
using the Dempster-Shafer framework [49]. Known as the theory of belief functions or evi-
dence theory, the framework is particularly suited to handling uncertain information [49,50].
To fuse the output of the multiple classifier system, for each pixel, the class label containing
the maximum of the Belief Function was chosen as the mean of the Dempster-Shafer
combination of Masses of Belief [93]. Here, precision was used as measurement for the
Masses of Belief based on the confusion matrices from the pool of classifiers.

Finally, a majority filter with a 3 x 3 kernel size was applied to the classified images
to smooth the output while preserving detail by replacing single pixels in homogeneous
areas using majority voting based on neighbouring pixels. The resulting classification maps
for each year were then used as input for the change detection process compared to the
subsequent years, carried out using the Orfeo Toolbox.

2.4. Accuracy Assessment

To evaluate the accuracy of the classification and thus the reliability of the change
detection results, accuracy assessments were conducted for every image classification using
the Orfeo Toolbox and QGIS (version 3.22.7).

A reference dataset was created for every image based on high resolution Google
Earth imagery and corresponding aerial images. A stratified random sampling method was
applied to ensure an equal selection chance while preventing an overrepresentation of dom-
inant land cover classes. The reference dataset included 100 validation samples per class
and year, in total 1000 samples, which were not used to train the hybrid ensemble model.

A confusion matrix was created for each classified image, and standard performance
measures such as overall accuracy, producer accuracy, and user accuracy, as well as the
Kappa coefficient were derived [94].

2.5. Intensity Analysis

To quantitatively characterise the complex and long-term LULCC dynamics for the
entire study area, an intensity analysis was performed following Aldwaik and Pontius [95].
The mathematical framework allows for unified measurements of size and stationarity of
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LULCC dynamics at three analysis levels by examining the degree to which changes are
non-uniform [95]. First, the interval level examines the multi-temporal size and speed of
LULCC; Second, the category level reveals active and dormant classes by examining the
size and intensity of class gains and losses. Third, the transition level examines size and
intensity between the different classes [95].

Here, the analysis of the first two levels of intensity analysis was performed using the
script developed by [95] (version 2014) in Microsoft Excel. Since the method requires equal
time intervals for meaningful results, the first scene from 1974 was excluded from analysis
because it constitutes a baseline outside the five-year intervals of the other scenes from
1990 to 2021.

3. Results

The analyses described above resulted in eight novel LULC products for the Ayeyarwady
Delta. They described the LULCC dynamics between 1974 and 2021, which are presented
in the following section (see Figures 3 and 4). The results of the intensity analysis are
displayed in Figure 5 (level 1) and Figure 6 (level 2).
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Figure 3. LULC compositions of the Ayeyarwady Delta from 1974 to 2021. Individual share of LULC
classes can be obtained from the size of the 100% proportion (individual class height).
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Figure 4. Land cover classification products for the Ayeyarwady Delta from 1974 to 2021 (a-h).
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Figure 5. Rate of annual landscape changes in the Ayeyarwady Delta between 1990 and 2021. The
uniform intensity line represents the annual rate of change assuming a spatiotemporally equal
distribution. Population density as ambient population is taken from corresponding LandScan data
for the delta.

3.1. Multiple Classifier System Accuracies

The results of the accuracy assessment (the eight confusion matrices) are shown in
Tables S1-S8 (see Supplementary Materials). The overall accuracies were consistently
above 90% except for the classification based solely on Landsat 1 data in 1974 (78%). The
classification for the most recent year, 2021, yielded the highest overall accuracy of about
95%. The overall kappa coefficients were slightly lower but in the same range of values
above 0.9, indicating a strong level of reliability. An exception was, again, 1974 (0.75),
although still indicating a moderate level of reliability.

Accuracy for the individual LULC classes was generally high, with user accuracies
higher than 0.90 in almost all years, except for the urban and built-up areas, aquaculture,
and brine ponds classes. The user accuracies of the urban and built-up class ranged between
0.29 (1974) and 0.98 (2021), with interferences mainly occurring with classified shrubland
and irrigated areas. The user accuracies of the aquaculture ranged between 0.05 (1974)
and 0.94 (2021), and those of the brine pond classes ranged between 0.68 (1974) and
0.89 (2021). Here, misclassifications occurred mainly between the two classes themselves.
The classes with particularly high user accuracies close to 1 included the forest, mangrove,
and water classes.
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Figure 6. Category intensity analysis for six time intervals between 1990 and 2021 in the Ayeyarwady

Delta showing the intensity of annual gains and losses within each LULC class.
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3.2. Characterizing Land Use Dynamics

The analysis of the LULCC dynamics in the Ayeyarwady Delta over the last 50 years
revealed generally high intensities, as can be seen in Figure 5. On average, one-third (36%)
of the entire study area is affected by LULCC in each time interval. This represents a
uniform annual change of 7.04%.

The land use dynamics were lowest in the first (1990-1995) and the last (2015-2021)
time interval, with a total affected area of about 37% and 15% and an annual change
intensity of 7.4% and 6.2, respectively. LULCC dynamics were highest from 1995 to 2001
with 45% (annual change of 7.5%). There was another peak of about 43.1% and an annual
change rate of 8.6% between 2010 and 2015. Thus, the LULCC dynamics showed some
similarities with the overall population trend in the Ayeyarwady Delta (see Figure 5).

The second part of the intensity analysis on trends of gross losses and gains among
the different LULC classes is presented in Figure 6, specifying active or dormant land cover
categories with regards to the category-level uniform intensity for each time interval. The
most dynamic category, with constant active gains but also active losses throughout all
time intervals except the most recent, included the brine ponds and sediment plains classes
(Figure 6). This also held true for the urban and built-up classes, which showed dormant
losses only in the most recent time interval between 2015 and 2021. Similarly, in the aqua-
culture class, dormant losses occurred only in the two most recent time intervals, whereas
previously it was exclusively actively gaining and losing. The forest class experienced
dormant losses as well as gains in general, with the exception of two time intervals in the
middle of the study period (1995-2001 and 2010-2015) in which active losses occurred. In
the mangroves’ class, active losses occurred consistently and only in the most recent two
time intervals did the class’s losses and gains become dormant. In contrast, the irrigated
crop class had predominantly active gains. This was in contrast to developments in the dry
crop class, which showed mainly dormant gains over the same period. The shrubland class
was the only one to show mixed dynamics over the entire study period.

3.3. Identifying Potential Disaster Risk Drivers Related to LULCC
3.3.1. Urban Growth

The intensity analysis revealed the high dynamics of the urban class, which included
dense urban areas and impervious surfaces such as roads, airports, and industrial districts
as well as sparsely built-up areas, having a higher proportion of urban green, especially
in rural areas. Until 2001, the proportion of the urban and built-up areas’ classes in the
entire study area was below 2%. Settlement areas were concentrated in the (pre-)colonial
historical centres such as Yangon in the east and Pathein in the west of the delta. Urban
sprawl dynamics mostly occurred due to the development of the former capital and present
megacity of Yangon. Numerous towns existed in the 1970s in different parts of the delta,
partly as local trade centres, partly at strategic positions in the immediate vicinity of the
river systems, including Bogale and Pyapon in the southeastern lower delta or Hinthada at
the delta apex in the north.

By 2005, there had been a significant increase of urban areas, first by about 70% from
1990 to 1995 and from 1995 to 2001 and then by more than 100% between 2001 and 2005.
The total share of this class in the study area also more than doubled to just about 4%
(1600 km?). These dynamics were interrupted by a decline of about 5% between 2005 and
2010, which continued in the following period from 2010 to 2015. However, in the most
recent study period, from 2015 to 2021, there was again a positive trend (+17%; 230 kmz),
with an increase in the share of the total area to just above 4%. These growth rates during
the study period are accompanied by increasing urban sprawl dynamics. This expansion is
concentrated mainly along the river courses and in agriculturally dominated rural areas,
such as Myaungmya in the southeast of Pathein or Kyonpyaw in the upper delta region.

Overall, urban areas increased from less than 100 km? at the beginning of the study
period to about 1640 km? in 2021. This represents an increase of about 5700% and marks
one of the strongest LULCC dynamics in the Ayeyarwady Delta. However, it should be
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noted that the share of urban areas located below 5 m in the delta has increased by about
300% and those below 10 m by about 400%. Thus, in 2021, about 200 km? (<5 m) and
750 km? (<10 m) constituted urban areas located in low-lying areas, which can be prone to
flooding and the effects of sea level rise.

3.3.2. Agricultural Transition

Agricultural areas are the dominant landscape feature in the Ayeyarwady Delta. They
already accounted for 57% of the delta area at the beginning of the study period in 1974.
Overall, the class is subject to slight fluctuations but is still relatively stable, covering 50%
to 65% (ca. 26,000 km?) of the study area.

The highest increases took place throughout the first half of the study period, i.e.,
between 1990 and 2001, with rates of 20% to 70%. This increase was followed by two
intervals of stagnation and slight decreases between 2001 and 2010, followed by a sharp
increase in the following period (+27%, 6000 km?). The most recent interval studied was
again characterised by a moderate decrease of almost 9% (—2200 km?). In 2021, agricultural
use accounted for 64% of the delta area (about 26,000 km?2). Overall, agricultural land in the
delta increased by about 12% between 1974 and 2021, which is equivalent to an increase in
land area of about 3000 km?.

Significant, however, are the major changes of the two agricultural classes studied,
namely dry and irrigated crops, which developed contrastingly. The dry crop areas occupy
most of the central delta. The expansion of this class is taking place at the expense of
forest and other natural vegetation areas in the upper delta and mangrove loss in the lower
delta. However, the dry crop area decreased by about 26% during the entire study period.
While this class accounted for around 85% of the total agricultural area of the delta at the
beginning, the proportion decreased to about 50% in 2021. This trend was interrupted only
by two intervals of increases from 2005 to 2010 and 2010 to 2015. However, during the
following most recent study interval between 2015 and 2021 a continued overall downward
trend with a loss of 22% (—3500 km?) could be identified.

In contrast, the irrigated agricultural area increased significantly during the study
period. While the class made up 25% of the total agricultural area in 1974, it occupied about
50% in 2021, thereby covering about 32% (13,000 ka) of the total study area. Initially,
irrigated areas were only present in linear stripes along and in between river banks, not
much further south than the town of Wakema about 450 km from the coastline. While
these areas also expanded until 2021, most area gains were obtained by the formation of
a large contiguous arc-shaped area dominated by irrigated agriculture, which extended
southwards from Pathein to Yangon. This increase started between 1990 and 1995 with 46%
(2203 km?; 41 km?/ year) and was most severe between 1995 and 2001 with an increase of
about 78% (5412 km?2, 1353 km?/ year), reduced to a moderate increase of about 4% from
2001 to 2005. The period between 2005 and 2010 is the only interval since 1974 where
irrigated agricultural areas were decreasing by about 24%. In the two latest time intervals,
the upward trend continued with an increase of about 20% and 9%, respectively. Overall,
the irrigated crop class increased by about 130% between 1974 and 2021 and gained an
area of about 7000 km?. Those dynamics are among the most significant LULCC in the
Ayeyarwady Delta.

3.3.3. Deforestation

Both woodland classes in this study, closed broadleaf forest and mangroves, suffered
from deforestation. In 1974, the forest class covered less than 5% of the delta area, concen-
trated almost exclusively on the foothills of the Rakhine mountain range in the western
part of the delta. Phases with significant forest losses were 1995-2001 (—48%; —1073 km?)
and 2010-2015 (—67%; —2000 km?), alternating with phases of gross forest gains of about
17% in the first two study intervals, most significantly from 2005 to 2010 (+110%; 1543 km?)
and an almost stable phase from 2015 to 2021 (+0.3%), as can be seen in Figure 6. Thus, the
development of the forest stands during the study period followed a specific pattern in that
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one period of loss occurred after two intervals of regeneration. The maximal expansion
of forest areas was reached in 2010 with about 3000 km? (ca. 7%) of the total delta area.
Nevertheless, the forest coverage in the delta decreased about 40% between 1974 and 2021,
with a remaining forest area of about 1000 km? in 2021, 3% of the total delta.

In 1974, mangroves covered about 8% (3000 km?) of the entire delta, mainly located on
the southern river mouths under coastal saline influence, forming a fringe along the river
courses near to the coast. The highest mangrove losses occurred between 1990 and 2001,
with an area decrease of about 38% per five-year interval. This decrease corresponded to
annual deforestation rates ranging from 8.4 km? (1974-1990) to 219 km? (1990-1995) and
118 km? (1995-2001). These losses were mainly due to expanding aquaculture, brine pond,
and agricultural areas. This period was followed by a short increase phase between 2001
and 2005, with a mangrove area gain of 5% (14 km?/year). Another 366 km? of mangroves
(31%) were lost in the following period between 2005 and 2010 (73 km?/year). The most
recent periods showed slight area gains of about 35 km? from 2010 to 2015 (+4%) and an
almost stable period (—0.2%, —2 km?) between 2015 and 2021. In 2021, mangroves covered
about 2% (850 km?) of the entire Ayeyarwady Delta. The remaining stands have retreated
significantly towards the coast and are highly fragmented. If at all, only a few residual
stands can be found along the river courses. Only the Meinmahla Kyun Wildlife Sanctuary
remains excluded from these dynamics. A patch size analysis revealed that connected areas
decreased from a maximal size of 606 km? (mean = 0.05 km? + 3.02) in 1990 to 103 km?
(mean = 0.02 km? + 0.58) in 2021. Overall, the mangrove areas decreased by 72% between
1974 and 2021, corresponding to an area loss of 2200 km?. The mangrove class experienced
the most severe decrease among all analysed LULC classes.

3.3.4. Expansion of Cultivated Aquatic Surfaces

Cultivated aquatic surfaces, here represented by the aquaculture and brine pond
classes, were hardly present in 1974 at the beginning of the study period, covering less
than 1% of the delta (154 km?). Together, cultivated aquatic surfaces are among the LULC
classes in the Ayeyarwady Delta with the highest rates of spatial increase between 1974
and 2021 (+1300%; 2000 km?).

The expansion of brine ponds started earlier than that of aquacultural areas with an
increase of 364% between 1974 and 1990 (560 km?; 35 km?/ year) but remains far behind
in terms of spatial extension (see Figure 3). Both classes increased sharply, particularly
between 1995 and 2001: aquaculture by 108% (233 km?; 39 km? /year), and brine ponds
by 64% (270 km?; 35 km? /year). Between 2001 and 2005, this development was reduced
to an increase of 8% and 3%, respectively. Both classes suffered significant losses between
2005 and 2010 with Nargis hitting in 2008, the coastal brine ponds class (—51%; —367 km?)
more severely affected than the aquaculture class (—30%; —145 km?) located inlands. Both
classes recovered in the following period from 2010 to 2015 and recorded their highest
growth rates since 1974/1990 with 162% (550 km?; 110 km? / year) for aquaculture areas and
90% (300 km?; 63 km? /year) for brine ponds. This growth continued for both classes in the
following period. Aquaculture areas increased again by nearly 60% (520 km?; 87 km? /year)
between 2015 and 2021, now covering about 4% (1400 km?) of the entire delta area. Brine
ponds increased to a much lesser extent of 4% (30 km?), covering 2% (700 km?) of the delta
in 2021.

Overall, aquacultural use increased between 1974 and 2021 by 1400 km?. This devel-
opment originated from an aquaculture cluster in the townships of Maubin and Twantay
in the west of Yangon. Especially since 2010, individual, smaller clusters also formed in
central and northeastern areas of the upper delta. This expansion has been taking place
largely at the expense of natural wetlands and associated vegetation communities (see
Figure 4). Still significant but less extensive was the increase of brine ponds between 1974
and 2021 by 540 km?. The distribution is almost exclusively limited to the two near-coastal
towns and townships of Labutta and Pyapon in the south of the delta, covering the estu-
aries. Hence, the brine pond class mainly replaced the mangrove areas and contributed
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significantly to their fragmentation. Cultivated aquatic surfaces are among the most intense
LULCC dynamics in the Ayeyarwady Delta, while at the same time they are spatially
highly concentrated.

4. Discussion
4.1. Land-Use Related Potential Disaster Risk Drivers in the Ayeyarwady Delta

The eight novel LULCC products presented and analysed in this study describe
long-term land use dynamics in the Ayeyarwady Delta thematically detailed for almost
five decades between 1974 and 2021. As to be expected in a highly dynamically deltaic
environment, the analysis shows generally high LULCC intensities throughout the study
period. The first identified phase of this intensification from 1990 onwards coincided with
the end of the so-called Burmese Way to Socialism and the following transition towards a
market-oriented economy after 1988. Dynamics increased again in a second phase starting
in 2010 in which the delta transformed with the highest change rates. That phase started—
as could be proven—after 2010 with the beginning of the economic and political opening
policies, with a peak between 2015 and 2021, when—induced by internationalization and
globalization dynamics—the influx of national and international capital and development
activities rose, and infrastructural upgrading gained a high pace, thus exacerbating urban
and settlement expansion in the delta. After 2008, the effects of Cyclone Nargis could be
identified between 2005 and 2010, causing a major disruptive disturbance for almost all
classes, which partly lasted into the following interval, thereby indicating the long-term
consequences of such events.

In a next step, among these identified LULCC dynamics, a more detailed analysis was
performed on those that could act as potential disaster risk drivers based on the UNDRR
global assessment. For the Ayeyarwady Delta, these include urban growth, agricultural
intensification, deforestation, and mangrove loss and the expansion of cultivated aquatic
surfaces. While all of these LULCC dynamics generally have the potential to increase risks,
not all seem to be equally influential in the Ayeyarwady Delta.

Urban areas expanded in the Ayeyarwady Delta rapidly from 2001 onwards. Although
still moderate compared to other mega-urban deltas, the low-lying urban areas, which
are particularly threatened by flooding and sea level rise, have increased by about 300%
(<5 m) and 400% (<10 m). The potential threat of such a development becomes evident in a
detailed analysis showing the abrupt decline of settlement areas after Cyclone Nargis hit the
delta in 2008, causing more than 138,000 fatalities [96]. The Post-Nargis Joint Assessment
found that more than 80% of rural houses were made of easily constructed wattle-and-daub
walls, considered to be the primary cause of widespread destruction [14]. Furthermore,
as the expansion of urban areas is usually associated with water channel regulation, in-
creasing imperviousness and declining ecosystem services [97], such developments can
potentially lead to growing risk exposure. Urban growth is contributing to intensifying
sediment mining activities in the Ayeyarwady Basin, especially for coarse sand and gravel
as valuable construction materials [46,98]. These activities can create and enhance bank
and coastal erosion and can contribute to altering riverbed geomorphology and increasing
flood risk [46]. Furthermore, land subsidence adds to increasing flood risk, especially when
the sediment balance can no longer be maintained [28,99]. For Yangon, the largest city in
the east of the delta, land subsidence analysis conducted by van der Horst et al. [100] found
velocity differences over 22 mm/year, locally exceeding 110 mm/year, mainly attributed to
groundwater extraction for domestic supply and secondarily to additional building loads
on the surface [100]. While dynamics of this dimension are not expected for the entire
delta, where urban area coverage is still below 5%, the results of this study show a trend
towards settlements located in hazard-prone areas. Therefore, the current patterns of urban
expansion in areas below 5 m and 10 m is a disaster risk driver in the respective areas.

Agriculture is the dominant landscape feature in the Ayeyarwady Delta, covering
already 57% of the area at the beginning of the study period in 1974. The transformation of a
predominantly natural to an agricultural landscape goes back to the 19th century, described
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by the British historian Adas [33] (p. xiii) as “one of the most remarkable episodes in the
modern history of colonialisation”, where the British transformed the delta from a densely
forested and sparsely populated area into one of the largest areas for rice export. This study
identified a second major transition within the agricultural system of the delta, namely, the
shift from dry crops towards the now dominant irrigation system. While irrigated areas
accounted for only 24% of the total agricultural area in 1974, they rose substantially to
50% in 2021, increasing by about 130% in almost 50 years. However, precise assessments
of the type of irrigation cannot be made at the resolution used by this study and should
be the subject of further research. This development is accompanied by the decrease of
non-irrigated areas by 26%, declining from a share of 76% of the total agricultural area
in 1974 to 50% in 2021. These dynamics were only temporarily interrupted by the effects
of Cyclone Nargis. These results are in accordance with Sakai et al. [101], who found an
increasing annual cropping intensity from 1.1 &= 0.4 in the 1980s to 1.4 £ 0.5 in the 2010s,
marking a shift from a single to double cropping system in the delta to a much larger extent.

The necessary resources of capital, technology, and know-how were realized by na-
tional efforts with the help of international actors and made possible by a series of national
legislation following the introduction of a market-oriented economy after 1988. Among
those laws were the Foreign Investment Law (1988), the State Economic Enterprise Law
(1989), and the Wasteland Instruction (1991), permitting certain private sector, interna-
tional activities and large-scale land concessions. Two World Bank projects in the 1970s as
well as the "Lower Burma Paddyland Development Project” and the "Irrigation Project I
Burma" initialized the development of cultivable land and the reclaiming of abandoned
paddyland as well as the widespread construction of mainly pump irrigation infrastructure
accompanied by minor flood embankments [102,103]. Of particular importance was the
nationwide Summer Paddy Program, implemented in 1992, introducing new rice varieties,
cropping practices and irrigation facilities and making rice cultivation in the dry season
compulsory [101,104]. These measures correspond to the sudden increase of irrigated areas
since 1990 and especially 1995, as identified in this study.

The main limiting factor of this development in the Ayeyarwady Delta is saline intru-
sion [43]. As the irrigation infrastructure in the delta is regarded to be underdeveloped,
using mainly surface and especially river water, increasing salinity of the water is accu-
mulated in the soil and reducing the arable land [43,105]. This development will most
likely be exacerbated due to sea-level rise and climate change [43,106]. In the context of
the medium (RCP4.5) and high (RCP8.5) IPCC AR5 emission climate change scenarios,
the average yield increase of early rice (harvest in May) is expected to increase about
10%, but the reduction of late rice (harvest in October) can be up to 50% due to increasing
temperatures and variation in rainfall patterns [107]. A household survey of rice farmers
in the Ayeyarwady Delta [106] found an overall low adaptive capacity, limited technical
and institutional support and networks, as well as insufficient input resources such as
seeds and fertilizers. Recent increases of especially irrigated areas in an internationalizing
framework, at least as of 2021, may hint at shifting power, land, and capital control from
local elites towards national actors and investors mainly from China, India, Malaysia,
Thailand, and Vietnam [36,108]. While the identified transition to irrigation within the
agricultural system is among the most remarkable LULCC dynamics in the Ayeyarwady
Delta, agricultural expansion and intensification seems to be themselves at risk rather than
becoming active disaster risk drivers (at least for the studied period, ignoring the initial
part of restructuring the natural delta system in British times). In the mid- and long term,
the mentioned transition may be leading to serious challenges to maintaining food security
as climate change, sea-level-rise, the probability of increasing extreme weather events and
resource degradation are likely to rise [105,109].

The main deforestation phases in the Ayeyarwady Delta happened before the start of
the investigation period when the British systematically expanded the rice cultivation fron-
tier [33], leaving fragmented residual areas behind. The shift from a forest-oriented to an
agricultural-oriented land use between 1997 and 2004, identified for the near-coast located
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Tanintharyi Region in Myanmar by Alban et al. [48], was completed in the Ayeyarwady
Delta long before the beginning of the investigation period in 1974. The remaining forest
cover of 3% of the entire delta has remained relatively stable. However, regular gains and
losses between the forest and shrubland classes indicate high transitional dynamics through
degradation, fallow land, recultivation, and regeneration, indicating high utilization pres-
sure. In contrast, the mangrove areas almost disappeared between 1974 and 2021, covering
only 2% of the delta area in 2021 after a loss of more than 72% since 1974. None of them
has a patch size greater than 103 km?, a reduction of 83% compared to 1990. This trend
is confirmed by the results of Webb et al. [36], who found a maximal mangrove patch of
300 km? for the year 2011. This corresponds to the overall trend already noted by Heymann
and Loffler 1997 [34], with a loss of mangroves by almost 50% by the late 1990s, i.e., the
beginning of the investigation presented here.

Again, in overall agreement with the findings of Webb et al. [36] and Yang et al. [110],
this analysis shows, first, that conversion to agricultural land was responsible for most
of the mangrove loss in the past 50 years, and, second, that the rapidly expanding aqua-
culture and salt farming areas have been considerably co-responsible for deforestation in
the delta. While this change is accompanied by extraction for fuelwood, charcoal, and
non-timber forest products [65,111], the increase in deforestation since the introduction of
the market-oriented economy and advancing privatization may suggest that deforestation
in the Ayeyarwady Delta is increasingly driven by national efforts to intensify food pro-
duction and the internationalization of agro-business. Among one of the few mangrove
areas remaining intact in the delta is the Meinmahla Kyun Wildlife Sanctuary, where no
significant deforestation dynamics can be found (see also [36]). Since this area became an
ASEAN Heritage Park and, since 2017, has been under the protection of the global Ramsar
Convention on Wetlands, the integrity of this sanctuary indicates the effectiveness of those
protection measures and their possible transferability to other areas.

While Webb et al. [36] forecast the complete deforestation of mangroves in the Ayeyarwady
Delta by 2035 based on business-as-usual scenarios, results presented here are indicating
a recent stabilization with slight increases between 2010 and 2015 (+7 km?/ year) and an
almost stable period from 2015 to 2021 (—0.2%). Future investigations may show whether
this is solely due to the fact that all relevant areas have already been cleared and a mere
temporary stabilization is taking place or whether national protective efforts, including
community-based restoration projects, have become effective. Moreover, the recorded
loss and fragmentation of mangrove areas is associated with a decline in biodiversity
and ecosystem services. In particular, their ability to protect the shoreline as bioshields,
thereby mitigating high energy events such as tropical cyclones by breaking the force of
waves, trapping sediment, and preventing coastal erosion [31,45,46,61,112], effectively no
longer exists and has already been associated with the danger of increasing the damage
of torrential winds and extensive flooding in the Ayeyarwady Delta [33,113]. Thus, the
significant loss of mangrove areas and their protective function are some of the active
disaster risk drivers, especially in the low-lying areas of the lower Ayeyarwady Delta.

Finally, the identified changes address the expansion of cultivated aquatic areas in
the delta. This class only became evident during the study period, as aquaculture was
first introduced in the mid-1960s [114]. Aquaculture areas as well as brine ponds covered
less than 1% of the study area in 1974 but were, respectively, increasing towards 4% and
2% until 2021. Especially the expansion of aquaculture was driven by the Aquaculture
Law (1989), facilitating the conversion of so-called wasteland to fish ponds [115]. This
conversion initially took place on natural and semi-natural wetlands and later at the
expense of agricultural areas. This finding is consistent with observations by Belton et al.,
who found that “flood control schemes constructed in rice growing areas of the Delta in the
late 1990s to intensify rice production made the land more suitable for pond farming” [115]
(p. vi). The state-facilitated rice agriculture created a sector dominated by large companies
from the start, as small-scale farmers were not allowed to convert paddy fields to fish
ponds [115]. Nevertheless, higher income and employment generation increasingly attract
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small and medium enterprises in both on- and off-farm segments, leading to an aquaculture
sector with a dualistic structure [115]. In addition to the observed spatial extension during
the study period (+2666 km?), there is a significant yield intensification of fish per acre [115].

Spatial expansion as well as intensification can have significant impacts on the delta
system, adjacent ecosystems, and human health due to toxic waste pollution such as
antibiotic impacts, dissolved oxygen, and nitrate [112]. For the last two values, thresholds
have already been exceeded in samples from the delta [65]. Furthermore, high levels of
groundwater extraction required for aquaculture can induce land subsidence up to 1 m
every 4 years, as shown, e.g., by Higgins et al. [116] for aquaculture facilities in the Yellow
River Delta and by Hung et al. [117] for the coastal Chiayi area in Taiwan. However, since
these dimensions of aquaculture expansion have not been reached in the Ayeyarwady
Delta so far, those dynamics may act in a different order of magnitude. Nevertheless, the
spatial development dynamics of the agricultural sector during the last 50 years point to a
potential disaster risk driver in the future. In contrast, brine ponds have played a major
role in deforestation of the coastal mangrove stocks and would currently impede potential
reforestation efforts. Therefore, despite their small proportion in terms of area, they are
already, to a certain extent, a disaster risk driver that may increase.

4.2. Hybrid Ensemble Classification for Long-Term and Multi-Temporal LULCC Analyses

The generated LULC map products provide long-term, multi-temporal, and area-wide
information about LULCC dynamics in the Ayeyarwady Delta on a consistent and themati-
cally detailed level not present in previous studies. The classification method applied in this
study resulted in high overall accuracies above 90%, comparable to and slightly higher than
similar studies in other deltaic regions (e.g., [76,118,119]). These accuracies confirm that
ensemble learning models for classification are capable of outperforming single classifiers,
even in highly complex and heterogeneous environments. Another main advantage of
this approach is the use of freely available remote sensing data and open-source software,
foregoing ancillary data and so-called expert rules prone to subjective influences.

Although training dataset composition is crucial for the classification’s accuracy, and
field surveys are still the preferred choice for obtaining valid ground truth data [73], the
results of this study support the increasing practice of using high-resolution imagery from
Google Earth and aerial photographs as substituting, effective, and time- and cost-efficient
alternatives for a detailed LULCC analysis. Therefore, the applied method is a possibility
for gaining objective long-term information in areas with poor data and poor accessibility.

The main challenge of this remote sensing approach was the long-term availability
of satellite data with respect to the frequent cloud coverage in the region, limiting the
analysis to the dry season. While this allows for identifying irrigated areas, the spectral
separability of agricultural areas such as fallow land, sowing, and early state vegetation
from other classes remains difficult. The integration of multi-seasonal data can improve this
differentiation, while intra-annual time series, such as those conducted by Torbick et al. [42]
for rice agriculture in Myanmar, would offer deeper insights into the agricultural system of
the delta such as detailed crop types, harvest cycles, and other phenological characteristics.

The nearly five-year interval time series spanning almost half a century created and
analysed in this study began shortly after the initiation of the Landsat mission in 1972, the
only archive in the world providing global data for such a long period of time. However,
the use of this data also limits the spatial resolution of the analysis to 30 m, and 60 m
for the earliest time period (1973/1974) covered by Landsat-1 MSS. This low resolution
is particularly problematic in a study area such as the Ayeyarwady Delta, which is char-
acterised by extremely heterogeneous and highly fragmented land cover. For example,
Kuenzer et al. [24] point out that mangroves often occur as strips smaller than 50 m in fringe
coastal zones. Dispersed settlements with a high share of vegetation and separated farm-
steads scattered throughout the rural areas of the delta are also difficult to identify, leading
to interferences with mosaic vegetation. On the one hand, the medium spatial resolution
leads to a loss of detail and selectivity, while on the other hand, a higher resolution would
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lead to a higher degree of spectral variations, complicating the analysis in large-scale areas.
This issue was partially addressed by pan-sharpening to a 15 m resolution of Landsat-7 and
Landsat-8 data for the three periods of 2001, 2015, and 2021. Unsurprisingly, the overall
accuracies for those years were higher (91% to 94%), also caused by the overall better sensor
equipment. In contrast, the 1973/74 accuracy using 60 m x 60 m Landsat-1 MSS imagery
was the lowest (78%) and therefore used as baseline information but not always included in
the direct comparison of the time series. Additionally, the classification was improved for
the two most recent time periods, 2015 and 2021, through the integration of Sentinel-1 data.

Thus, this study confirms the great benefit of the synergistic use of optical and radar
data, not only because of the all-weather capability but also for the specific microwave
backscattering characteristics of water-loaded classes, such as rice paddies, aquaculture,
and inundated areas [24,42,120,121]. The classification accuracy was most improved by
using different spectral indices, which significantly increased the separability of the in-
dividual LULC classes. The location between land and sea, with intertidal effects and a
high water content of many LULC classes, poses a major challenge for classifying delta
landscapes in regard to spectral mixture. The NDTI is used as an indicator of water qual-
ity (e.g., [122]), but Sakai et al. [43] demonstrate a linear relationship between turbidity
and electrical conductivity and thus also a relationship with river water salinity. In this
study, the NDTT helped to separate the actual water, which includes not only sea and river
water but also numerous standing waters and reservoirs, including the aquaculture and
the brine pond classes. The mapping of mangroves has been termed “one of the most
demanding tasks in remote sensing” [112] (p. 913) due to the high degree of components
influencing the signal, such as plant and leaf geometry, underlying mudflats, soils, and
water surfaces [112]. When hyperspectral imagery is not available, this task often requires
a high degree of interactivity [112]. This study shows that the CMRI index developed by
Gupta et al. [81] and the easily objectifiable topographic mask proposed by Yancho et al. [82]
can be combined with little interactivity to identify mangroves with great accuracy, even in
medium-resolution indices. The successful application of both measures underlines the
advantages to be expected from using them for medium-resolution studies in coastal areas.

Despite the relatively high accuracy values in relation to the spatial resolution, the
per-pixel classification method used reinforces the spectral mixture issue in mid-resolution
image data. Above all, this issue applies to the various stages of salt farming and their
differentiation from aquaculture, urban areas with a high share of vegetation, and the inter-
mediate stages of irrigated agriculture and different types of semi-natural wetlands. In this
context, objected-based methods could increase classification accuracy, as they additionally
consider the relative location and the shape of surfaces. This improvement has already
proven to be advantageous for the distinctive rectangular shape of aquaculture ponds
(e.g., [123]) and could also facilitate the identification of building blocks and agricultural
patches. However, object-based methods are still mainly applied when investigating areas
less than 300 ha using high-resolution data [124], which significantly limits the effective use
in the study area of the Ayeyarwady Delta, covering about 40,000 km?. Another improve-
ment option may be the use of sequential classification techniques to increase the spectral
separation of LULC classes in highly complex environments, as proposed, for example, by
Ottinger et al. [76].

As the findings of this study offer valuable insights on long-term LULCC dynamics
for the entire Ayeyarwady Delta, the potential of intra-annual time series and multi-source
data for more detailed information on smaller scales could be a focus for further research.

5. Conclusions

This study presented a novel, area-wide, long-term, and multi-temporal analysis of
land use dynamics in the Ayeyarwady Delta in Myanmar spanning nearly five decades
from 1974 to 2021 in five-year intervals, addressing a general lack of precise and consistent
data in one of the least studied mega-deltas in the world.
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A hybrid ensemble model consisting of six different machine learning classifiers
using 50 Landsat and Sentinel-1A images and various spectral indices was developed for
the Ayeyarwady Delta. Due to the data-poor conditions, but also to ensure the greatest
possible objectivity, ancillary data and classification rules based on expert knowledge were
not considered. The approach was conducted using only freely available data and open-
source software. The achieved accuracies of more than 90% are promising, despite limited
availability of cloud-free data and some uncertainties due to spectral mixture issues, most
notably in the urban and built-up areas, aquaculture, and brine ponds classes.

The analysis revealed high LULCC intensities throughout the study period, most
notably during the first two periods (1974-1990, 1990-1995) immediately after the intro-
duction of a market-oriented economy after 1988 and the most recent periods (2010-2015
and 2015-2020) under the increasing influence of national development activities, inter-
nationalization, and globalization dynamics. The major identified potential risk-relevant
LULCC dynamics include urban growth towards low-lying areas, expansion of irrigated
agricultural areas, mangrove deforestation, and the expansion of cultivated aquatic surfaces.
Urban growth, mangrove loss, and the associated expansion of brine ponds represent active
disaster risk drivers in the respective parts of the Ayeyarwady Delta, with high intensity in
the corresponding LULC classes. The expansion of aquaculture may become a potential
future disaster risk driver if recent growth rates are maintained. In contrast, the agricultural
areas seem to have reached their maximum extent and are now themselves at potential risk,
particularly where irrigation systems are a necessity.

The results of this study support a number of recommendations to avoid increasing or
creating potential disaster risk: (1) Urban areas below 5 m have increased about 300% and
those below 10 m about 400%, new settlement areas only outside of particularly hazard-
prone areas may need to be considered, and remote sensing and impact simulations could
aid appropriate planning processes. (2) Maintaining food security in the future through
irrigation-dependent agriculture is likely to present growing challenges from, e.g., climate
change, salinization, and land degradation effects; and measures aimed at strengthening
adaptive capacities, diversification of crops, and farming practices and alternative sources
to maintain food security may need to be implemented and extended sooner rather than
later. (3) Aquaculture—which without doubt could be an important source for income
and nutrition—can simultaneously contribute to long-term potential disaster risk creation,
since its expansion has not progressed as far as in other deltas; there is still an opportunity
to monitor this development closely and to intervene through legislation when necessary.
(4) Mangroves and their protective function are almost lost in the delta; recent increases
and the effectiveness of protection measures in the Meinmahla Kyun Wildlife Sanctuary
offer the opportunity to create awareness, especially based on lingering impressions of the
damage caused by Cyclone Nargis, and to restore the delta’s natural bio-shield, for instance
through replantation or community-based recovery projects, the designation of protected
areas, and the enclosure of designated brine pond zones.

The yet unexplored potential for further remote sensing-based studies in the Ayeyarwady
Delta lies in using high and very high-resolution data for smaller areas (particularly at a
local scale), object-based classification approaches, and intra-annual time series to capture
seasonal dynamics in the context of the importance of agricultural developments in the delta.
Additional research of specific forms of vulnerability and its shaping through different
economic, political and cultural processes, actors, and networks is deemed promising with
respect to deepening the understanding of (potential) disaster risk in the Ayeyarwady
Delta and to sensitizing for potential risk creation in areas, such as deltas, where negative
consequences of developments and agency are often located far away from each other.

Developed with freely available data and open-source software, the thematically
detailed and long-term LULCC data created by this study provide a sound basis to support
informed decision making towards a more risk-sensitive development in the future (e.g.,
via consideration in disaster risk management plans and impact models). Remote sensing
has proven to be highly suitable for analysing LULCC dynamics in data-poor and complex
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deltas such as the Ayeyarwady Delta and can consequently be used in the context of disaster
risk monitoring.
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