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A B S T R A C T   

Mangroves play an important role in sustaining a healthy coastal environment, providing a natural habitat to 
various species, a stable shoreline and forestry products. However, the extent of mangroves developed along the 
tidal coast of the Mekong delta in southern Vietnam has faced and still faces the impact from both natural and 
anthropogenic drivers. Since the area of mangroves in the coastal Mekong delta is not well documented, this 
study aims to quantitatively document the evolution of the mangrove area over the past 48 years, i.e. between 
1973 and 2020. Satellite Landsat images, along with a classification method comprising Iso Cluster and 
Maximum Likelihood algorithms, have been used for mapping land cover types including mangroves, aquacul
ture, soils, plants and water surfaces along the coastal districts of the Mekong delta. The study shows that remote 
sensing and GIS techniques can be applied to obtain mapping of the land cover, as well as detect and analyse 
spatial and temporal changes caused by e.g. coastal erosion or aquaculture expansion. The findings reveal that 
the total mangrove area of an estimated 185,800 ha in 1973 decreased significantly to 102,160 ha in 2020. 
Approximately 2150 ha/yr of the total mangrove loss over 1973–2020 was due to invasion by aquaculture, while 
roughly 430 ha/yr was lost due to coastal erosion. A slight increase in mangrove area occurred since 2010 as a 
result of the implementation of a series of projects to protect against coastal erosion and to restore mangroves by 
the Vietnamese government and international non-governmental and governmental organizations, although the 
success rates of mangrove restoration are relatively low. The survival of mangrove forests in the Mekong delta is 
related to the main pressure drivers: pollution, land use conversion, insufficient sediment sources, coastal erosion 
and coastal mangrove squeeze. Therefore, an integrated mangroves and shrimp farming model is one of the most 
appropriate approaches to achieve a beneficial balance between both aquaculture and mangroves.   

1. Introduction 

Mangroves are extremely prolific ecosystems providing numerous 
goods and services both to the coastal environment and its residents 
(Kathiresan, 2012). Mangrove forests are home to a large variety of fish, 
crab, shrimp and mollusc species (Lee et al., 2014). The fisheries form an 
essential source of food for numerous coastal communities worldwide. 
Moreover, mangrove woods or forests, being resistant to decomposition 
and insects, provide extremely suitable construction material. Further
more, the dense root systems of mangroves trap sediments, which help 
stabilizing the coastline and prevent erosion from waves and storms 
(Marshall, 1994; Suzuki et al., 2011). Several countries are discovering 
the potential for ecotourism of the diverse mangrove forest ecosystems. 
However, the global mangrove forest coverage declined by 3.6 million 
ha, equivalent to about 20% of the total area in the period of 1980–2005 
(Spalding et al., 2010). If no drastic action to reduce mangrove forest 

degradation is implemented, mangrove ecosystems would be wiped out 
globally in the near future (Duke et al., 2007). 

Mangrove forests in the Mekong Delta covered more than an esti
mated area of 410,000 ha in 1943 (Sam et al., 2005). The dominant 
mangrove species in the coastal Mekong delta include Avicennia sp., 
Rhizophora sp., Bruguier asp. and Sonneratia sp. (Duke et al., 2010). 
War, forest fires, collection of wood for fuel and timber, coastal erosion, 
as well as other human activities have resulted in the reduction of the 
mangrove forest coverage in the Mekong Delta. The use of herbicides by 
the USA in the Vietnam War between 1962 and 1971 devastated 
approximately 105,000 ha, comprising 36% of the extent of total man
groves in South Vietnam (NAS, 1974). After the change from a 
centralized economy to a household based economy in 1980s, agricul
ture developed remarkably fast, converting the country from poverty 
into a rice exporting country, nevertheless leading to mangrove degra
dation as a result of rice farming practices and, later, aquaculture 
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expansion. Especially since the end of the 1990’s, in many areas the 
mangrove forests have been cleared for shrimp farming (Hao, 1999). 
Aquaculture area in the lower Mekong delta of Vietnam increased 
4.3%/yr from 546,800 ha to 769,000 ha in the period of 2001–2010 
(http://xttm.agroviet.gov.vn/Site/vi-vn/76/tapchi/69/108/7832/Defa 
ult.aspx, MARD). Population pressure and economic development have 
led to an increasing need for land use of agricultural and aquaculture 
production in the recent years being one of the main drivers for the 
change of mangroves area. A few studies on mangroves change was only 
implemented in some local areas (Veettil and Quang, 2018; Bullock 
et al., 2017), but accurate and timely information on the spatial – 
temporal dynamics of these changes in the whole coastal region of 
Mekong delta has not been investigated. 

Understanding the situation of mangrove forests by monitoring and 
assessing mangrove dynamics is important to allow for a better man
agement and conservation of mangrove systems (Wang et al., 2004). 
Observation of the temporal change of mangrove areas is really a 
challenge when based on ground surveys. A more efficient method for 
the mapping of coastal habitats in recent years is remote sensing (Kirui 
et al., 2012). Remote sensing is a powerful tool for monitoring the 
spatial and temporal progress of mangrove forests; it is cost-effective, 
time-efficient and able to access remote and unreachable regions 
(Kuenzer et al., 2011). The obtained information of mangrove dynamics 
is shown to be valuable for the sustainable management of tropical 
coastal ecosystems (Satyanarayana et al., 2011). Furthermore, remote 
sensing and GIS assist in the continuous monitoring of forests and 
detecting changes that can be integrated into existing databases. The 
results are valuable for the planning of mangrove management to 
improve their significant contribution towards natural resources, 
ecotourism and local livelihoods (Koedam et al., 2007). 

IKONOS, QuickBird, SPOT, WorldView, Kompsat satellite images 
have been widely applied for mapping the mangrove extent because of 
the availability of a high resolution up to 0.25 m (Gandhi and Sarkar, 
2016; Wu and Chen, 2016; Wilson et al., 2019). However, the cost to 
realize commercial satellite images for continuous monitoring long term 
mangrove change on a large spatial scale is expensive. In recent years, 
free downloadable MODerate Imaging Spectroradiometer (MODIS) data 
are widely used in diverse fields of study, including mangrove extent 
detection as well (Ogilvie et al., 2015; Rahimi et al., 2015). Neverthe
less, because of the low spatial resolution ranging from 250 to 500 m, it 
is at a disadvantage compared to free downloadable satellite images as 
Landsat. As a product provided by the U.S. Geological Survey (USGS) 
and NASA, Landsat stands for the longest uninterrupted collection of 
spatial moderate-resolution land remote sensing data in the world. Im
ages collected over four decades offer a helpful resource for global study 
and management of agriculture, geology, forestry, land cover, emer
gency reaction and disaster assistance (http://landsat.usgs.gov). Data 
from multispectral satellite sensors as Landsat MSS, TM, ETM + or OLI, 
are useful sources sufficient to allow an effective refinement between 
mangrove and nearby non-mangrove regions (Haito et al., 2003; Nguyen 
et al., 2013; Hu et al., 2018). Multi-band spectral data as typically red 
and near-infrared (NIR) wavelengths have been used to identify the 
mangroves based on spectral reflectance, whereas remotely sensed 
spectral difference measurements, such as the Normalized Difference 
Vegetation Index (NDVI) have been associated to biophysical charac
teristics, such as chlorophyll index and biomass (Green et al., 1997). 
Although the remote sensing technique has been broadly applied for 
assessing the health of different types of ecosystems, detailed environ
mental assessments of wetlands in the coastal area of South Vietnam are 
still scarce. 

In the lower Mekong River Delta, a few studies have applied remote 
sensing and GIS to detect changes of mangrove cover (NAS, 1974; Binh 
et al., 2005; Koedam et al., 2007; Lam-Dao et al., 2011; Nguyen et al., 
2013), but these concern only local studies (Nguyen et al., 2013). Be
sides the influence of two main drivers, aquaculture and agriculture, 
coastal erosion has not yet been identified as a cause of a reduction in 

mangrove extent in previous studies. 
Therefore, the objectives of this study are twofold. Firstly, it will 

show an overview of the dynamics of the mangrove ecosystem in the 
Mekong delta from 1973 to 2020 on a spatial and temporal scale. Sec
ondly, it aims to contribute to a better understanding of mangrove loss 
associated with diverse drivers of land use change as the causes of 
mangrove reduction vary from region to region. As such it plays an 
important role in detecting and quantifying the nature and timing of 
changes associated with anthropogenic impacts. The results are neces
sary to assist in providing clear goals for local conservation, economic 
activities and coastal protection management in particular and the 
development of regional action plans in general. 

2. Materials and methods 

2.1. Study area 

The study area is the Mekong deltaic coast which has a length of 
about 600 km and is located between 8◦32′-10◦22′ N latitude and 
104◦26′-106◦47′ E longitude. The study focuses on those districts along 
the Mekong deltaic coast in Vietnam (Fig. 3) that are facing significant 
threats to mangroves due to the effects of rapid conversion into human 
land use, coastline treatment, coastal squeeze, salt water intrusion and 
pollution. 

2.2. Data and methods 

2.2.1. Satellite images data 
Various types of remote sensing satellite data have been used for the 

mapping and monitoring of mangroves at local, regional and global 
scales. Freely available Landsat scale (30 m) satellite data are found to 
be suitable for a large-scale area as the Mekong delta. 

Multi-temporal remote sensing data of the Landsat Multispectral 
Scanner (MSS), Landsat Thematic Mapper (TM), Landsat Enhanced 
Thematic Mapper (ETM+) and Landsat Operational Land Imager (OLI) 
from 1973, 1979, 1990, 1995, 2000, 2005, 2010 and 2020 are achieved 
from U.S. Geological Survey (http://earthexplorer.usgs.gov) in this 
study (Fig. 1). Due to a coastline length of 600 km, five adjacent Landsat 
paths/rows (path 124, 125, 126 and row 53, 54) are needed to cover the 
entire Mekong deltaic coast. 

Fig. 1. Typical Landsat image in study area (https://earthexplorer.usgs.gov/).  
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2.2.2. Pre-processing 
The use of multi-temporal satellite data at a regional scale faces a 

number of challenges: geometric correction errors, noise arising from 
atmospheric effects and changing solar zenith angles (Homer et al., 
2004). Such errors are likely to introduce noise into land use classifi
cation and change detection analyses. Hence pre-processing is necessary 
to remove or minimize such errors. 

Pre-processing steps for this study included Top Of Atmosphere 
(TOA) reflectance conversion and atmospheric correction. Each image 
was normalized for solar irradiance by converting digital number values 
to the TOA reflectance. This conversion algorithm is “physically based, 
automated, and does not introduce significant errors to the data” (Huang 
and Townshend, 2003). This process substantially removes variations 
among the images including sensor differences, the earth-sun distance 
and the solar zenith angle. All images were converted to TOA reflectance 
values, as proposed by Chander and Markham (2003), so that a stan
dardized measure could be obtained for a comparison among images. 
Besides, the images were corrected for atmospheric interference caused 
by haze, dust, smoke using the dark-object subtraction method (Chavez, 
1996). The Dark Object Subtraction (DOS) model was applied to data 
that were converted to the reflectance values at earth surface. The DOS 
model is widely used and is considered as one of the best methods for 
atmospheric correction in change detection studies. DOS is a simple 
empirical atmospheric correction method for satellite imagery which 
assumes that reflectance from dark objects includes a substantial 
component of atmospheric scattering. DOS searches each band for the 
darkest pixel value. The scattering is removed by subtracting this value 
from every pixel in the band. The DOS model, which is an image-based 
procedure, does not require field measurements and it is simple and easy 
to apply (Chavez, 1996). 

2.2.3. Image classification 
Satellite data were geo-referenced to coordinate the system of UTM 

WGS 84 with a Root Mean Square Error (RMSE) of less than half a pixel 
(<15 m). This study used the combined unsupervised and supervised 
classification approach which has employed in many fields including the 
remote sensing (Thomas et al., 2003; Lo and Choi, 2004; Mohammady 
et al., 2015; Bernabe and Plaza 2010) (Table 1). Five land cover classes 
consisting of mangrove, aquaculture, soil, plant and water were mapped 
in the study area (Fig. 4). Post-classification editing ‘recoding’ was 
performed to remove obvious errors. Finally, post-classification change 
analysis was performed (Giri et al., 2007). 

The purpose of remote sensing for land cover monitoring is estab
lished as a response to the reflection of land cover categories to radiation 
in the visible and reflected infrared radiation of the electromagnetic 
spectrum. The reflectance of most land cover types from visible radia
tion is moderately low, however near infrared radiation is mostly 

reflected from all land cover types except water. The Normalized Dif
ference Vegetation Index (NDVI) method was also used to estimate the 
density cover of mangroves as well as to differentiate the vegetation and 
non-vegetation parts. The NDVI data layer was estimated as (Red - NIR)/ 
(Red + NIR), where Red and NIR are the reflection in the red and near- 
infrared bands of the MSS, TM, ETM, OLI images, respectively. The 
function of NIR and Red wavelengths can also be effectively used to 
monitor the vegetation status and condition of a mangrove ecosystem 
(Gillies et al., 1997). Besides, the ratio of a short wave infrared band and 
green band (Normalized Canopy Index - NCI) is often used to get in
formation on different vegetation types more clearly, especially between 
forests and croplands (Vescovo and Gianelle, 2008). Therefore, this 
study combines the NDVI band and the NCI band to create 30 classes by 
the Iso cluster unsupervised classification methodology, which uses a 
modified iterative optimization clustering procedure (Richards, 1986). 
The methodology creates a signature file containing the multivariate 
statistics for a subset of the cells for the identified clusters. The resultant 
calculations identify which cell location belongs to which cluster, the 
mean value for the cluster and the variance-co-variance matrix. This 
information is essential in the clustering and classification of the 
remaining un-sampled cells. 

Consecutively, supervised classification by a maximum likelihood 
algorithm is used to reclassify the types into the five classes: aquacul
ture, mangroves, plants (rice crop, fruit trees, shrub, soils (bare soil, 
urban, vegetable field with very low canopy cover, salt field) and water. 
Supervised classification is a pixel-based process, where pixels of known 
classes are used for classifying unknown classes. The field data sup
ported the selection of a representative training data set for a maximum 
likelihood algorithm and an accuracy assessment of the classification. 
Maximum likelihood classification is known as one of the most effective 
methods in categorizing land use cover using moderate spatial resolu
tion satellite remote sensing data (Green et al., 1998; Held et al., 2003). 
This method allocates each pixel to one of the different classes based on 
the highest probability according to the means and variances of the class 
signatures. The software was used to plot all the types of the results and 
data analysis in the Arcmap project (ArcGIS 10.5 version). 

2.2.4. Accuracy assessment of classification and land cover detection 
analysis 

The accuracy assessment was implemented to determine how effec
tive the classification process is, based on field data (Fig. 2 and Fig. 3) 
and other relevant information, including historical aerial photos, ortho- 
photos, Google Earth imagery and regional technical papers. A precision 
assessment was implemented using the Kappa coefficient approach to 
evaluate the accuracy of the classification results. The Kappa coefficient 
is calculated from the error matrix which compares the value achieved 
by the classification process of the remote sensing technique and the 
actual value (Congalton, 1991). The Kappa function indicated how well 
the classification process is executed as compared to allocated values. A 
sampling with 100 pixels produced for the study area was applied to 
assess classification accuracy. Comparing these two values from field 
data and classified maps completed the error matrix table. The overall 
classification accuracy as well as user and producer accuracies for in
dividual classes based on the reference data was achieved. 

By the application of the change detection technique, land cover can 
be observed at different times. For change detection, satellite images 
should be attained by the same sensor and with the same resolution 
(Lillesand et al., 2004). Satellite devices offer cyclical images of surface 
coverage and help to obtain multi-temporal data sets for different use. 
Several measures for land cover change detection, including algebra 
based change detection approach (Ke et al., 2018; Ferraris et al., 2018), 
transform based change detection (Sadeghi et al., 2016; Massarelli 
2018), classification based change detection (Radhika and Varadarajan 
2018; Alonso et al., 2016), neural network and fuzzy based approach (Su 
et al., 2017; Zhang et al., 2017b; Tian and Gong 2018) can be 
implemented. 

Table 1 
Steps for classification and change detection analysis of land cover types.  

Process 
Step 

Process Name Description 

1 Download and Extract Images USGS EROS DATA CENTER 
2 Atmospheric correction Sun and radiometric correction 
3 Normalized Difference 

Vegetation Index (NDVI) 
Red and Near Infrared Bands 

4 Normalized Canopy Index 
(NCI) 

Green band and Short wave infrared 
band 

5 Developing approach for land 
cover creation by combining 
NDVI and NCI 

Unsupervised classification by iso 
cluster algorithm to create 30 classes 

6 Classifying 5 classes: 
aquaculture, mangrove, plant, 
bare soil, water. 

Supervised classification from 30 
classes to 5 classes by maximum 
likelihood algorithm 

7 Change detection analysis Characteristic difference of pixel 
change between images from two 
dates  
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In this study, a change detection technique for each land cover class 
was used as post-classification comparison. This approach identifies 
changes in land cover type comparing the classified images pixel by 
pixel. Assigning any value to each class can produce a complete matrix 
of changes. Finally, the cross-tabulation technique by a simple mathe
matical function for images of t1 and t2 is employed to visualise the 
changes in each land cover class. Further, the accuracy of this approach 
depends on the accuracy of the initial classifications. 

3. Results 

3.1. Mangroves and land cover mapping 

The mangroves and land cover mapping rule sets developed in this 
study were successfully implemented on the entire Landsat images 
collection of MSS, TM, ETM+, OLI imagery, producing consistent image 
maps. Combined unsupervised and supervised classifications on Landsat 
MSS, TM, ETM+ and OLI 2011 indicated 5 land cover classes in agree
ment with the ground-truth observations. The efficacy of satellite images 
in providing informative data from the mangrove area during the 48- 

year period is an advantage, as it monitors a vast area over a short 
time interval. Spatial and spectral information given by the satellite 
images enable classification of land use cover using pixel-by-pixel 
changes in every image with more than 80% of accuracy. The image 
classification for mangroves in 2015 indicated an accuracy assessment 
of 87% with Kappa statistics of 0.84 (Table 2). Therefore, it is assumed 
that classifications have been performed adequately for the purposes of 
assessing temporal change in mangrove extent and other land cover 
types. 

Distribution of mangroves from the classification from 1973 to 2020 
is depicted in Fig. 5. Mangroves have grown in several coastal areas, 
such as Ben Tre, Tra Vinh, Soc Trang, Ca Mau, especially in areas where 
sedimentation has occurred. The total mangrove area in 1973 was 
estimated at 185,800 ha and had decreased significantly to 113,440 ha 
in 1990 to 92,560 ha in 2000. In the following periods, the extent of the 
mangroves is quite stable only slightly decreasing to 89,650 ha in 2010 
and increasing again to 102,160 ha in 2020 (Table 3). 

Fisheries have been very successful in the Mekong delta, which has 
resulted in a significant contribution to the development of Vietnam’s 
economic development in recent years. Aquaculture, the farming of fish, 

Fig. 2. Ground survey of (a) plant types, (b) mangrove types, (c) aquaculture types and (d) soil types in 2015.  
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crustaceans, molluscs, aquatic plants, algae and other organisms, 
covered a minor area of about 700 ha in 1973. A growth in the aqua
culture extent took place in 1990, increasing from 51,370 ha to 264,010 
ha in 2010 with an average annual increase of over 10,000 ha. The 
annual increase of the aquaculture area in the period from 2010 to 2020 
is a half compared to period between 2000 and 2010 with an area of 
nearly 321,560 ha in 2020; Camau province occupying over a half of the 
aquaculture area in this region (Table 3). 

Both plant and soil areas showed a steady decline for the period 1973 
to 2020 in the study area. In four land cover categories, plant were the 

dominant cover in the study area; however, it diminished steadily dur
ing the entire study period, similar to mangrove and soil categories. 
Table 3 shows that plant fields started to drop gradually from 643,940 
ha in 1973 to 477,160 ha in 2020. Compared with other periods, the 
result indicates a quite significant decrease of plant area of nearly 9000 
ha/yr in the period between 2000 and 2010 (Table 4). Meanwhile, there 
was an increase of soil area from 1973 to 1990 by 1660 ha/yr, however 
the soil area also began to decline from 186,570 ha in 1990 to 89,640 ha 
in 2020. 

Table 3 shows the percentage of each land cover type in the period of 

Fig. 3. Collected sites for accuracy assessment in red color along the coastal Mekong delta. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 

Fig. 4. The satellite image (a), the image of 30 classes (b) and the final image of five classes (c), respectively.  
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1973–2020. The plant, mangrove and soil areas, indicating a decreasing 
trend between 1973 and 2020, correspond to the revolution of the 
aquaculture area. There was only an extremely small aquaculture area in 
1973, which then increased gradually to nearly 33% of the total land 
cover area in 2020. The plant area occupied more or less 65% in 1973, 
however this area dropped to only 50% of the entire study area. The soil 
area is quite steady in size; there is only a slight decline of occupied area 
rate from 16% to 14% for the total coastal study area in the whole period 
from 1973 to 2020. Similarly, the extent of mangroves in 1973 of nearly 
19% of the total land cover area decreased to 9% in 2010, however it 
started to increase to above 10% for the whole study area in 2020. 

3.2. Distribution of mangrove and aquaculture extent at coastal province 
level 

Land cover area between 1973 and 2020 in Fig. 5 and Table 5 clearly 
showed that the extent of mangroves has decreased inversely propor
tional to the rise of aquaculture area taking place in most coastal dis
tricts, except in the coastal area of Baclieu province. The aquaculture 
area in the entire study area, particularly the aquaculture area in the 
three coastal provinces Camau, Kiengiang and Baclieu, increased 
remarkably compared to other provinces. Especially, the coastal Camau 
province with an aquaculture area occupying 164,030 ha covers nearly 
51% of the total aquaculture extent. The percentage of mangrove area 
among the districts of the coastal provinces is quite stable, indicating 
that the decrease rate of the extent of mangroves distributed rather 
consistently. Not only the largest aquaculture extent in the total study 
area, the coastal area of Camau province is likewise the place where the 
mangrove extent has occupied most territory compared to the remaining 
areas with roughly 67% of the total mangrove extent. Inversely, there 
are three coastal provinces, Kiengiang, Baclieu, Tiengiang, where the 
percentage proportional to the total mangrove area is lower than only 
5%. 

3.3. Change detection analysis of mangrove and aquaculture extents 

Mapping changes of land cover categories is necessary to determine 
and understand the reasons causing these changes, especially the 
ecosystem that includes mangroves. The results from the change 
detection maps (Fig. 6 and Fig. 7) indicate that most mangrove changes 
that occurred along the coastal area, are caused by the expansion of 
shrimp farming, in addition to agricultural activities and coastal erosion. 

The unchanged aquaculture extent (Fig. 7) increased dramatically 
from 30 ha/yr in the period of 1973–1990 to 46,520 ha/yr in the period 
of 2010–2020. This information clearly shows that shrimp famers not 
only continue to use the current aquaculture area, but also expand it 
considerably to absorb other land categories. The Vietnamese govern
ment has encouraged shrimp farming for export since the early 1980s 
and it became a wide-spread economic activity. From 1980 until the late 
1990s, there was rapid expansion in shrimp aquaculture throughout 
most of the coastal Mekong Delta, driven by opening up its economy, 
high profit, and government promotion (Hong and San, 1993; Hashi
moto, 2001). In addition, shrimp farming was promoted by international 

organizations, such as the World Bank and the Asian Development Bank, 
as a means to reduce poverty and create employment and income (Binh 
et al., 2005). The extent of land cover including plant and soil types 
changed to aquaculture from 550 ha/yr in the period of 1973 and 1990 
to 10,570 ha/yr in the period of 2010 and 2020, especially at a peak rate 
of 16,220 ha/yr in the short period of 2000–2010. Fig. 8 determined that 
in the beginning of the 1990s, a remarkable change to aquaculture area 
in the coastal land cover occurred in at first the three provinces of 
Camau, Baclieu and Soctrang. Then, the aquaculture extension spread 
rapidly to the coastal zones of Travinh, Bentre and the southern part of 
Kiengiang province. Meanwhile, the change of aquaculture to other land 
cover types is largely within the approximately range of 4000 ha/yr and 
6000 ha/yr. The reason for the change is the result of several causes. A 
failing wastewater management from shrimp farming leads to a rela
tively frequent loss of aquaculture areas after the success of aquaculture 
in some previous years (Le and Munekage, 2004; Shimizu et al., 2013). A 
part of this land became bare; farmers change to shrimp-rice or 
shrimp-forest field farming or just let the land turn bare. 

Major causes of mangrove forest loss include conversion to agricul
ture, urban development and shrimp ponds. Similar to some other 
countries, in Vietnam a conflict exists between the conservation of 
mangroves and the development of shrimp farming (Dahdouh-Guebas, 
2002). The loss of mangroves in the study area by the expansion of 
aquaculture ranges between 1500 ha/yr and 2700 ha/yr. In general, 
there is a slight decreasing trend of mangroves converted to aquaculture 
from 2440 ha/yr in the period of 1990–1973 to 1490 ha/yr in the period 
of 2010–2020. This is the result of a law introduced in 1991 by the 
Vietnamese government to protect forests (Hong, 2000). Not only due to 
the expansion of aquaculture, the analysis of satellite images shows that 
the other reasons causing the reduction of mangrove area was due to 
conversion to plant, soil extent and erosion. The yearly loss of man
groves by coastal erosion and conversion to other land covers varied 
from 3150 ha/yr to 4360 ha/yr. In 1990s the Vietnamese government 
considerably enhanced irrigation system to develop rice fields in the 
Mekong delta (Kotera et al., 2013; Tuong et al., 2003; Veettil and Quang, 
2018). The irrigation constructions, supported and implemented by the 
government, brought about the de-acidification and de-salination of 
brackish and salt water to be converted into fresh water to develop rice 
fields and fruit tree areas. 

Nowadays, Vietnam is one of the biggest rice exporters in the world 
and nearly 90% of the Vietnamese exported rice is from the Mekong 
delta (Ricepedia, n.d.; Toang, 2017). The result from the significant 
conversion from mangrove to agriculture during 1973 and 2020 (Fig. 7). 
Coastal erosion occurred early in Camau and then spread to other coastal 
provinces, including Travinh and Bentre. Besides the conversion of 
mangroves to other types of land cover, some types of land cover also 
change to mangrove type. Fig. 7 indicates an obvious gradual changing 
growth of other types of land cover to mangroves from 1700 ha/yr in 
period of 1973–1990 to 5550 ha/yr in the period of 2010–2020. 
Mangrove areas have expanded from original mudflats by sedimenta
tion, which occurred in Camau, Soctrang, Travinh and Bentre. The 
further rise of mangrove area in recent years relates to reforestation 
related decisions, including instant actions for the protection and 

Table 2 
The accuracy assessment for classification of land cover mapping in 2015.  

Species Mangrove Aquaculture Plant Soil Water Total User Accuracy 

Mangrove 16 1 0 1 0 18 0.89 
Aquaculture 1 23 1 0 1 26 0.88 
Plant 0 2 20 1 0 23 0.87 
Soil 0 1 1 15 1 18 0.83 
Water 1 0 1 0 13 15 0.87 
Total 18 27 23 17 15 100  
Producer accuracy 0.89 0.85 0.87 0.88 0.87   
Overall accuracy 0.87       
Kappa coefficient 0.84        
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Fig. 5. Classification results of land cover categories in the coastal Mekong delta in (a) 1973, (b) 1990, (c) 2000, (d) 2010, (e) 2020.  

Table 3 
The four different land cover categories in the coastal Mekong delta between 1973 and 2020.  

TYPE 1973 1990 2000 2010 2020 

ha % ha % ha % ha % ha % 

Aquaculture 700 0.1 51370 5.2 141060 14.2 264010 26.7 321560 32.5 
Mangrove 185800 18.8 113440 11.5 92560 9.4 89650 9.1 102160 10.3 
Plant 643940 65.1 638320 64.5 617220 62.3 527900 53.3 477160 48.2 
Soil 158400 16.0 186570 18.9 139100 14.1 108670 11.0 89640 9.0  
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improvement of forest areas (Decision 286/QD-TTG) following a plan to 
create 5 million ha of forests along the country (Decision 661/QD-TTG) 
(Binh et al., 2005). International organizations, as GIZ (Deutsche 
Gesellschaft für Internationale Zusammenarbeit), Australian Aid, have 
also implemented projects to boost the mangrove extent in several 
coastal provinces, such as Soctrang, Baclieu and Kiengiang. Therefore, 
leading to the first accretion of mangrove area being higher than the loss 
of mangrove area in the period 2010–2020. During the total study 
period of 1973–2020, the average yearly loss of mangrove by changing 
to other land cover types, including plants, soils, aquaculture and 
erosion, is 5870 ha/yr. While the change from other land cover types to 
mangrove is approximately 3590 ha/yr before 2010 (less than the loss of 
mangrove more or less 6280 ha/yr in the same time), this phenomenon 
is reversed in the period of 2010–2020 with 5580 ha/yr in terms of other 
land cover types to mangroves, compared with 4640 ha/yr due to 
mangroves to the remaining land cover types. 

4. Discussion 

4.1. Main pressures to the survival of mangroves 

Mangroves which are usually scattered along the intertidal zone of 
low energy tropical coastlines are highly productive ecosystems that 
(Kathiresan and Bingham, 2001). Mangroves play important roles in the 
ecosystem, especially in terms of ecological, environmental, biological, 
medical and economical values (Ellison et al., 2020). However, man
groves in the Mekong Delta still face survival threats such as land use 
conversion, pollution, insufficient nutrient sediment, coastal erosion, 
coastal mangrove squeeze. 

4.1.1. Conversion to aquaculture and other land cover types 
In the mangrove regions of Asian countries, such as Thailand, 

Indonesia, Philippines and Vietnam, a significant change to brackish 
water aquaculture is taking place (Giesen et al., 2006). Approximately 
50%–65% of mangroves have been lost to shrimp farm conversion since 
1975 in Thailand (Barbier, 2003) and in the Philippines about half of the 

279,000 ha of mangroves lost in the years from 1951 to 1988 were to 
develop aquaculture (Primavera, 2000). With the encouragement and 
support of the Vietnamese government and international organizations, 
such as the World Bank and the Asia Development Bank, shrimp farming 
areas spread along the coastal zone of the Mekong delta. The Vietnamese 
Prime Minister issued the National Decree 773-TTg in 1994, stipulating 
that open coastal areas and water bodies could be used for aquaculture 
(Nguyen et al., 2013). However, it led to problems of rapid deforestation 
as local authorities were incapable to control the expanding aquaculture 
(Fig. 9). Although government had indicated a priority from bare soil, 
low productivity rice crops or fruit tree areas to shrimp farming, local 
people still destroyed the mangroves for aquaculture to gain income. In 
this study, the loss of approximately 2150 ha/yr of mangrove through 
1973–2020 was largely due to the conversion to aquaculture. This study 
is consistent with numerous studies in terms of the severe impact of the 
conversion to aquaculture on the mangrove vegetation (Wolanski et al., 
2000; Valiela et al., 2001). Besides, the widespread of aquaculture sys
tem can alter the system dynamics, interrupting the continuity of natural 
events, such as local dispersion and migration of flora and fauna species, 
and modifying the local hydrology, leading to a weakening of mangrove 
health. This study shows that mangroves were not only converted to 
aquaculture but also changed to other land cover types, such as built-up 
land, salt fields, agriculture extent and bare soil, as a consequence of 
deforestation for firewood. This study revealed that the cause of the loss 
of mangrove forests is primarily the conversion to other land covers 
excluding aquaculture, such as mentioned above, with an annual rate of 
3710 ha/yr, which is higher compared with area conversion of man
groves to aquaculture. 

4.1.2. Pollution  

a) Herbicides from chemical warfare 

The forests under study experienced significant damage during the 
Vietnam War from the application of herbicides and defoliants by the U. 
S. Air Force. As part of the war strategy (1962–1972) large tracts of 
forest, including mangrove forest in the southern provinces of Vietnam, 
were defoliated by the use of herbicides in order to reveal military 
shelters and food supplies (Stellman et al., 2003). NAS (1974) estimated 
that 104,939 ha or 36% of the area of mangrove in southern Vietnam 
was subjected to one or more chemical attacks. Heavy defoliation not 
only devastated the vegetation, but also affected heterotrophs changing 
the whole ecosystem (Hong and San, 1993). The profound impact of the 
attacks in the Mui Ca Mau province is detected by the large increase in 
bare wasteland in 1975 compared to 1953. The pattern of impact has a 
similarity to the flight paths of spray missions (NAS, 1974; Stellman 

Table 4 
Annual change of land cover types in periods.  

TYPE ANNUAL CHANGE OF LAND COVER AREAS in PERIODS (ha/yr) 

1990–1973 2000–1990 2010–2000 2020–2010 

Aquaculture 2980 8970 12300 5760 
Mangrove − 4260 − 2090 − 290 1250 
Plant − 330 − 2110 − 8930 − 5070 
Soil 1660 − 4750 − 3040 − 1900  

Table 5 
Aquaculture and mangrove extent at coastal provincial level between 1973 and 2015.  

PROVINCE TYPE 1973 1990 2000 2010 2020 

ha % ha % ha % ha % ha % 

Kiengiang Aquaculture 30 4.3 6060 11.8 11580 8.2 39630 15.0 44610 13.9 
Mangrove 11000 5.9 8310 7.3 5490 5.9 4650 5.2 4920 4.8 

Camau Aquaculture 230 32.9 15070 29.3 53270 37.8 119040 45.1 164030 51.0 
Mangrove 129660 69.8 67570 59.6 56020 60.5 54460 60.7 68110 66.7 

Baclieu Aquaculture 100 14.3 2820 5.5 33850 24.0 40080 15.2 40140 12.5 
Mangrove 1700 0.9 2470 2.2 2840 3.1 2890 3.2 3890 3.8 

Soctrang Aquaculture 70 10.0 5910 11.5 11800 8.4 15270 5.8 18650 5.8 
Mangrove 8750 4.7 8810 7.8 5690 6.1 6550 7.3 7010 6.9 

Travinh Aquaculture 60 8.6 6820 13.3 13250 9.4 26270 10.0 28380 8.8 
Mangrove 15250 8.2 12970 11.4 10750 11.6 9810 10.9 10030 9.8 

Bentre Aquaculture 100 14.3 8700 16.9 13070 9.3 17780 6.7 20210 6.3 
Mangrove 12170 6.6 9020 8.0 8410 9.1 8360 9.3 6820 6.7 

Tiengiang Aquaculture 110 15.7 5990 11.7 4240 3.0 5940 2.2 5540 1.7 
Mangrove 7270 3.9 4290 3.8 3360 3.6 2930 3.3 1380 1.4 

Total Aquaculture 700 100 51370 100 141060 100 264010 100 321560 100 
Mangrove 185800 100 113440 100 92560 100 89650 100 102160 100  
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et al., 2003). A large difference of mangrove growth between the 
affected and non-effected mangrove forest by chemical warfare was 
noticeable (T.T. Van et al., 2015). However, this factor only affected the 
mangrove expansion in first study phase of 1973–1990, and almost no 
longer impacted the development of mangroves in the Mekong delta in 
later years.  

b) The waste of aquaculture 

Corresponding to many other Southeast Asian countries (Huitric 

et al., 2002) mangrove deforestation in Vietnam has become a serious 
issue, with at least 220,000 ha of mangrove forest removed over the last 
50 years (Tuan et al., 2003). Whereas agriculture, salt pan development 
and the wartime use of chemicals were previously the most important 
threats to mangroves, for the last decade the greatest threat has been the 
shrimp aquaculture. Disease outbreaks and acidification of soils have led 
to crop failure rates as high as 70–80% in some areas of Vietnam, and 
subsequently the abandonment of ponds and further expansion of 
shrimp cultivation to new coastal areas (Lebel et al., 2002). To reduce 
the risk of crop failure, Vietnamese farmers use a relatively large amount 

Fig. 6. Conversion dynamics of mangrove and aquaculture in period of 1973–1990 (a), period of 1990–2000 (b), period of 2000–2010 (c), period of 2010–2020 (d) 
and period of 1973–2020 (e). ‘Other’ means land cover of non-determined plants and soils types. 
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of food, pesticides and antibiotics in shrimp farming (Lan, 2013). 
Several concerns have been raised about the use of toxic compounds, 
including their persistence in aquatic environments, the possibility of 
residues in non-cultured seafood, the toxicity to non-target (off farm) 
species, the possible effects on sediment bio-geo-chemistry and, finally, 
the possible effects on the health of farm workers. As other studies have 
noted (Mang et al., 2008), shrimp farming in Vietnam may also lead to 
serious water pollution with wastewaters containing high Biological 
Oxygen Demand (BOD), and high Nitrogen (N) and Phosphorus (P) 
concentrations from food residues, often released directly into canals 
and rivers, causing oxygen depletion and eutrophication. Several studies 
have also indicated that intensive shrimp farming in particular has the 
largest share in the overall environmental impact of all shrimp pro
duction systems. The water pollution per hectare of shrimp farming from 
the farming process are 1373 kg BOD, 4077 kg COD, 6201 kg TSS, 159 
kg of total nitrogen and 20 kg of total phosphorus, 26 kg of 
Ammonia-Nitrogen (N–NH3), respectively. Hence, with aquaculture 
areas in the coastal study area of nearly 300,000 ha, enormous amounts 
of harmful substances are estimated to have been released via discharge 
channels into the coastal zone. The above numbers do not include solid 
waste from aquaculture, which is discharged directly into the river or 
discharge canal; therefore the estimated pollution loads into the water 
body could even be higher. 

4.1.3. Change of sediment-nutrient source 
Changes in sediment regimes in coastal regions can have harmful 

effects on adjacent estuaries and coastal habitats, including mangroves 
which are sensitive to the change of the environment due to natural and 
anthropogenic impact. If a decrease of sediment occurs, it can lead to 
degradation of an ecosystem by starving it of the elements needed to 
sustain production, since often a variety of minerals, nutrients and 
organic matter is attached to the sediments. A substantial fraction of the 
fine particle material and the associated nutrients originate from land 
are responsible for the continuous accretion of sediment, allowing sus
tained progression of the mangrove (Duarte et al., 1998). The change of 
sediment load is a consequence of the construction and operation of the 

Chinese cascade dams in the upper part of the Mekong main stream in 
China, called the Lancang River (Fu and He, 2008). Analyses of 
discharge and sediment flux at various gauging stations on the Lower 
Mekong River have indicated a disruption in water discharge, water 
fluctuations and sediment transport downstream of the first Chinese 
dam among the 8 cascades (i.e. the Manwan Dam), after its reservoir was 
taken into use in 1992. Measurements of suspended sediment concen
tration data at Tanchau permanent stations showed that there is a 
marked difference among the periods 1988–1996, 1997–2007 and 
2008–2012 (Phan et al., 2017) (Fig. 10). Suspended sediment concen
trations declined significantly from 126 mg/l in the period of 
1988–1996 to an average 98 mg/l in the period of 1997–2007. Although 
there is the slight rise of suspended sediment concentration at 104 mg/l 
in the next period of 2008–2012, the declining trend of suspended 
sediment concentration is completely obvious in lower Mekong River 
Delta (Phan et al., 2017). 

Several studies clearly document that the growth of Rhizophora api
culata seedlings, living at the edge of progressing mangrove forests, is 
directly correlated to the nutrient and silt contents within the sediments 
of mangrove sites (Duarte, C. et al., 1998; Tanner et al., 1998, Feller, 
1995). Seedlings growing over nutrient-poor, coarse sediments had very 
low growth rates to the point that their canopy only gained a couple of 
new leaves per year, while the highly branched canopy of seedlings 
growing over nutrient-rich, silty sediments gained a new leaf every other 
day. Experiments with fertilization suggest that the growth of mangrove 
trees is constrained by insufficient nutrient supplies (Onuf et al., 1977; 
Boto and Wellington 1983). The mangrove forests in the sheltered boggy 
hydro environments facilitate the deposition of fine sediments normally 
enriched with nutrients, metals and minerals. The concentration level of 
nutrients in the mangrove sediments is largely influenced by the mi
crobial activities. For seedlings growing in the outermost fringes of 
mangroves, however, variable exposure may markedly change the bal
ance between export and import of silt and nutrients, resulting in highly 
variable nutrient and silt contents in the sediment (Asp et al., 2018). It is, 
therefore, not a surprise that the growth of newly established seedlings 
in the mangrove progression zone is variable and strongly controlled by 

Fig. 7. Annual mangrove and aquaculture dynamics in the coastal Mekong Delta.  
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local differences in sediment nutrient content. Hence, sediment load 
from large river plays important role in the development of mangrove 
area. 

4.1.4. Coastal erosion 
Erosion was also observed as a factor contributing to the loss of 

mangroves at specific locations. Most of the mangrove species are 
influenced by hydrodynamics, including waves and currents, and its 
survival becomes a high risk under extreme weather conditions. In spite 
of the role of mangroves to shield coastlines against hazards as wave 
action and coastal erosion (Tomlinson, 1994; Cuc et al., 2013), man
groves are exposed to erosion caused by natural as well as anthropogenic 
intervention including wave, wind, longshore currents, insufficient 
sediment supply and relative sea level rise (Prasetya, 2006). 

At the present, the Mekong deltaic coast is facing a coastal erosion 
length of nearly 340 km of approximately 630 km total coastline extent 
as shown in Fig. 11 (Phan et al., 2017). Similar to other regions, the 
coastal erosion in the Mekong delta is caused by sediment transport 
gradients based on wave and tidal currents, deficiency of river sediments 

and relative sea level rise (Marchesiello et al., 2019). A remarkable 
finding of this study, which has not yet been analysed in previous 
studies, is that the effect of coastal erosion for the loss of mangrove is 
quantified for each period. There is a gradual rise/increase of annual loss 
of mangrove area by coastal erosion from 380 ha/yr to 540 ha/yr during 
1973–2010, especially in coastal Camau province. Nevertheless, the rate 
of mangrove loss started to decline to 320 ha/yr as a result of the 
deployment of series measurements from the Vietnamese government 
and by several international organizations to control coastal erosion, 
especially in the coastal provinces of Soctrang, Baclieu, Camau and 
Kiengiang (Thai et al., 2021). In addition to hard structures introduced 
to fix the coastline in Tiengiang, Travinh, Baclieu and Camau provinces, 
in recent years local people have planted mangroves as soft structures to 
stabilise the shoreline. However, because of the absence of sediment 
supply, the planting of mangrove seedlings as well as the stabilization of 
the shoreline in several local regions is only moderately successful 
(Besset et al., 2019). Natural nourishment by trapping sediment or 
artificially supplying sediment from other sedimentation regions should 
be considered as a one of the measures appropriate to resolve such 

Fig. 8. (a) Existing coastal protection structures, (b) Groynes systems in Camau, (c) Mangrove restoration project in Baclieu.  
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Fig. 9. Aquaculture expansion in adjacent mangrove forest.  

Fig. 10. Suspended sediment concentration at Tanchau station (Phan., 2017).  

Fig. 11. Coastal erosion to mangrove forest in Camau (a) and Tiengiang (b).  
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problems. The close relationship between the loss of the total area and 
the loss of the mangrove area in the dominant mangrove area along the 
coastal Mekong delta, caused by coastal erosion from 1973 to 2015, 
indicates a correlation value up to 99% (Fig. 12). 

4.1.5. Coastal Mangrove squeeze 
An important risk for marine life is loss of habitat due to coastal land 

claim, erosion and sea level rise. Coastal land claim often involves 
building to protect the land from erosion and/or flooding and conver
sion of mangrove to land cover categories (Fig. 13). Coastal erosion and 
sea level rise push mangroves landward, meaning that the mangrove 
habitat is squeezed into a narrowing zone when it faces the coastal land 
claim and, as a consequence, coastal mangrove squeeze takes place 
(Doody., 2004, 2013). Torio and Chimura (2014) developed a Coastal 
Squeeze Index to evaluate the potential of a coastal marshes squeeze and 
to classify the threatening pressures of various wetlands in the United 
States and Canada. At present, the coastal Mekong delta is facing coastal 
mangrove squeeze by infra-gravity waves and a sea dikes system with a 
critical width of 140 m to maintain a healthy mangrove forest (Phan 
et al., 2015). 

4.2. Sustainable coastal land cover development 

4.2.1. Improving the technique of planting mangroves 
Vietnam has implemented an effort of mangrove restoration in the 

beginning of 1990s. The Vietnam government kick off a considerable 
mangrove replantation program with area of 52,000 ha under Decision 
No. 327 in 1992. Next, the Five Million Hectares Reforestation Project 
was carried out under Decision No. 661/ND-TTg in 1998. 48,096 ha of 
mangroves were restored under the National Target Program, the Forest 
Protection and Development Plan within from 2011 to 2020 (Hai et al., 
2020). Although there was an occurrence of rising mangrove extent in 
the coastal Mekong delta from 2010, the success rate of mangrove 
restoration is quite low similar to the cases of other countries. In 
Bangladesh, 120,000 ha of mangroves have been planted since 1966 
(Saenger and Siddiqi, 1993), however this work failed completely 
(Lewis et al., 2005). More than 44,000 ha of mangroves have been 
planted in Philippines and the survival rate is likewise low at 10–20% 
(Primavera and Esteban 2008). In Vietnam, there have been several 
attempts to restore mangroves in erosion-prone areas, but the success 
rate of mangrove planting in depositional areas was less than 50% (Duke 

Fig. 12. (a) Shoreline evolution, (b) annual shoreline change rate and (c) area change rate along Mekong deltaic coast (Phan et al., 2017), (d) annual area loss of 
coastal erosion and mangroves due to by coastal erosion in Mekong deltaic coast in the period of 1973–2015. 
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et al., 2010; Hong and San, 1993; Chu., 2015) (Fig. 14). There is very 
high survival rate from 70 to 90% in the first 3-month from projects of 
the mangrove rehabilitation, however, survival rates in the long-term 
only remain from 30 to 50%. There are cases that mangrove failed 
completely, e.g. a mangrove restoration project in Binh Dinh province 
(Hai et al., 2020) (see Fig. 15). 

Primavera and Esteban (2008) attribute poor survival of mangrove 
stands mainly to two factors: inappropriate species and sites. With 
respect to the experiences in the Philippines, the favoured, but unsuit
able, Rhizophora are planted in sandy substrates of exposed coastlines 
instead of the natural colonizers, Avicennia and Sonneratia. More 
significantly, planting sites are generally in the lower intertidal to sub
tidal zones where mangroves do not thrive, rather than in the optimal 
middle to upper intertidal levels. Mangrove planting on lower intertidal 
mudflats is to be discouraged or, at least, to be reconsidered (Samson 
and Rollon 2008). The single most important factor in designing a suc
cessful mangrove restoration project is determining the normal hy
drology (depth, duration and frequency of tidal flooding) of existing 
natural mangrove plant communities in the area where restoration is 
executed (Lewis et al., 2005). 

A thorough planning is an essential key to reduce the risk of failures 
in mangrove restoration. Analysing the reason of mangrove loss as well 
as infertile natural rehabilitation needs to be considered a priority 
before implementing mangrove restoration with the correct seedlings. 
Too little attention has been paid to the coastal dynamics of wave action 
and sediment transport, as well as implementing consistent species; the 
weak points in the mangrove restoration of Vietnam (IUCN, 2012). Be
sides, the dense oysters clinging to the seedlings and the rudimentary 

methods to catch crab, goby, clams by local people also affect mangrove 
growth. Therefore, the need to seriously study the characteristic of 
mangrove types, soil as well as hydrodynamics in the coastal area in the 
Mekong delta is an obvious and urgent matter. 

4.2.2. Reconciliation of coastal protection and aquaculture 
Mangroves act as a natural wall against storms, sea level rise and 

erosion, and have a high potential to accumulate carbon. In addition, the 
mangrove ecosystems produce a natural habitat for many aquatic and 
terrene species, as well as provide a home of livelihood for coastal 
communities. For that reason, it is beneficial to include mangroves in the 
coastal protection policy (Truong et al., 2021). Nevertheless, along the 
coastal Mekong Delta, mangrove forests have been disappearing at 
alarming rates from 185,800 ha in 1973 to only 102,160 ha in 2020 as 
detailed in the analyses of the previous section. One of the reasons is that 
the development of the aquaculture sector generates high values on the 
world market. Fisheries have been very successful in the Mekong delta, 
which has resulted in a significant contribution to not only the higher 
income for local people but also Vietnam’s economic development in 
recent years. Along coastal districts, aquaculture covered only a few 
hectares in 1973, however it has exploded to roughly 300,000 ha in 
2015 and the aquaculture invaded mangroves area averaged over 2000 
ha/yr within 43 years. Therefore, an approach to attain the benefit of 
both aquaculture and mangroves without destroying each other has 
been receiving attention in recent years. Based on an evaluation 
framework of the costs and benefits, Silke (2016) indicated that the best 
coastal protection strategy is a combination with alternative use of the 
foreshore, for example the reconciliation of extensive aquaculture and 

Fig. 13. Sea dyke, shrimp farm and mangrove system in coastal area of Camau province.  

Fig. 14. The failure of mangrove restoration in Baclieu province.  
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mangroves. Furthermore, the recent success in the coastal Mekong delta 
of the integrated coastal management programme is a program for 
mangrove restoration based on sustainable mangrove-shrimp farming 
and simultaneous reducing emission of SNV, the Netherlands Develop
ment Organization, and the International Union for Conservation of 
Nature and Natural Resources. The advantage of this integrated 
mangrove-shrimp farming is that mangroves raise biodiversity of 
plankton, improve water quality as well as reduce the risk for diseases of 
aquatic species. Thus, not only shrimp productivity is improved but also 
the risk of high fluctuation of shrimp profits can be reduced due to 
diversification into other aquatic yields. Integrated shrimp-mangrove 
farming systems along coastal Mekong Delta provide a reasonable 
basis for organic production as they are already built on ideas of 
bio-diversity and social sustainability. 

5. Conclusion 

This work provides a detailed picture of long-term mangroves and 
other land cover types dynamics in the coastal area of the Mekong delta 
in Vietnam. The results reveal that there is a significant decline 
amounting to half the mangrove extent over the past 48 years, from 
185,800 ha in 1973 to 102,160 ha in 2020. However, the mangrove 
extent, dropping to a minimum during 43 years at 89,650 ha in 2010, 
started to give an optimistic signal of an increase in the period of 
2010–2020 after the implementation of coastal erosion limitation and 
mangrove restoration projects. Meanwhile, the outbreak of aquaculture 
area took place, initially with only a few hectares in 1973, rising to 
321,560 ha in 2020 due to the economic benefits of this farming type. It 
is one of the main reasons leading to the serious decline of the mangrove 
area in the Mekong delta, specifically aquaculture invading mangroves 

approximately 2150 ha/yr in the recent 48 years. For the first time, this 
study quantifies the loss of mangrove areas in the Mekong delta due to 
coastal erosion, viz. an average loss of over 400 ha/yr. 

The results from these findings demonstrate that Landsat images are 
capable to evaluate the dynamics of mangrove and other land cover 
categories in the spatial and temporal scale. The study stresses the 
advantage and importance of the application of satellite imagery to 
analyse the extent of anthropogenic activities and their impact on the 
land covers over several decades. Hence, this technique is one of the 
suitable tools for monitoring, analysing as well as managing the 
mangroves. 

The study highlights the main threatening drivers to the survival of 
the mangrove in the Mekong delta, including pollution, land use con
version, insufficient nutrient-enriched sediment, coastal erosion and 
coastal mangrove squeeze. In order to cope with the previous drivers 
causing vast and extensive mangrove degradation, an Integrated Coastal 
Management Programme is an appropriate approach for the various 
challenges occurring in the Mekong Delta. Proper mangrove restoration 
techniques as well as the reconciliation of coastal protection and aqua
culture should be considered in efforts to achieve the benefit and to 
balance between the economy of aquaculture and the environment of 
mangroves. This approach can be one of the solutions that contribute to 
the sustainable management of mangroves, not only in the coastal 
Mekong delta but also in other similar areas. 
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