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Introduction
When sea levels rise as rapidly as they have been, even a small increase can have devastating
effects on coastal habitats farther inland, it can cause destructive erosion, wetland flooding,
aquifer and agricultural soil contamination with salt, and lost habitat for fish, birds, and plants.
Higher sea levels are coinciding with more dangerous hurricanes and typhoons that move more
slowly and drop more rain, contributing to more powerful storm surges that can strip away
everything in their path.
Most predictions say the warming of the planet will continue and is likely to accelerate, causing
the oceans to keep rising. This means hundreds of coastal cities face flooding. But forecasting how
much and how soon seas will rise remains an area of ongoing research.
This Bibliography is a search from 2019-2021.
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Title: Evaluating adaptation options to sea level rise and benefits to agriculture: The Ebro Delta
showcase
Author: Genua-Olmedo A., Temmerman S, Ibáñez C, Alcaraz C
Source: Science of the Total Environment Volume 806 1 February 2022 Article number 150624
Abstract
Sea level rise (SLR) is threatening low-lying coastal areas such as river deltas. The Ebro river
Delta (Spain) is representative of coastal systems particularly vulnerable to SLR due to significant
sediment retention behind upstream dams (up to 99%), thereby dramatically reducing the capacity
for deltaic sediment accretion. Rice production is the main economic activity, covering 66% of the
delta area, and is negatively affected by SLR because of flooding and soil salinization. Therefore,
appropriate adaptation measures are needed to preserve rice production. We combined Geographic
Information Systems and Generalized Linear Models to identify zones prone to flooding and
increasing soil salinity, and to calculate the so-called sediment deficit, that is the amount of
sediment needed to raise the land to compensate flooding and soil salinization. We modelled SLR
scenarios predicted by the IPCC Fifth Assessment Report, and analysed the economic feasibility
(not the technical feasibility) of reintroducing fluvial sediments retained in the upstream river dam
reservoirs into the delta plain, which can contribute to maintaining land elevation and rice
production with SLR. To do this, the costs of the sediment reintroduction measures and their
benefits in terms of avoided loss of rice production income were evaluated with an approximate
economic cost-benefit analysis. Results predicted that between 35 and 90% of the rice field area
will be flooded in the best and worst SLR scenarios considered (SLR = 0.5 m and 1.8 m by 2100,
respectively), with a sediment deficit of 130 and 442 million tonnes, with an associated cost of
sediment reintroduction of 13 and 226 million €. The net benefit of rice production maintenance
was 24.6 and 328 €/ha. The proposed adaptation measure has a positive effect on rice production
and can be considered as an innovative management option for maintaining deltaic areas under
SLR.

Title: Alarming coastal vulnerability of the deltaic and sandy beaches of North Africa
Author: : Hzami, A., Heggy, E., Amrouni, O., Mahé, G., Maanan, M., & Abdeljaouad, S.
Source: Scientific Reports, 11(1)

Abstract
Mangrove swamps are extremely productive ecosystems providing many ecological services in
coastal regions. The hydrodynamic interactions of mangrove roots and water flow have been
proposed as a key element to mitigate erosion. Several studies reveal that precise prediction of the
morphological evolution of coastal areas, in the face of global warming and the consequent sealevel rise, requires an understanding of interactions between root porosity (the fraction of the
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volume of void space over the total volume), water flows, and sediment transport. Water flows
around the mangrove prop roots create a complex energetic process that mixes up sediments and
generates a depositional region posterior to the roots. In this work, we investigated the boundary
layer behind permeable arrays of cylinders (patch) that represent the mangrove roots to explore
the impact of patch porosity on the onset of sediment transport. The flow measurements were
performed in a vertical plane along the water depth downstream of the mangrove root models. A
high-resolution Particle Image Velocimetry (PIV) was used in a flume to observe the impact of
porosity on the mean flow, velocity derivatives, skin friction coefficient, and production of
turbulent kinetic energy for Reynolds number of 2500 (based on patch diameter length-scale).
Here, we proposed a predictive model for critical velocity for incipient motion that takes into
account the mangrove roots porosity and the near-bed turbulence effect. It is found that the patch
with the ϕ= 47 % porosity, has the maximum critical velocity over which the sediment transport
initiates. We found the optimum porosity has the minimum sediment erosion and creates negative
vorticity sources near the bed that increases the critical velocity. This signifies an optimum
porosity for the onset of sediment transport consistent with the porosity of mangroves in nature.
The phenomenological model is elucidated based on an analysis of the vorticity evolution equation
for viscous incompressible flows. For the optimum porous patch, a sink of vorticity was formed
which yielded to lower the near-bed turbulence and vorticity. The minimum velocity fluctuations
were sufficient to initiate the boundary layer transition, however, the viscous dissipation
dominated the turbulence production to obstruct the sediment transport. This work identified the
pivotal role of mangrove root porosity in sediment transport in terms of velocity and its derivatives
in wall-bounded flows. Our work also provides insight into the sediment transport and erosion
processes that govern the evolution of the shapes of shorelines.

Title: Sea-level fluctuations during the historical period in Gomso Bay, Korea
Author: Junghae Choi , Wook-Hyun Nahm, Chang-PyoJun, Jin-YoungLee, Gwang-RyulLee,
Buhm-SoonPark, Guan-HongLee, Andrew C.Kemp
Source: 2021 Marine Geology 442,106647

Abstract
Historical sea-level changes in Gomso Bay, the tectonically stable “far-field” area, in the
midwestern Korean Peninsula were inferred based on old documents concerning salt production
and shipping routes. The sea-level in the 570s CE was similar to that at present, fell at some time
around the 1530s CE, rose in the 1750s CE, and rose more in the 1790s CE. The 1-m-long sediment
core QJB-30 recovered from the Gomso Bay area shows a marine unit, paleosol unit, and another
marine unit in stratigraphic order, supporting this interpretation. The soil formation in the paleosol
unit appeared to progress at the location of the core while sea-level was lowered around the 1500s
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and 1600s CE. Given that the tidal flat is widely distributed in this bay, subtle sea-level fluctuations
could appear largely due to the local differences in topographic gradients and the overall shape of
the bay. This study also shows that sea-level rise began earlier than the end of the Little Ice Age
(1850 CE). The most likely explanation for this is that meltwater from the Greenland Ice Sheet in
the early 1700s CE caused sea-level rise around the Korean Peninsula due to sea-level fingerprint
effects. Old documents describing coastal areas are important sources for reconstructing historical
sea-levels, and they inform us about changes both in the natural environment and in human
activity.

Title: Remote sensing approach for monitoring coastal wetland in the mekong delta, vietnam:
Change trends and their driving forces
Author: Dang, A.T.N., Kumar, L., Reid, M., Nguyen, H.
Source: 2021 Remote Sensing 13(17),3359

Abstract
Coastal wetlands in the Mekong Delta (MD), Vietnam, provide various vital ecosystem services
for the region. These wetlands have experienced critical changes due to the increase in regional
anthropogenic activities, global climate change, and the associated sea level rise (SLR). However,
documented information and research on the dynamics and drivers of these important wetland
areas remain limited for the region. The present study aims to determine the long-term dynamics
of wetlands in the south-west coast of the MD using remote sensing approaches, and analyse the
potential factors driving these dynamics. Wetland maps from the years 1995, 2002, 2013, and 2020
at a 15 m spatial resolution were derived from Landsat images with the aid of a hybrid
classification approach. The accuracy of the wetland maps was relatively high, with overall
accuracies ranging from 86–93%. The findings showed that the critical changes over the period
1995/2020 included the expansion of marine water into coastal lands, showing 129% shoreline
erosion; a remarkable increase of 345% in aquaculture ponds; and a reduction of forested wetlands
and rice fields/other crops by 32% and 73%, respectively. Although mangrove forests slightly
increased for the period 2013/2020, the overall trend was also a reduction of 5%. Our findings
show that the substantial increase in aquaculture ponds is at the expense of mangroves, forested
wetlands, and rice fields/other crops, while shoreline erosion significantly affected coastal lands,
especially mangrove forests. The interaction of a set of environmental and socioeconomic factors
were responsible for the dynamics. In particular, SLR was identified as one of the main underlying
drivers; however, the rapid changes were directly driven by policies on land-use for economic
development in the region. The trends of wetland changes and SLR implicate their significant
effects on environment, natural resources, food security, and likelihood of communities in the
region sustaining for the long-term. These findings can assist in developing and planning
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appropriate management strategies and policies for wetland protection and conservation, and for
sustainable development in the region.

Title: Millennial-scale shifts in microtidal ecosystems during the Holocene: dynamics and
drivers of change from the Po Plain coastal record (NE Italy)
Author: Veronica Rossi, Giulia Barbieri, Stefano Claudio Vaiani, Marco Cacciari, Luigi Bruno,
Bruno Campo, Marco Marchesini, Silvia Marvelli, Alessandro Amorosi,
Source: 2021 Journal of Quaternary Science 36(6), pp. 961-979

Abstract
Framed into a robust stratigraphic context, multivariate analyses on the Holocene palaeobiological
record (pollen, benthic foraminifers, ostracods) of the Po coastal plain (NE Italy) allowed the
investigation of microtidal ecosystems variability and driving parameters along a 35-km-long
land–sea transect. Millennial-scale ecosystem shifts are documented by coeval changes in the
meiofauna, reflecting variations in organic matter–water depth (shallow-marine environments) and
degree of confinement-salinity (back-barrier settings). In-phase shifts of vegetation communities
track unsteady water-table levels and river dynamics in freshwater palustrine areas. Five
environmental–ecological stages followed one another crossing four tipping points that mark
changes in relative sea level (RSL), climate and/or fluvial regime. At the culmination of
Mediterranean RSL rise, after the 8200 event, remarkable growth of peatlands took place in the
Po estuary, while low accumulation rates typified the shelf. At the transgressive–regressive
turnaround (~7000 cal a bp), the estuary turned into a delta plain with tidally influenced
interdistributary embayments. River flow regime oscillations after the Climate Optimum (post5000 cal a bp) favoured isolation of the bays and the development of brackish wetlands surrounded
by wooded peatlands. The youngest threshold (~800 cal a bp), which led to the establishment of
the modern delta, reflects a major avulsion of the Po River.

Title: Slight variations in coastal topography mitigate the consequence of storm-induced marine
submersion on amphibian communities
Author: Lorrain-Soligon, L., Robin, F., Rousseau, P., Jankovic, M., Brischoux, F.
Source: 2021 Science of the Total Environment 770,145382
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Abstract
The rise in sea-level and the increase in frequency and intensity of extreme weather events (i.e.,
storms and associated surges) are expected to strongly impact coastal areas. The gradual impacts
of sea-level rise may allow species to display adaptive responses to overcome environmental
changes. In contrast, the abruptness of marine submersions during extreme weather events can
induce changes that may exceed the ability of species to respond to brutally changing
environments. Yet, site-specific topographical features may buffer the expected detrimental effects
of marine submersions on wildlife. In order to test such topographical effects, we examined the
long-term consequences of a major marine submersion (storm Xynthia) on the amphibian
communities of two French Atlantic coastal wetlands that slightly differ in their topography and,
thus, their susceptibility to marine submersion. Amphibians were monitored on 64 ponds for up to
13 years, using acoustic and visual methods, in conjunction with environmental parameters (e.g.,
pond topology, vegetation, salinity). We found that the amphibian communities at the two
neighboring sites displayed different responses to the marine submersion linked to storm Xynthia.
As predicted, slight differences in local topography induced strong differences in local magnitude
of the landward marine surge, influencing salinization dynamics and associated consequences on
wildlife (amphibians). The different species responses show that amphibian richness can recover
to that of pre-storm conditions, but with significant changes in the composition of the community.
Our results suggest that amphibian presence post-submersion in coastal wetlands results from an
interaction between species traits (e.g., tolerance to elevated salinity), site-specific topography,
and environmental parameters. Finally, our study emphasizes that relatively modest landscaping
management may be critical to allow wildlife to successfully recover after a marine submersion.

Title: Seawater intrusion into coastal aquifers from semi-arid environments, Case of the alluvial
aquifer of Essaouira basin (Morocco)
Author: Ouhamdouch, S., Bahir, M., Ouazar, D.
Source: 2021 Carbonates and Evaporites 36(1),5

Abstract
Marine intrusion phenomenon is the main phenomenon threatening the groundwater quality in
coastal aquifers around the world. This phenomenon is generally caused by the overexploitation
of aquifers, decline in the piezometric level and the rise in sea level under the climate change
effect. There are several approaches to study and assess the marine intrusion phenomenon. For this
study, the crossing of piezometric, hydrochemical and isotopic approaches was adopted to
highlight the state of this phenomenon within the Plio-quaternary aquifer of the Essaouira basin.
The couples (Na, Cl), (Ca, Mg), (Br, Cl), (δ2H, δ18O), (δ18O, Cl) were determined for 24 samples
capturing the shallow aquifer of the Essaouira basin. The piezometric approach shows that
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negative piezometric levels are registered. The ionic ratios Br/Cl close to 1.5 and 1.7‰, Na/Cl
close to 0.86, Mg/Ca and SO4/Cl weak showed that the seawater begins to invade the freshwater
of the Plio-quaternary aquifer of Essaouira basin. This intrusion demonstrated by ionic ratios and
corroborated by isotopic approach and the combined use of oxygen-18 contents and chlorides has
a mixing rate of 15.9% at the well 11/51, 14.5% at the sample 45/51, 13.2% at the well 149/51,
13.3% at point O114 and 12.8% at the well O94. However, the results of the hydrogeochemical
and isotopic approach suggest intrusion up to 2 km from the sea; this reflects a warning sign about
the groundwater deterioration of the study area.

Title: Middle holocene coastal environmental and climate change on the southern coast of Korea
Author: Lee, H., Lee, J.-Y., Shin, S.
Source: 2021 Applied Sciences (Switzerland) 11(1),230, pp. 1-14

Abstract
We obtained a 15 m drill core from Deukryang Bay on the southwest coast of Korea, which is now
an area of reclaimed land used for agriculture. We investigated changes in the depositional
environment and hydrological climate responses to sea level changes using sedimentary facies,
radiocarbon ages, grain-size analysis, total organic carbon (TOC), total sulfur (TS), and stable
carbon isotopes (δ13C). Sediment deposition began at 12,000 cal yr BP and was divided into four
stages based on changes from fluvial to intertidal environments related to Holocene marine
transgression events. Stage 1 (>10,000 cal yr BP) is represented by fluvial sediments; Stage 2
(10,000–7080 cal yr BP) is represented by the deposition of mud facies in an intertidal zone in
response to sea level rise; Stage 3 (7080–3300 cal yr BP) was a period of gradually descending sea
level following the Holocene maximum sea level and is characterized by gradual changes in TOC,
TS, and C/S ratios compared with the mud facies of Stage 2. Stage 4 (3300 to present) was
deposited in a supratidal zone and contains low TS and an abundance of TOC. Based on our TS
and C/S ratio results, the south coast of Korea was mainly affected by sea level rise between 7000
and 3000 cal yr BP, during the middle Holocene. At 3000 cal yr BP, sea level began to stabilize
or gradually decrease. In addition, changes in δ13C values are clearly observed since ca. 5000 cal
yr BP, in particular, large hydrological changes via freshwater input are confirmed in 4000–3000
cal yr BP. We consider these shifts in freshwater input indicators of an increased influence of El
Niño and La Niña conditions, related to the weakening of the East Asian Summer Monsoon
(EASM) and changes in sea surface temperature (SST) of the Western Pacific Ocean during the
middle Holocene climatic optimum (between 7800 and 5000 cal yr BP). The cooling periods of
SST in East Asia between 8400 and 6600 cal yr BP reported from the west coast of Korea are
related closely to changes in vegetation (as evidenced by δ13C) from 7700 cal yrs BP to the present
in the southwest coast of Korea. We interpret the freshwater input events at 4000–3000 cal yr BP
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to be related to changes in SST in response to the weakening of the EASM on the southwest coast
of Korea. However, additional research is needed to study the southward migration effect of the
westerly jet related to SST and atmospheric circulation controlling terrestrial climate in the middle
Holocene.

Title: Predicting the impact of sea-level rise on intertidal rocky shores with remote sensing
Author: Nina Schaefer, Mariana Mayer-Pinto, Kingsley J.Griffin, Emma L.Johnston, William
Glamore, Katherine A. Dafforn
Source: 2020 Journal of Environmental Management 261,110203

Abstract
Sea-level rise is an inevitable consequence of climate change and threatens coastal ecosystems,
particularly intertidal habitats that are constrained by landward development. Intertidal habitats
support significant biodiversity, but also provide natural buffers from climate-threats such as
increased storm events. Predicting the effects of climate scenarios on coastal ecosystems is
important for understanding both the degree of habitat loss for associated ecological communities
and the risk of the loss of coastal buffer zones. We take a novel approach by combining remote
sensing with the IUCN Red List of Ecosystem criteria to assess this impact. We quantified the
extent of horizontal intertidal rocky shores along ~200 km of coastline in Eastern Australia using
GIS and remote-sensing (LiDAR) and used this information to predict changes in extent under
four different climate change driven sea-level rise scenarios. We then applied the IUCN Red List
of Ecosystems Criterion C2 (habitat degradation over the next 50 years based on change in an
abiotic variable) to estimate the status of this ecosystem using the Hawkesbury Shelf Marine
Bioregion as a test coastline. We also used four individual rocky shores as case studies to
investigate the role of local topography in determining the severity of sea-level rise impacts. We
found that, if the habitat loss within the study area is representative of the entire bioregion, the
IUCN status of this ecosystem is ‘near threatened’, assuming that an assessment of the other
criteria would return lower categories of risk. There was, however, high spatial variability in this
effect. Rocky shores with gentle slopes had the highest projected losses of area whereas rocky
shores expanding above the current intertidal range were less affected. Among the sites surveyed
in detail, the ecosystem status ranged from ‘least concern’ to ‘vulnerable’, but reached
‘endangered’ under upper estimates of the most severe scenario. Our results have important
implications for conservation management, highlighting a new link between remote sensing and
the IUCN Red List of Ecosystem criteria that can be applied worldwide to assess ecosystem risk
to sea-level rise.
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Title: The effects of sea level rise on salinity and tidal flooding patterns in the guadiana estuary
Author: Mills, L., Janeiro, J., Martins, F.
Source: 2020 Environmental Science and Engineering pp. 17-30

Abstract
Sea level rise is a worldwide concern as a high percentage of the population accommodate coastal
areas. The focus of this study is the impact of sea level rise in the Guadiana Estuary, an estuary in
the Iberian Peninsula formed at the interface of the Guadiana River and the Gulf of Cadiz. Estuaries
will be impacted by sea level rise as these transitional environments host highly diverse and
complex marine ecosystems. Major consequences of sea level rise are the intrusion of salt from
the sea into fresh water and an increase in flooding area. As the physical, chemical and biological
components of estuaries are sensitive to changes in salinity, the purpose of this study is to further
evaluate salt intrusion in the Guadiana Estuary caused by sea level rise. Hydrodynamics of the
Guadiana Estuary were simulated in a two-dimensional numerical model with the MOHID water
modeling system. A previously developed hydrodynamic model was implemented to further
examine the evolution of salinity transport in the estuary in response to sea level rise. Varying tidal
amplitudes, freshwater discharge from the Guadiana River and bathymetries of the estuary were
incorporated in the model to fully evaluate the impacts of sea level rise on salinity transport and
flooding areas of the estuary. Results show an overall increase in salinity and land inundation in
the estuary in response to sea level rise.

Title: Micro-level coastal vulnerability assessment in relation to post-Aila landscape alteration at
the fragile coastal stretch of the Sagar Island, India
Author: Jana, S.
Source: 2020 Regional Studies in Marine Science 33,100908

Abstract
After the Aila cyclone on May 25, 2009, the fragile coastal environment of the Sagar Island is
facing harsh impacts associated with coastal erosion, landscape degradation and alarming
socioeconomic pressure. The present micro-level study focuses on the shoreline dynamics and
associated landscape alteration rate of different land use/land cover patterns over 2.24 km2 area,
along about 3 km coastline at low-lying (1.45 m) fragile land-shorefront stretch of the Sagar Island,
India using multi-temporal satellite images of pre-Aila (2006) and post-Aila (2010 and 2017)
periods. The embankment and shoreline shifting trends and predicted positions are estimated
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through the digital shoreline analysis system (DSAS) considering multiple shoreline/embankment
positions over the period of 2006 to 2017. About 0.64 km2 area of productive land is exposed to
marine action due to the rapid rate of shoreline retreat (28.48 m/y) within the decade. The coastal
vulnerability index (CVI) is estimated after considering the 14 parameters from physical and
socioeconomic variables. The result reveals that the shorefront zones (3 and 5) are highly
vulnerable with CVI of 1 and 0.494 than the interior zones (2 and 4). The estimated vulnerability
divulges that in the near future, the entire area will ruin due to high rate of land erosion with
triggered effects of the local sea level rise (SLR) and associated hazards. The adopted multicriterion CVI estimation method can also be applied over a large area in the other coastal stretch
of the tropical regions.

Title: Impact of Land Subsidence and Sea Level Rise Influence Shoreline Change in the Coastal
Area of Demak
Author: Prasetyo, Y., Bashit, N., Sasmito, B., Setianingsih, W.
Source: 2019 IOP Conference Series: Earth and Environmental Science 280(1), 012006

Abstract
Climate change has a negative impact on the environment, one of which is the phenomenon of sea
level rise. Sea level rise has a devastating effect on marine coastal areas such as shoreline abrasion.
Sea level rise has caused a reduction in land, one area on the north coast of Java affected is located
in Demak. Demak is a coastal area that has the potential for a shoreline abrasion because of sea
level rise and a decrease in the land surface. Monitoring of shoreline changes needs to be monitored
in order to find out the magnitude of the shoreline changes and the impact caused by reduced a
mainland. One method that can be used to monitor shoreline changes is to use remote sensing
technology. Satellite imagery can produce changes in shoreline abrasion without coming to the
objects directly. This study aims to assess sea level rise and land subsidence resulting in changes
in the shoreline in Demak. The data used are Jason-1 and Jason altimetry satellite data 2, Landsat
7 ETM + satellite imagery in 2011 and Landsat 8 in 2016. Altimetry satellite data is processed to
obtain sea level rise on the coast of the Java Sea. Sea Level Anomaly (SLA) data processing uses
Inverse Distance Weight (IDW) interpolation. The rise in sea level is determined by the analysis
of linear trends from the processing of altimetry satellite data. The separation between water and
land boundaries from Landsat satellite imagery uses the band ratio method on Green bands and
NIR bands. shoreline changes are calculated using DSAS (Digital Shoreline Analysis System).
The results of data processing obtained an average sea level rise in the Java Sea in 2011 to 2016
of + 6.80 mm/year. The highest increase was in Jakarta waters of +11.043 mm / year and the lowest
was in Surabaya waters with an increase of +3.85 mm/year. The increase in Semarang waters was
+ 5.52 mm/year which was used as validation with the tidal data of Semarang. The average change
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in coastline in the Demak region is -119.08 m. Demak experienced a land subsidence of +2,078 to
-8,376 cm/years. The biggest abrasion occurred in Sayung Subdistrict of -691 m. The largest
accretion occurred in the District of Wedung + 512.48 m. Based on the results of the increase in
water level in the coastal areas of the island of Java and land subsidence that occurred in Demak
caused a fairly wide shoreline abrasion.

Title: Adapting to the sea: Human habitation in the coastal area of the northern Netherlands
before medieval dike building
Author: Nieuwhof, A., Bakker, M., Knol, E., G.J.de Langen, J.A.W. Nicolay .Postma
M.Schepers, Varwijk, T.W., Vos, P.C.
Source: 2019 Ocean and Coastal Management 173, pp. 77-89

Abstract
Before medieval dike building, the coastal area of the northern Netherlands was a wide, regularly
inundated salt-marsh area. Despite the dynamic natural conditions, the area was inhabited already
in the Iron Age. The inhabitants adapted to this marine environment by living on artificial dwelling
mounds, so-called terps. Terp habitation was a highly successful way of life for over 1500 years,
and may be re-introduced as a useful strategy for present and future communities in low-lying
coastal regions that are facing accelerated sea-level rise. This already has been recommended in
several reports, but detailed knowledge of the technology of terp habitation is usually lacking. The
aim of this paper is to present nearly two decades of archaeological research in the coastal region
of the northern Netherlands, in order to inform the current debate on the possibilities of adapting
to the effects of climate change in low-lying coastal areas. It presents the multi-disciplinary
methods of this research and its results, supplying details of terp construction and other strategies
such as the construction of low summer dikes that are still useful today. The results and discussion
of the presented research also make it possible to describe the conditions that must be met to make
terp habitation possible. Terp habitation could have continued, were it not for the considerable
subsidence of inland areas due to peat reclamation. That made the entire coastal area increasingly
vulnerable to the sea. In response to this threat, dike building began in the 11th or 12th century,
but these increasingly higher dikes decreased the water storage capacity and caused impoundment
of seawater during storm surges. Moreover, accretion through sedimentation was halted from then
on. Unlike terp habitation, the construction of high dikes therefore cannot be considered a
sustainable solution for living in low-lying coastal areas in the long term.
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Title: Coastal engineering construction impact monitoring of Rangitahi bridge, New Zealand,
and climate change resilience in eastern Tongatapu
Author: Mead, S., Haggitt, T.
Source: 2019 Australasian Coasts and Ports 2019 Conference pp. 876-881

Abstract
Monitoring is regularly used to determine the impacts of coastal structures, which can be both
physical and biological. This paper presents the design and impacts of coastal construction in a
temperate estuary and on a tropical coral coast, and what has been learnt through monitoring in
each case. A bridge and causeways were required to connect the new residential and commercial
eco-development on Rangitahi Peninsula to Raglan township on the west coast of the North Island,
New Zealand. The engineering design included freeboard to allow for sea level rise and extreme
events (including flooding), scour protection of bridge piles, revetments to protect the causeways
on either side of the bridge, and an innovative approach to mitigating construction impacts on local
marine ecology. The resource consent application process and the AEE (Assessment of
Environmental Effects) indicated that due to previous human invention in the form of an Irishcrossing, the site of the proposed bridge and causeway areas were of high ecological value. This
paper presents the findings of a comprehensive (weekly) monitoring campaign that provided
valuable insight into the physical and biological workings of the estuary. The magnitude of change
to seagrass beds and marine ecological communities was found to be directly linked to
environmental factors. On Tongatapu, trial projects combining hard and soft engineering to
provide climate change resilience were developed in order to learn more about the efficacy of their
application in different physical environments and compare the design parameters in a temperate
context versus a tropical coral sand coast. At a tidally dominated site, groynes with varying
permeability placed at varying intervals along the beach were trialled, while detached breakwaters
of varying lengths at varying intervals were trialled at a more exposed wave-dominated site. Both
trials included beach renourishment and planting of coastal species, as well as a detailed
monitoring programme. Four years after implementation, several important findings have
emerged. In the tidally-dominated location, semipermeable groynes with a spacing that agrees with
temperate design parameters (i.e. groynes should be spaced at ~3x their across-shore length) were
found to be very effective at retaining renourished sand and widening the beach. Detached
breakwaters at the wave-dominated site have also proven to be very effective at sand retention and
the creation of a buffer zone, as well as being very cost effective and allowing for better coastal
access and amenity.
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Feature Article

Title: Remote Sensing Approach for Monitoring Coastal Wetland in the Mekong Delta,
Vietnam: Change Trends and Their Driving Forces
Author: An T. N. Dang, ORCID, Lalit Kumar, Michael Reid and Ho Nguyen
Source: 2021 Remote Sensing
Abstract
Coastal wetlands in the Mekong Delta (MD), Vietnam, provide various vital ecosystem services
for the region. These wetlands have experienced critical changes due to the increase in regional
anthropogenic activities, global climate change, and the associated sea level rise (SLR). However,
documented information and research on the dynamics and drivers of these important wetland
areas remain limited for the region. The present study aims to determine the long-term dynamics
of wetlands in the south-west coast of the MD using remote sensing approaches, and analyse the
potential factors driving these dynamics. Wetland maps from the years 1995, 2002, 2013, and 2020
at a 15 m spatial resolution were derived from Landsat images with the aid of a hybrid
classification approach. The accuracy of the wetland maps was relatively high, with overall
accuracies ranging from 86–93%. The findings showed that the critical changes over the period
1995/2020 included the expansion of marine water into coastal lands, showing 129% shoreline
erosion; a remarkable increase of 345% in aquaculture ponds; and a reduction of forested wetlands
and rice fields/other crops by 32% and 73%, respectively. Although mangrove forests slightly
increased for the period 2013/2020, the overall trend was also a reduction of 5%. Our findings
show that the substantial increase in aquaculture ponds is at the expense of mangroves, forested
wetlands, and rice fields/other crops, while shoreline erosion significantly affected coastal lands,
especially mangrove forests. The interaction of a set of environmental and socioeconomic factors
were responsible for the dynamics. In particular, SLR was identified as one of the main underlying
drivers; however, the rapid changes were directly driven by policies on land-use for economic
development in the region. The trends of wetland changes and SLR implicate their significant
effects on environment, natural resources, food security, and likelihood of communities in the
region sustaining for the long-term. These findings can assist in developing and planning
appropriate management strategies and policies for wetland protection and conservation, and for
sustainable development in the region.
1. Introduction
Wetlands are one of the most important and valuable ecosystems on Earth and provide
numerous critical ecosystem services [1,2]. These ecosystem services include: (1) provisioning of
wildlife habitats, fresh water, biochemical and genetic materials as well as food, fuel, and fibres
[3,4,5,6]; (2) regulating water hydrology, water purification, erosion, climate, and natural hazards
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[3,5,7]; (3) supporting cycling of nutrients, carbon storage, and soil formation [6,8]; and (4)
cultural services such as recreational and nature educational resources [5]. Despite these important
functions, wetlands have been globally threatened due to human activities and climate change,
with approximately 64–74% loss since 1900 [9]. Wetland protection and conservation are thus an
important priority in order to prevent further losses and maintain the vital services wetlands
provide [10].
Monitoring can determine changes in wetland location, extent, and quality, and therefore
plays a crucial role in wetland protection and conservation [11]. Detecting long term changes in
wetlands will help scientists better understand the trends and unexpected changes in wetlands, and
therefore properly evaluate their health and functions [1,12]. Comprehensive understanding of
wetland dynamics, including potential driving forces, is critical for the development and planning
of appropriate management strategies and policies for long-term conservation of wetland
ecosystems.
Remote sensing-based approaches use remote sensing data and techniques to map and detect
changes in the land features, which can assist in determining extents, rates, and patterns of change
in those features. The approaches have been widely used for wetland monitoring due to several
advantages, such as large-scale coverage, timely monitoring, low costs, and capacity to be
integrated into GIS for further analysis [11,13,14,15]. Remotely sensed data has been recognized
as a critical data source for monitoring wetland dynamics because of its capacity to provide highly
consistent and spatially continuous maps of the Earth’s surface [12]. Such data provides both
biophysical information and vegetation indices, which are vital parameters for evaluating and
monitoring temporal patterns in land ecosystems, including wetlands [10,16,17]. The most
common research themes, such as mapping wetland types, vegetation cover classification, and
change detection, have been undertaken using medium spatial resolution data, particularly Landsat
data, at regional scales due to the advantages in terms of temporal and spatial resolution and the
free availability of the data [1]. Recent studies have proven the potential of Landsat imagery for
mapping
and
monitoring
wetland
dynamics
with
acceptable
accuracy
[10,11,12,15,18,19,20,21,22,23].
Remote sensing classification techniques for mapping land features have benefited from the
development and wide use of a variety of techniques, including supervised classification,
unsupervised classification and non-parametric classification [24,25,26]. Among these
approaches, supervised classification has been commonly applied for land feature mapping,
including wetlands in recent studies [15,22,23,27,28,29,30,31,32]. Errors and inaccuracies in
image classification are inevitable, and hence assessing the accuracy of classified images is
essential to measure the consistency of remote sensing-acquired classification [33].
The coastal wetlands of the Mekong Delta (MD) in Vietnam provide a variety of important
ecosystem services for the region [34]. However, the wetlands have been experiencing critical
changes due to increases in regional anthropogenic activities, such as aquaculture and agricultural
development, over-fishing, over-exploitation of natural resources [35,36,37], as well as climate
change and sea level rise (SLR) [22,35,38,39,40]. Previous studies of the system have focused
mainly on the uses of remote sensing-based approaches to investigate changes in land-use/landcover [22,32,35,37,41,42] and the dynamics of mostly mangrove forests at the local (district)
scales [18,19,23,43]. However, in the case of the south-west coast of the MD, where important
wetland ecosystems of the region are present (i.e., peatland Melaleuca wetlands, mangrove forests,
and such key human-made wetlands such as rice fields), information on wetland dynamics, and
the factors that drive these dynamics, is scarce. The present study aimed to address this knowledge
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gap using a remote sensing-based approach. The specific objectives of our study were to: (1) map
spatial distribution of wetland types in the study area in the years 1995, 2002, 2013, and 2020; (2)
analyse the spatial and temporal trends in wetlands during this period; and (3) investigate the
potential factors, including SLR, driving wetland changes. The outcome of the study will provide
comprehensive information on the distributions and trends in wetlands in the region, which can be
critical for protecting and conserving the ecosystems. In addition, a better understanding of
wetland dynamics and factors influencing the wetlands in the region will assist planners and policy
makers in developing appropriate strategies for long-term conservation of wetland ecosystems.
2. Materials and Methods
2.1. Study Area
The study area is located in the south-west coast of the MD, between 8°35′–9°55′ N and
104°43′–105°25′ E, spanning an area of approximately 6000 km2. The area within 20 km from the
coastline includes coastal areas of Ca Mau province and parts of the Kien Giang province (An
Minh and An Bien districts) (Figure 1). The area experiences a humid tropical monsoon climate
with an average annual temperature of 27.5 °C, average annual rainfall of 2442 mm, and two
distinguishable seasons, the dry season (December to April), and the rainy season (May to
November) [32]. The region is mostly flat and located in a low-lying area of the MD, and is
therefore extremely susceptible to sea level rise impacts [38].

Figure 1. Location map of study area from the Mekong Delta, Vietnam.
The coastal areas were chosen because they include the typical and important wetland
ecosystems of the MD, which are coastal mangrove forest and peatland Melaleuca forest wetlands.
Mangrove forest in Ca Mau province, especially in Ngoc Hien district, is the largest and includes
the last remaining old-growth mangrove forests in Vietnam, including the internationally
acknowledged UNESCO Biosphere Reserve and RAMSAR site of Ca Mau Cape [44,45]. In
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addition, the Melaleuca forest of the region constitutes a large proportion of the total amount of
this type of wetland in the MD. These forests are also listed in the biosphere reserves of the world
by UNESCO (U Minh Ha National Park) and RAMSAR site (U Minh Thuong National Park)
[46,47]. These wetlands, along with human-made wetlands, such as rice fields and aquaculture
ponds, also contribute to ecosystem services and livelihoods of communities [19]. However, forest
wetlands have significantly decreased in area due to factors such as agriculture and aquaculture
practices as well as environmental factors such as extreme weather and SLR due to climate change.
2.2. Datasets
The present study used a variety of data including satellite imagery, ancillary data such as
ground truth data, historical Google Earth images, as well as historical land-use/land-cover maps,
and local land-use maps (both district and province scales) (Table 1). The ancillary data were used
to identify training samples for image classification and testing samples for accuracy assessment
of classified images. Ground truth data were only available for the current time, and since historical
images were used to determine trends, historical data were needed for image classification and
accuracy analysis. Such information was derived from historical Google Earth images
(corresponding to the Landsat images) as well as high resolution local land-use/land-cover maps.
Table 1. Description of data used in the present study.

Landsat images captured in 1995, 2002, 2013, and 2020 were used to evaluate the dynamics
of wetland changes over the study period in the study area. Cloud-free images each located with
paths 125 and 126 and rows 053 and 054 were downloaded from the United States Geological
Survey (USGS, https://earthexplorer.usgs.gov, accessed on 4 December 2020). Panchromatic
(PAN) bands of the Landsat images were used to improve the spatial resolution of the multispectral (MS) Landsat images. The intervals of the study years were selected to analyse significant
changes in wetlands in the study area; however, the intervals were also dependent on the
availability of cloud-free Landsat images.
Ground truth data, including 237 random training samples, were collected in 2019 and early
2020 using a portable Global Positioning System device, Garmin GPS MONTANA 680. At each
reference location, the respective wetland types and coordinates were recorded. Ground truth data,
combined with existing local land-use/land-cover maps, local land-inventory maps, and historical
Google Earth images, were used for image classification and accuracy assessment. Data on sea
level were obtained from the National Centre for Hydro—Meteorological Forecasting (NCHMF),
Vietnam, for the analysis of the relationship between SLR and wetland changes.
2.3. Image Pre-Processing
Image pre-processing is an important initial step used to correct for atmospheric effects and
minimize geometric and radiometric errors before image classification and change detection
[48,49]. Converting digital number (DN) values to radiance can improve the extraction and
understanding of spectral properties of vegetation types [50]. For Landsat 5 and 7, the DN images
were converted to the top of the atmosphere (TOA) reflectance images using the radiometric
calibration tool in ENVI software version 5.4 [51], while for Landsat 8, an approach described in
Landsat [52] was adopted to undertake the conversion (see Formula S1 in Supplementary
Materials). With regard to atmospheric correction, previous studies have shown that dark object
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subtraction (DOS) algorithm [49,53] is an effective technique, particularly for Landsat images
[49,54,55,56,57,58]; it even performs better than the Landsat Surface Reflectance Code (LaSRC)
method in a particular study in Vietnam, i.e., Ngo Thi et al. [58]. Therefore, the DOS algorithm
included in the ENVI software was used to undertake atmospheric correction for all images in this
study. Although Landsat surface reflectance images (Level-2 product) are available from USGS,
DOS was chosen to process the Landsat Level 1-product in this study due to both the absence of
the surface reflectance images for some study periods (i.e., year 2013) and the applicability of the
approach for various images from different platforms. The advantages of the approach (i.e.,
simplicity of application, open source and no requirement of climatological parameters) meant that
it could also be applied in events in which surface reflectance products were unavailable for a
specific image in a particular area and time. The MS reflectance images from several Landsat
scenes for a particular year were mosaicked afterwards into single seamless composite images
using the mosaicking function (in Basic tool) in the ENVI software. These MS composite and PAN
images were clipped according to the study area.
A fusion or pan-sharpened MS image, which is produced by the combination of PAN and MS
images, provides an improved image of high spatial resolution [59,60]. Pan-sharpened MS images
can help mapping and monitoring wetlands since different vegetation types or wetland classes can
be better classified using high spectral and spatial resolution images [61]. Component Substitution
(CS) methods are common, effective, and efficient approaches for performing pan-sharpening
images due to their advantages, including high fidelity of spatial information, high efficiency, ease
of application, and open sources [62,63,64]. However, CS methods inevitably create spectral
distortion issues and thus their consistency in term of spectral fidelity has been criticized
[62,63,64]. Amongst CS methods, the Gram–Schmidt (GS) technique is widely used to create pansharpening images [63]. Previous studies concluded the GS can be used to pan-sharpen Landsat
images with acceptable results, in terms of qualitative evaluation, and spatial and spectral
distortions, for further application [65,66,67]. The technique can also enhance not only spatial
resolution but also spectral contrast of fusion images thus improving the classification results
compared with other techniques [61]. Given the fact that the MD landscape is characterized by
many small patches of different land cover and land use types, increasing spatial resolution is
helpful to minimize issues of missed classification due to low spatial resolution of remotely sensed
data. The GS technique in ENVI 5.4 was therefore applied to create the pan-sharpened Landsat
images. Three pan-sharpened Landsat images (for years 2002, 2013, and 2020) with a spatial
resolution of 15 m of the study area were generated, while for the year 1995, MS image of the
Landsat 5 TM with spatial resolution of 30 m was used due to the absence of PAN in the Landsat
5 TM sensor.
2.4. Image Classification
Based on the Ramsar classification of wetlands, the landscape composition, and wetland
classification schemes of previous studies in the region, our wetland classification scheme consists
of: (1) marine water bodies; (2) inland water bodies; (3) mangrove forests; (4) sparse
mangroves/saltmarshes; (5) forested wetlands; (6) rice fields/other crops; and (7) aquaculture
ponds. The target wetland classes were identified based on the wetland classes of the second
Ramsar level. A detailed description of the wetland types is presented in Table 2.
Table 2. Wetland classification scheme in this study based on Ramsar nomenclature.
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As noted above, the land features in the MD, and in the study area in particular, are quite
complex, and so a combination of classification methods, such as the semi-automatic classification
method, have been utilized in previous studies [22,35,43,69]. In the present study, we developed
a hybrid classification method including automatic classification and visual modification to
achieve greater accuracy for image classification. The classification method used involved three
main steps: (1) the use of vegetation indices to acquire mangrove forests and sparse
mangroves/saltmarshes classes; (2) automatic classification of other classes; and (3) visual
modification.
(1)
Application of vegetation indices for mangrove classification
Various vegetation indices, viz., Simple Ratio, Soil Adjusted Vegetation Index [70],
Normalized Difference Water Index (NDWI) [71], and Normalized Difference Vegetation Index
(NDVI) [72], have been developed and used for discrimination of vegetation from non-vegetation
land features [73]. However, the present study aimed to classify different vegetation types, such
as mangroves, forested wetlands, and rice fields, and using only supervised classification with
medium spatial resolution remote sensing data can cause substantial misclassification between
these types of vegetation classes [22]. Therefore, this study used a recently developed index, the
Combined Mangrove Recognition Index (CMRI), which can improve the discrimination between
mangrove forest and non-mangrove vegetation [50]. CMRI images were created using the
equations described in Table 3, on the pre-processed Landsat images. The raster calculator (spatial
analyst tool) in ArcGIS 10.4.1 was used to perform this task. Threshold values obtained for
different years varied from 0.925 to 1.720 for mangrove forests, and from 0.374 to 0.925 for sparse
mangroves/saltmarshes. Other factors, including whether areas were part of the low elevation
coastal zone, if salinity levels were reported as suitable for mangrove occurrence, and other spatial
data that confirmed the presence or absence of mangrove for each time period were also taken into
consideration to validate the classified mangrove classes.
Table 3. Description of indices used.

(2)
Supervised classification for delineating other classes
The remaining wetland classes were mapped using a supervised classification technique.
Maximum likelihood algorithm is considered one of the most effective methods for classification
of land cover types using remotely sensed data with medium spatial resolution [74,75]. This
method assigns each pixel to one of different classes according to the class signatures’ means and
variances, and therefore requires training samples representing the feature types [51]. For each
pre-processed image, training samples, as polygons, were selected based on ground truth data,
visual interpretation, Google Earth images, and local land-use/land-cover maps. The separability
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of the spectral signatures of the generated training samples was evaluated to ensure minimized
misclassification between wetland classes [76]. Once separability was satisfied, supervised
classification was undertaken in ENVI 5.4 utilizing the maximum likelihood algorithm. Afterward,
we combined the classified image generated from this step with the mangrove layers, and masked
non-wetland areas, including urban areas, construction lands, and other lands out from the
classification.
(3)
Visual modification
Mapping rice fields by using straightforward classification techniques seems not to be
effective due to seasonal variation in rice crop signatures and a shortage of cloud-free satellite
images of all seasons in the tropical region which limits robust validation [22]. Accordingly,
official local land-use and land-inventory maps, high resolution Google Earth images, the Landsat
image series, and existing research for visual modification of classified rice field class as well as
other remaining classes were used.
2.5. Accuracy Assessment and Change Detection
Accuracy assessment is one of the most important post-classification analyses used to
evaluate the efficiency and reliability of the classification. It is based on the agreement level
between classified images and a set of reference data [77]. In this study, accuracy assessment was
undertaken using random testing samples, which were identified based on ground truth data for
the year 2020. The testing samples were derived from official local land-use and land-inventory
maps, historical Google Earth images, and visual interpretation for 1995, 2002 and 2013 when
ground truth data were unavailable. Error matrices were used to analyse statistical correspondence
between the classified images and reference data. The overall user and producer accuracies of each
classified image were derived using the nonparametric Kappa statistic [78].
Wetland change detection was undertaken utilizing the overlay function in ENVI 5.4 for
1995/2002, 2002/2013 and 2013/2020 images to determine alterations taking place over the period.
In addition, the types and extent of wetland changes were identified by pixel to pixel-based crosstabular statistics performance [24,27,28,29,31,79]. It is noted that the present study focused on the
changes between wetland categories, so the transformation of wetlands from and to other nonwetlands, (normally areas of rice fields and aquaculture to residential and construction) was not
considered. A methodology flowchart of the present study is illustrated in Figure 2.
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Figure 2. Methodology flowchart. NDVI: Normalized Difference Vegetation Index; CMRI:
Combined Mangrove Recognition Index.
2.6. Analysis of Sea Level Rise and Wetland Changes Relationship
Given the fact that the coastal study area is likely to be affected by SLR [22,35,38,39,40], the
present study analysed trends in sea level change and the impacts of SLR on wetlands over the
study time period. We used the annual mean sea level above Hon Dau 1992 datum from 1995 to
2019 in the west sea observed at Rach Gia station, which was collected from NCHMF, Vietnam.
The trend in sea level during the period was analysed using simple linear regression. The annual
mean sea level for 2020 was predicted based on the sea level trend line from 1995 to 2019 due to
the absence of annual mean sea level for the year 2020. To investigate the impacts of SLR on the
wetland dynamics, the Pearson correlation coefficient (r) technique was used to statistically
analyse the linear correlation between sea level rise and the area of each wetland type [80].
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3. Results
3.1. Wetland Categories and Accuracy Assessment
Within the study period, the seven wetland categories, including marine water bodies, inland
water bodies, mangrove forests, sparse mangrove/saltmarshes, forested wetlands, rice fields, and
aquaculture ponds were classified from the Landsat images (Figure 3).

Figure 3. Wetland maps of the study area.
The accuracy assessment gave overall accuracies of 86.7%, 89.5%, 90.7%, and 93.3% for the
images of years 1995, 2002, 2013, and 2020, respectively. Meanwhile, the Kappa coefficients were
0.84, 0.88, 0.89, and 0.91 for 1995, 2002, 2013, and 2020, respectively. The user and producer
accuracies of the various thematic classes were over 80%, except those of inland water body areas
(71.2%) and aquaculture pond areas (70.1%) for the year 1995 as shown in Table 4a–d.
Table 4. Confusion matrix of wetland maps of 1995, 2002, 2013, and 2020.
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3.2. Coverage, Trend and Magnitude of Wetland Changes
The classified-wetland maps indicated that rice fields/other crops and aquaculture ponds were
the most extensive wetland types in the study area, with coverage ranges between 14.5–49.5%,
and 11.5–54.4%, respectively, over the study period. Marine water bodies and aquaculture ponds
consistently increased over the period, while forested wetlands, mangrove forests, and rice
fields/other crops showed a clear decreasing trend (Table 5).
Table 5. Wetland pattern analysis of the study area in the Mekong Delta, Vietnam (1995–2020).

In the period 1995/2002, major changes occurred, including decreases in rice fields/other
crops areas of 1303.1 km2 (−42.9%), and sparse mangrove/saltmarshes areas of 250.8
km2 (−39.5%); and an increase in aquaculture pond areas of 1393.3 km2 (210.7%). Between 2002
and 2013, there was an expansion of marine water bodies of 33.5 km2 (86.6%) and sparse
mangrove/saltmarshes of 87.0 km2 (22.7%), which contributed to reductions in forested wetlands
of 87.3 km2 (−14.5%) and mangrove forests of 26.9 km2 (−4.5%). In the period 2013/2020,
aquaculture ponds increased by 859.7 km2 (41.3%), whereas rice fields/other crops and sparse
mangroves/saltmarshes decreased by 840.9 km2 (−50.3%) and 95.5 km2 (−20.3%),
respectively. Figure 4 illustrates the changes in the various classes in the wetland area over the
25-year study period.
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Figure 4. Trend and rate of change in wetland categories over the period 1995/2020.
3.3. Wetland Transition Analysis
The wetland transition statistics for the periods 1995/2002, 2002/2013, and 2013/2020 are
illustrated in the Sankey diagram in Figure 5 and Tables S1–S3 (Supplementary Materials). The
figure and tables indicate both the conversion of each individual class to another and the unchanged
wetland category over the study period.
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Figure 5. Sankey diagram of wetland changes over the period 1995/2020. All nodes and links are
presented proportionally to absolute square kilometre (see Tables S1–S3 in Supplementary
Materials for more details).
Between 1995 and 2002, 1104.6 km2 of rice fields/other crops, 286.7 km2 of sparse
mangroves/saltmarshes, and 108.1 km2 of mangrove forests were converted into aquaculture
ponds. The conversion resulted in the remarkable increase of approximately 1393.3 km2 (210.7%)
in aquaculture pond area. Marine water bodies area gained 4.0 km2 (11.6%) due mostly to the
conversion of 17.7 km2 of mangrove forests. Conversely, the area of sparse mangroves/saltmarshes
and rice fields/other crops were significantly reduced, largely due to their conversions to
aquaculture ponds (Figure 5, Table S1).
In the period 2002/2013, the area of marine water bodies increased by 33.5 km2 (86.6%),
predominantly through conversion from mangrove forests. Over the same period, sparse
mangroves/saltmarshes gained 87 km2 (22.7%) through the conversion of mangrove forests and
aquaculture ponds. In contrast, forested wetland area decreased by 87.3 km2 (−14.5%) due to
conversion into rice fields/other crops (Figure 5, Table S2).
Between 2013 and 2020, there was a conversion of 801.5 km2 of rice fields/other crops, 61.3
km2 of sparse mangroves/saltmarshes, 39.5 km2 of forested wetlands, and 25.1 of km2 mangrove
forests into aquaculture ponds, resulting in aquaculture pond area increasing again by 859.7
km2 (41.3%). In contrast, the area of rice fields/other crops decreased by 840.9 km2 (−50.3%) with
much of the conversion going into aquaculture ponds. Interestingly, 123.5 km2 of sparse
mangroves/saltmarshes and 32.4 km2 of aquaculture ponds were converted to mangrove forests,
and so contributed to an increase in mangrove forest areas by 11.8 km2 (2.1%) for this period
(Figure 5, Table S3).
3.4. Sea Level Rise and Wetland Change Trends
Data on annual mean sea level in the west sea obtained from NCHMF, Vietnam, showed a
rise in sea level of approximately 14 cm between 1995 and 2019. The trend of SLR in the study
area from 1995 to 2019 is shown in Figure S1 (Supplementary Materials). Annual sea level for
the year 2020 in the study area was predicted to be 15.02 cm above the Hon Dau 1992 datum based
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on the trend line. Figure 6 shows the correlation between the SLR and wetland class areas. The
findings indicate that there is a strong correlation between SLR and expansion of marine water
bodies (r = 0.9491) and aquaculture ponds (r = 0.9443); and a decrease in inland water bodies (r =
−0.8934), mangrove forests (r = −0.8556), sparse mangrove/saltmarshes (r = −0.7546), forested
wetlands (r = −0.9596), and rice fields/other crops (r = −0.9054). The findings suggest that SLR is
one of the main drivers of the increases in marine water bodies and aquaculture ponds, at the
expense of other wetland class types.

Figure 6. Correlation between sea level rise relative to Hon Dau 1992 datum, and wetland
categories.
4. Discussion
4.1. Classification Accuracies and Uncertaincy
In the present study, overall accuracies of all classifications were above an acceptable
threshold of 85% [81]. Although producer and user accuracies of a few classes were below 80%,
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the majority varied between 82.1–99.2%. These accuracies are considered satisfactory for this kind
of study area with complex and diverse land feature categories [32].
Because of the unavailability of complete wetland data for the region, and to further validate
our classified wetland maps, we compared our results with other studies of regions within the MD.
Previous studies covered different areas and time periods, but nevertheless there is general
agreement in the trends revealed for the four different wetland types, including sparse mangroves,
mangrove forests, rice fields/other crops, and aquaculture. In particular, Hauser et al. [19]
highlighted similar change trends for sparse mangroves and mangrove forests in Ngoc Hien, Ca
Mau province, in the MD (Figure 7A). Similarly, rice fields/other crops and aquaculture ponds
experienced consistent trends of reduction and increase, respectively, in the MD [35] (Figure 7B).
Other studies [22,32,35,82] also concluded that substantial increases occurred in aquaculture areas
in the MD, especially during the period 1995/2012, which were attributed to decreases in rice
fields/other crops. Finally, Tran et al. [32] and Nguyen and Brunner [69] agreed with our findings
that Melaleuca wetland forests in coastal zones in the MD decreased in area during the period
1995–2011.

Figure 7. The comparison of wetland statistics between the present study and (A) Hauser et al.
[19] in Ngoc Hien, Ca Mau province, the MD, Vietnam, and (B) Liu et al. [35] in the MD, Vietnam.
The present study demonstrates an accurate classification approach according to the accuracy
assessment and comparison with published literature; however, inaccuracies and errors in satellite
image classification are unlikely to be completely avoided [28]. Seasonality issues in the study
areas are likely to contribute to inaccuracies in image classifications. Phenological changes can
cause changes in the spectral characteristics of vegetation, leading to difficulty in identifying and
classifying samples. This difficulty is made greater because high cloud coverage conditions of the
tropical climate make it difficult to properly calibrate the spectral signatures for all seasonal states.
Among the human-made wetland categories, seasonal transitions between rice fields/other crops
and aquaculture ponds in the same areas also contributed to categorisation error. Another driver of
classification inaccuracies and errors was the spatial resolution of the remotely sensed data used.
Although the image fusion technique used in this study can improve the classification accuracy,
the medium resolution of Landsat images, especially Landsat TM (1995) which has a spatial
resolution of 30 m, is likely to have reduced classification accuracy. This issue exacerbated the
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mixing of wetland classes, which have similar spectral signatures, such as mangroves, forested
wetlands, and rice fields/other crops; and water bodies and aquaculture ponds [32,35].
4.2. Wetland Change Trends and Potential Driving Forces
4.2.1. Expansion of Marine Water Bodies
The expansion of marine water bodies suggests losses of coastal lands in the study area over
the study period. Our findings indicate that the annual increase in the area of marine water bodies
along the coast of the study area was 5.17% (1.79 km2) for the period 1995/2020. In their study,
Tran Thi et al. [83] concluded that erosion in the east coast of Ca Mau province was significant
with a mean rate of 33.24 m/year; conversely, land aggradation was substantial in the west sea area
(the Gulf of Thailand) with a mean rate of 40.65 m/year. These results are consistent with the
finding in this study of expansion of marine water bodies along the east coast of Ca Mau province,
and its transformation into mangroves in the Gulf of Thailand side (Figure 3). Importantly, the
highest annual increase in the area of marine water bodies was found during the period between
2002–2013 with 7.78%, which corresponds to a period of more rapid SLR, with the annual mean
sea level having increased by 7 cm between 2010 and 2011. Thus, there is a correlation between
SLR and expansion of marine water bodies into the inland (Figure 6), indicating that SLR is one
of the main drivers of the increase in marine water bodies and the corresponding land loss along
the coast. SLR is also likely to exacerbate coastal erosion, and so induce further land losses,
especially at the fringe of mangrove forests along the coast of the MD [23,83].
4.2.2. Mangrove Forest Degradation/Deforestation
Mangrove forests in coastal zones of the MD have been decreasing over recent decades
[84,85]. Our findings reveal that mangrove forests overall decreased by around −4.9% (–30 km2),
resulting in an annual loss of —0.20% (–1.2 km2) for the period 1995/2020, which was relatively
minor compared with the preceding decades [32,45,86]. For the period 2002/2013, the annual loss
of mangrove forests was –0.41%, which is consistent with the findings of other studies in Ca Mau
province in the MD over a similar period [43,87]. However, mangrove forests increased for the
period 2013/2020, which is in agreement with Hauser et al. [19] (Figure 7A).
Past studies have concluded that one of the main causes for the loss of mangrove forests in
the MD was the expansion of aquaculture practices [22,32,35]. These conclusions are supported
by our findings, which showed most mangrove forest area loss resulted from conversion to
aquaculture ponds (Figure 5 and Tables S1 and S2). Various regulations and policies, such as
protection of remaining mangrove forest areas and integration of aquaculture practices and
mangroves, were issued since 2006 to promote mangrove conservation in the MD [43,85,88]. The
increase in mangrove forest area for the period 2013/2020 reported in this study suggests that these
regulations and policies have been effective.
In addition to loss of area in absolute terms, fragmentation of mangrove forests due to
aquaculture practices has also been identified as a considerable threat in the MD [35,43]. In the
present study, the increase in sparse mangroves due to the conversion of mangrove forests reflected
significant fragmentation of core mangrove forest zones, showing forest degradation in terms of
canopy density. In particular, from 2002 to 2013, 120.9 km2 (20%) of mangrove forests were
transferred into sparse mangroves, leading to an increase of 87% (223 km2) in sparse mangroves
(Table S2). This finding corresponds well with the results of Hauser et al. [43], which indicated
around 17% of mangrove forests in Ngoc Hien District, Ca Mau province in the MD were
converted to sparse mangroves over the period 2004/2013. However, the present study found that
from 2013–2020, a similar area of sparse mangrove forests were converted back to mangrove
forests, thanks to rehabilitation of fragmented areas (Figure 3 and Figure 4, Table S3).
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Our findings also show that another cause of mangrove forest loss was the expansion of
marine water into forest areas along the eastern coast of Ca Mau province, and Kien Giang coast
over the study period. SLR can directly inundate the land and exacerbate shoreline erosion, leading
to the expansion of marine water into inland areas, and subsequently the loss of mangrove forests
in the coastal zones in the MD [22,83,89]. According to our results, 63.9 km2 (10.5%) of coastal
fringe mangrove forests was converted to marine waters over the period 1995/2020. Our
correlation analysis also shows a relationship between the decrease in mangrove forests and SLR
(Figure 6). Therefore, SLR can be considered as one of the main drivers for the loss of coastal
fringe mangrove forests [23,90]. However, importantly, the spatial pattern of mangrove loss varies
across the study area because the influence of SLR is modified by coastal geomorphological
processes. These processes result in substantial net loss of mangroves along the East Sea shoreline,
where wave energy is high, and gains in mangrove area along the Gulf of Thailand where sediment
supply is high and wave energy is low [91,92]. The sediment supplied to the Gulf of Thailand coast
is derived from the erosion of the east sea shoreline. These sediments are then delivered by strong
long-shore drift associated with wave refraction around Ca Mau Cape [83,91,92]. This process
results in sediment accumulating in the Gulf of Thailand, aided by the mangroves themselves,
which help to trap sediments, at a mean rate of 30 mg/L (May–October) and 70–80 mg/L
(November–April) [83]. These aggraded lands support the growth of natural mangrove forests in
this area.
Climate change is also likely to be contributing to mangrove loss directly through its effect
in reducing annual precipitation and increasing seasonal variation in precipitation. In combination
with increases in temperature, these changes can cause moisture stress, which can reduce seedling
survival, growth rates, and productivity, contributing to reductions in mangrove area [2,93,94,95].
Climate change predictions are also for more extreme events such as floods, droughts, heat waves,
and storms, all of which can also negatively impact mangrove communities [2]. This combination
of climate changes is predicted to substantially reduce the area of suitable mangrove habitat in the
future [40]. Other factors likely to have contributed to the decrease in mangroves in the MD include
rice cultivation, wood extraction, and coastal industrialization [32,96].
4.2.3. Reduction of Forested Wetlands
The present study also found that the area of forested wetlands continuously declined over
the study period, with the annual loss rate of −1.27% (−7.90 km2). These loss rates exceed the rates
recorded for the MD in previous studies. For example, in the current study, 0.91% of Melaleuca
forest wetlands were lost between 1995 and 2013; in contrast, over a similar period (1995–2011),
Tran et al. [32] recorded only a 0.31% reduction in the area of Melaleuca forest. This contrast can
be attributed to different areas covered in the respective studies, with the lower rates of loss in
Tran et al. [32] reflecting the higher proportion of land in that study being within protected
reserves.
Our findings show that the expansion of paddy rice cultivation and aquaculture practices were
the key drivers of forested wetland loss. The classified wetland maps reveal that most of the
forested wetlands outside of national parks and other conservation reserves, including in buffer
zones surrounding these protected areas, were converted into rice fields/other crops and
aquaculture ponds (Figure 3). This finding is consistent with previous studies that have shown
that the intensification of agriculture activities, especially rice cultivation and its associated
extensive network of irrigation canals, and aquaculture practices, have significantly reduced the
area of forested wetlands, in particular Melaleuca forests in the MD [35,97,98].
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Another important driver of the loss of forested wetlands over the study period was forest
fire, which severely affects the Melaleuca forests in the U Minh Thuong and U Minh Ha national
parks [99,100,101,102]. Catastrophic fires have removed significant Melaleuca forest area in the
core zone of the two national parks. The most severe fires in U Minh Thuong and U Minh Ha in
2002 cleared 2,800 ha (90%) and 3,300 ha, respectively [103]. Fires destroyed and replaced the
forested wetland areas with water bodies where the regeneration of forests was postponed. This
corresponds to our results which show that some core-forested wetland areas in the U Minh
wetlands were converted to inland water bodies (Figure 3 and Figure 5). SLR was also identified
as another potential indirect driver for forested wetland loss according to the correlation analysis
in the present study (Figure 6). SLR not only results in permanent inundation areas, but also
induces saltwater intrusion into peatland forest areas, thus leading to forested wetland loss
[102,104]. As is the case with the mangrove forest, climate change, which notably increases
extreme temperature and rainfall events and prolonged droughts, is thought to have contributed to
reduced area of forested wetlands, especially Melaleuca forests, in the region [100,105], with
predictions that these losses will continue in the future with ongoing climate change [40].
4.2.4. Increase in Aquaculture Ponds
One of the most striking patterns revealed in this study was the dramatic increase in
aquaculture ponds in the MD over recent decades. This increase was consistent over the period
1995/2020 with an annual increase rate of 13.8% (91.26 km2). The greatest increase occurred from
1995 to 2002 (Figure 4), which corresponds to the aquaculture boom periods suggested by other
studies [22,32,35,82]. The substantial conversions of rice fields/other crops and mangrove forests
into aquaculture ponds identified in the present study area have been matched in other regions in
the MD [22,32,35,82,106,107]. The conversion to aquaculture ponds is driven by the response to
saltwater intrusion, aided by policies and economics, both of which encourage the practice [32].
The problem of saltwater intrusion, in turn, is caused by a range of factors such as low-lying
positions, high tidal fluctuations in the East Sea, high density of canals and river networks, and
SLR [89,108]; however, the acceleration in recent years is due to SLR [109,110]. SLR can
therefore be considered as a key distal driver of the expansion of aquaculture ponds in the MD
[32]. This is in agreement with our findings that showed SLR to be strongly correlated with the
increase in aquaculture pond area (Figure 6).
4.2.5. Decrease in Rice Fields/Other Crops
There was a consistent decrease in rice fields/other crops in the study area over the period
1995/2020, with an annual decrease rate of −2.9% (−88.2 km2). Most of this reduction was due to
replacement by aquaculture ponds, which is consistent with the findings in other regions of the
MD [22,32,35,82,106,107]. SLR can affect rice fields/other crops by not only directly inundating
these areas [111,112], but also causing saltwater intrusion [105,112,113,114]. Other factors
including hydrological regime changes due to climate change, SLR, and dam construction have
been reducing the viability of some areas for rice cultivation [82,110], and this problem is projected
to be exacerbated under future climate/SLR scenarios [105,109,115]. Some reductions in the area
of rice fields in the MD are likely to have been caused by expansion of urban area
[32,35,96,107,116].
4.3. Implications of the Wetland Changes on Ecosystems and Sustainability
Changes in wetland extent due to expansion of marine waters and aquaculture ponds at the
expense of forest wetlands and paddy fields are likely to significantly affect ecosystem services
and sustainable development in the region. Mangrove loss is particularly critical in the context of
ongoing SLR given the capacity of mangrove communities to buffer against shoreline erosion and
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storm surges [90,117,118,119]. More broadly, mangrove loss and fragmentation of mangrove
forests is likely to reduce the quality of coastal water and habitats for marine species that are
directly or indirectly relied upon as fisheries by coastal communities [90,120,121,122]. In the case
of the inland Melaleuca forested wetlands, the loss of these wetlands is likely to increase peatland
erosion, subsequently reducing important functions of the forest ecosystem, such as water
regulation (i.e., storage and provision of fresh water, prevention of floods due to storm surges and
heavy rainfall) and prevention of acid sulphate soil formation [104].
Substantial reductions in rice field area by their conversion into aquaculture ponds also has
consequences for ecosystem functioning in the MD. Rice fields provide critical ecosystem
services, including balance and purification of the water resources, and provision of habitats for
flora and fauna [123,124,125,126], in addition to the obvious service of rice production. The
increase in aquaculture ponds is in part a response to saltwater intrusion and these areas can thus
be regarded as providing an important ecosystem service in relation to mitigating the impact of
saltwater intrusion. However, it is likely that aquaculture practices in response to the problem of
saltwater intrusion will not be a sustainable solution in the long-term because the practices remove
the critical wetlands and their associated ecosystem services in the region. It is also the case that
aquaculture practices can cause pollution of freshwater resources in the region [127,128].
Integrated mangrove–shrimp, rice–fish models have been recently recognised as better solutions
for long-term sustainable development, in which preservation of mangrove ecosystems and
enhancement of related rice field ecosystems will be achieved [88,129,130].
5. Conclusions
The present study used Landsat images to map wetland types and analyse changes in wetland
area in the south-west coastal region of the Mekong Delta, Vietnam, over the period of 1995–2020.
A hybrid classification approach, which was developed for image classification, was found to be
an acceptable and effective method (with overall accuracy ranges of 86.7–93.3%) for wetland
mapping and detecting changes in wetland area. The main changes detected during the study period
included: a consistent increase in marine water bodies/shoreline erosion; decreases in the area of
wetland forests (mangroves and forested wetlands) and rice fields/other crops; and a remarkable
increase in the area of aquaculture ponds. Our study showed that the significant increase in
aquaculture ponds was at the expense of mangrove forests, rice fields/other crops, and forested
wetlands. Shoreline erosion was also important, critically affecting coastal lands, especially
mangrove forests. SLR was identified as one of the underlying main drivers of changes in wetland
area in the study region; however, rapid changes in the wetland areas were also directly driven by
policies on land-use for economic development. These trends in wetland area, combined with the
escalation of SLR, potentially affect the environment, regional and national food security, and the
livelihood of communities in the region in the long-term, and therefore negatively affect
sustainable development.
Our findings provide valuable and comprehensive insight into wetland dynamics and the
potential drivers of changes in important wetlands in the MD over the past 25 years. The escalation
of climate change, especially SLR in combination with the increasing pressure of human activities
are likely to be considerable challenges for the sustainability of wetland ecosystems, natural
resources, and regional development, as well as food security. Valuable knowledge on the changes
and their potential drivers combined with a critical basic dataset obtained from our findings will
assist essential environmental assessments, and design of appropriate management strategies,
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policies, and practices for wetland protection and conservation, food security, and sustainable
development of the region.
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