
sustainability

Article

Future Impact of Land Use/Land Cover Changes on
Ecosystem Services in the Lower Meghna River
Estuary, Bangladesh

Muhammad Ziaul Hoque 1,2,3,4 , Shenghui Cui 1,3,*, Imranul Islam 1,2,3, Lilai Xu 1,3,* and
Jianxiong Tang 1,2,3

1 Key Laboratory of Urban Environment and Health, Institute of Urban Environment, Chinese Academy of
Sciences, Xiamen 361021, China; mziahoque.aer@bsmrau.edu.bd (M.Z.H.); islam@iue.ac.cn (I.I.);
jxtang@iue.ac.cn (J.T.)

2 International School, University of Chinese Academy of Sciences, Beijing 100049, China
3 Xiamen Key Lab of Urban Metabolism, Institute of Urban Environment, Chinese Academy of Sciences,

Xiamen 361021, China
4 Department of Agricultural Extension and Rural Development, Bangabandhu Sheikh Mujibur Rahman

Agricultural University, Gazipur 1706, Bangladesh
* Correspondence: shcui@iue.ac.cn (S.C.); llxu@iue.ac.cn (L.X.)

Received: 4 February 2020; Accepted: 21 February 2020; Published: 9 March 2020
����������
�������

Abstract: Assessing the effects of different land use scenarios on subsequent changes in ecosystem
service has great implications for sustainable land management. Here, we designed four land use/land
cover (LULC) scenarios, such as business-as-usual development (BAUD), economic development
priority (EDP), ecological protection priority (EPP), and afforestation development priority (ADP),
through a Cellular Automata-Markov (CA-Markov) model, and their effects on ecosystem service
values (ESVs) were predicted, using historical LULC maps and ESV coefficients of the Lower Meghna
River Estuary, Bangladesh. Findings revealed that agricultural and mangrove forest lands experienced
the greatest decreases, while rural and urban settlement land had the greatest increases, leading to a
total ESV decrease of US$105.34 million during 1988-2018. The scenario analysis indicated that ESV
in 2038 would also decrease by US$41.37 million and US$16.38 million under the BAUD and EDP
scenarios, respectively, while ESV will increase by US$60.61 million and US$130.95 million under the
EPP and ADP scenarios, respectively. However, all the future land use scenarios will lead to 1.65%,
10.21%, 7.58%, and 6.75% gaps in total food requirements, respectively. Hence, from the perspective
of maximizing ESVs and minimizing the trade-offs in food gaps, the ADP scenario could be the
optimal land management policy for the studied landscape.

Keywords: semi-automatic classification; land use simulation; CA-Markov model; scenario analysis;
ecosystem service; Meghna River estuary; Bangladesh

1. Introduction

In the field of global environmental change and sustainable development, the issue of land use
change has become a fundamental concern [1]. The rapid growth of the global population along
with economic activities instigating urbanization and the expansion of subsequent settlement land
in both rural and urban areas has directed rapid land use/land cover (LULC) transformations [2,3].
Throughout the urban expansion activities, unplanned LULC transformations have triggered many
environmental consequences, specifically in the highly populous, small, developing countries [1].
For instance, the conversion of LULC to various settlements and agricultural purposes causes threats
to several ecosystem services (ESs), for example, recreational opportunities [2], biodiversity and
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habitat quality [2], soil formation and nutrient cycling [4], climate regulation [2,5], erosion control [4,6],
and water regulation [2,4]. The effect of these LULC alterations has resulted in the debasement of ESs,
which are defined as the cumulative form of ecosystem goods and services, that benefit human life,
from various ecosystem functions (e.g., provision, regulation, support, and culture) [7]. These impacts
have stimulated the researches for evaluating the ecosystem service values (ESVs), in order to improve
the level of awareness and decision making capacity for allocating the scarce natural resources among
the various incompatible demands and formulate policies to encourage the restoration of ecosystems
that provide the most precious services for the sustenance of human welfare [1,6].

A significant challenge in quantifying ESVs is that ecosystems provide many services in the form
of public goods, and it is difficult to quantify their economic value as marketable goods [8]. To this end,
Costanza et al. [9] roughly calculated global ESVs through developing value coefficients for various
land biomes, a pioneering approach that has received widespread attention from global research
scholars. Since then, attention towards the evaluation of ESs of different landscapes has increased
rapidly among both researchers and policymakers, to support adaptation and mitigation strategies
against degradation and global-change problems [10]. In particular, assessing the dynamics of LULC
change and the associated change in ESVs has been broadly considered in several scholarly areas [1].
For instance, in southwestern Bangladesh [11], LULC change was primarily driven by the increase of
shrimp aquaculture practices, at the cost of wetlands, which has significantly affected ESVs by causing
land and environmental degradation. The study of Estoque and Murayama [3] quantified a substantial
decrease in ESVs as a result of built-up land expansion, at the cost of agricultural and forest land in
the Baguio city of the Philippines over a twenty-year time period. In another study, Sun et al. [2] also
reported an alteration of ESVs in Atlanta, USA, due to the changes in LULC patterns, such as rapid
urban development, and by increasing in the amounts of open water and barren land, at the cost
of forests, wetlands, and agricultural land. In order to comprehend and assess the impacts of these
LULC changes on the future land sustainability, the accessibility to reliable and sufficient information
on the dynamics of LULC transformation over different time horizons is getting to be progressively
fundamental [4,6].

Sustainable development requires determining future demands on land resources in order to
ensure the adequacy of future supplies. To this end, the modeling approach has become a useful
tool to predict in what way land use could transform in the future under different land management
scenarios [1]. Meanwhile, a large number of working models are available to simulate possible
LULC change [5]. Among these models, CA-Markov (Cellular Automata -Markov), FLUS, CLUE-S
(Conversion of Land Use and its Effects at Small regional extent), and LUSD (Land Use Scenario
Dynamics) are most widely used for the simulation of LULC change [5,6]. However, it is important to
note that linking among the various modeling techniques and developing a multidisciplinary model
can produce a better output while simulating the LULC change dynamics [1].

In this research, we focused on monitoring the existing land use management and forecasting
future LULC changes under different land management scenarios, to assess the effects of future LULC
transformation on ESVs—an evaluation for which a CA–Markov model is indeed applicable [1,5].
It has been extensively mentioned in the ongoing research discussions that the CA–Markov model,
along with a GIS (geographic information system) tool, performs best for demonstrating the likelihood
of spatiotemporal conversion in LULC [5]. This model is considered as a hybrid model that has
interlinked two sub-models: (i) Markov chain, and (ii) Cellular Automata (CA). While Markov Chain
predicts the amount of LULC transformation [12], the CA model produces the spatial distribution of the
landscapes using the transition rule [13]. Therefore, the CA-Markov model is considered as a suitable
tool for simulating the spatiotemporal variation of LULC change. In addition, it has an outstanding
capability to quantify policy proposals as a constraint, and socio-environmental and climatic factors as
a factor, producing suitability maps [5].

Bangladesh is a deltaic and agro-economy based developing country with a very high population
density and one of the most vulnerable to disaster risks [14–17]. However, over the last decade,
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the economic growth of Bangladesh has skyrocketed. In fact, Bangladesh is now one of the fastest
economic growth countries in the Asian region [18]. Hence, as a result of rapid economic activity along
with high population pressure and environmental degradation, LULC in Bangladesh has changed very
rapidly [15,16]. Empirical investigations [8,14,15,19–23] have shown that along with factors like rapid
population growth and economic development, land degradation, and sea-level rise are some of the
other driving forces in the coastal region of Bangladesh that have led to rapid LULC transformations
over different periods, and that these have been arguably more widespread and intense than in any
other areas of the globe, and that these conditions continue to worsen, leading to ongoing degradation
and damages in the ecological value of these vulnerable environments [8,20,23].

Since the central coastal region is one of the most significant coastal zones of Bangladesh,
the features of LULC change in this region are typical to that occurring from both anthropogenic
and natural processes. Over the decades, rapid LULC alterations have threatened the land
management sustainability and imbalances the socio-environmental systems of this region [19,20,23].
However, insufficient work has been done in detecting future LULC changes in this vulnerable
zone [8,14,15,19,21,22,24,25] and evaluating their impacts on the ESs [23]. Therefore, it is imperative to
examine the dynamics of LULC transformation for various future land management scenarios and
their effects on ESs in order for ecological restoration of the landscape [23]. Taking into account of
the aforementioned factors in consideration, this study was conducted to (i) predict future LULC
distribution under different land management scenarios through the CA-Markov model; and (2)
estimate the effects of LULC change dynamics on subsequent variations in the ESVs of the Lower
Meghna River Estuary (LMRE) for a future date, 2038.

This study established an ecological engineering framework to predict future LULC changes under
different land management scenarios by linking various constraints (policies) and factors (climatic
and socio-environmental). The proposed methodology simplifies and permits scenario-based and
investigative examinations, which may be worthwhile in formulating a comprehensive plan in order
to restore the ecological sustainability of the studied landscape.

2. Materials and Methods

2.1. Study Area

The study area covers the Lower Meghna River Estuary (LMRE) situated in the central coastal
zone of Bangladesh between 21◦54′ N–23◦10′ N latitudes and 90◦01′ E–91◦27′ E longitudes with a
total area of approximately 7880 km2 (Figure 1). Administratively, the study area has three districts:
Noakhali, Lakshmipur, and Bhola; 21 sub-districts, 14 municipalities, and 203 communities, with
a total population of 7.42 million [26]. It shares a border with Comilla and Chandpur in the north,
Barisal and Patuakhali in the west, the Bay of Bengal in the south, and Feni and Chittagong in the
east. The Meghna River estuary is one of the widest (2.5–22.4 km) estuarine rivers in the world.
The LMRE has 22,156 km2 of the coastal land surface where semidiurnal tide directly controls streams
and estuarine flows [27]. The region has a yearly average temperature of 26.2 ◦C, and the yearly
average precipitation is 2100-3500 mm [26]. The lower Meghna River carries a combined flow of water,
typically at 120,000 m3/s, which causes a high level of hydro-dynamic activity and leads to a high rate
of erosion and sediment deposition [27]. The average elevation of the study area is approximately 5 m
above sea level (Figure 1).
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Figure 1. Study area map, along with elevations.

2.2. Data Acquisition and Processing

Four Landsat TM and OLI-TIRS scenes (path/row: 136/44, 136/45, 137/44, 137/45) with a 30 × 30m
spatial resolution covering the study area were collected from the database (https://glovis.usgs.gov/) of
the United States Geological Survey (USGS). Consequently, a total of 16 scenes were used for the years
1988, 1998, 2008, and 2018. Only dry-season images with 0% cloud cover were obtained, to minimize
atmospheric disturbance in the datasets. The collected Landsat images were pre-processed through
ArcGIS 10.3 and semi-automatic classification plugin (SCP) in QGIS 2.18.15 for image restoration,
atmospheric correction, image enhancement, stacking raster bands, mosaic raster datasets, and clipping
multiband raster images [28].

The ancillary data, including shapefiles of the study area, administrative boundaries of Bangladesh,
major river basins, DEMs (digital elevation models), and road shapefiles, were collected from the ESRI
database. The slope map was created from the DEM. The land surface temperature of the study area
was calculated from Landsat images from the year 2018. Annual mean temperature and precipitation
data (1988–2016) for respective meteorological stations along with the soil data was collected from
Bangladesh Agricultural Research Council (BARC), Farmgate, Dhaka. Population density data
were collected from the Bangladesh Bureau of Statistics (BBS). After that, grid-level (30 m) value of
precipitation, distances to roads, and population density were obtained from the spatial analysis tool
of ArcGIS environments. The rate of erosion and accretion data were obtained from the land cover
change detection function in the SCP of QGIS [28].

2.3. LULC Classification

The land cover classification in this study followed four steps: (i) identification of potential land
cover types based on a critical literature review of previous studies and reports of governmental
departments [8,11,15,17,19,29]; (ii) creating a training file by SCP; (iii) administration-maximum
likelihood classification algorithm with the training file; and (iv) post-processing of the classified
images to avoid misclassification of land cover types, with the support of personal knowledge

https://glovis.usgs.gov/
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and review of previous LULC analysis on the study area, historical records from Google Earth,
and application of sieve and edit classification functions in SCP of QGIS [28]. In this study, all the
initial (micro) land categories were further reclassified into six broad (macro) categories (Table 1).
Accuracy of the LULC classification was measured by the post-processing function of SCP [28] and
resulted in overall accuracies of 99%, 98%, 99%, and 98% for the images for 1988, 1998, 2008, and 2018,
respectively (Table S1).

Table 1. Land use/land cover (LULC) classification system applied in this study.

LULC Type Description

Agricultural land Cultivated and uncultivated farmlands

Rural settlement with vegetation (RSv) Homestead vegetation, tree canopy on and around rural settlements,
orchard, tree plantation or woodlands

Mangrove forest Wetland area covered with dense forests both natural and planted

Mudflat Coastal flat, coastal marsh, newly accreted land

Built-up land Residential, commercial, and industrial sites, exposed roads
(highways), and other urban forms

Water body Rivers, canals, and other active hydrological features

2.4. LULC Prediction

2.4.1. Development of Suitability Maps

By incorporating various driving factors of LULC change, suitability maps were created in IDRISI
17.2 software [5,30]. Habitat simulations were taken into account in creating the suitability maps.
The entire process of suitability map creation involved four steps:

Step 1 (factor determination): The potential factors of LULC change were first determined via
a critical review of the literature. In the LMRE, historical land development has been affected by
a combination of socio-economic, environmental, and geographic factors. Thus, based on the data
availability, temperature (land surface), precipitation (annual averages), elevation, slope, population
density, soil type, and road network were eventually selected as the influencing factors for LULC
changes of the lower Meghna River delta.

Step 2 (standardization of factors): Since the dimensions of various factors varied, we have
standardized the relevant factors by the FUZZY module depending on the habitats of different LULC
categories [5] (Table S2).

Step 3 (weight estimation): Weights of relevant influencing factors for each LULC type were
estimated through the Analytical Hierarchy Process (AHP) [31], following a judgment matrix [20].
Moreover, an Excel-based software [32], was employed to estimate the consistency ratio (CR) for all the
judgment matrix (in our case, 6 judgments) where CR of <0.10 was considered as positive evidence for
an informed judgment (Table S2).

Step 4 (suitability map output): Using a Multi-Criteria Evaluation (MCE) module in decision
support tools of IDRISI 17.2 software, the suitability maps for each of the LULC types was obtained by
combining the relevant factors and their relative weights [5]. The values of different LULC suitability
maps were further standardized to a range of 0–255 (Figure S1), where a higher value indicates greater
suitability than a lower value [33].

2.4.2. LULC Map Simulation and Validation

CA-Markov model was used to predict future LULC patterns of LMRE for the year 2038. At first,
LULC maps of the years 1998 and 2008 were used to simulate the LULC map of the year 2018 by
linking the suitability maps. Then, the simulation accuracy was estimated with the kappa index [5] and
was found to be 76% when matched with the actual LULC map of 2018 (Figure S2): above the required
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standard (at least 70%) [34,35]. Consequently, LULC maps in 2038 were simulated using the LULC
maps of 1998, 2008, and 2018 depending on the various land development initiatives and suitability of
the landscapes for different LULC types (Figure 2).
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Figure 2. Framework of the study.

To assess the potential land use pattern of the LMRE in 2038, four land management scenarios
were established, taking into account historical trends, economic growth, the government’s 100-year
delta plan, and REDD+ activity [29]. The future LULC change rates and their comparable assumptions
are described below:

Scenario 1: Business-as-usual development (BAUD) scenario. The LULC change follows the
identical evolution trends of 1998 to 2018, and the suitability map was linked with the CA-Markov model.

Scenario 2: Economic development priority (EDP) scenario. The LULC change follows the fastest
growth of various settlement lands (2008-2018); the extent of change in various other LULC types
continue to fluctuate. The suitability map was linked with the CA-Markov model.

Scenario 3: Ecological protection priority (EPP) scenario. Taking into account the BAUD scenario,
but restricted the artificial land conversion from mangrove forests and mudflats, the extent of change
in various other LULC types continue to fluctuate. This scenario needs to intensify agricultural activity
through the use of improved inputs, such as seeds, fertilizer, and proper irrigation, superior residue
management, and increased cropping intensity through the adoption of new technology. Moreover, this
scenario requires more compact and vertical settlements to accommodate the increased population.

Scenario 4: Afforestation development priority (ADP) scenario. On the basis of the EPP scenario,
the protected and suitable mudflats are converted to mangrove plantations, and the extent of change
in various other LULC types continue to fluctuate.
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2.5. Assignment of Ecosystem Service Values

The benefit transfer method (BTM) is one of the most frequently used secondary valuation
techniques that adjusts previously recognized estimates from a novel (primary) valuation scholarship
in one geographical area to other locations having related socio-ecological attributes [36,37]. The study
of Costanza et al. [9] is a pioneering work in the BTM that undertakes a per-hectare monetary valuation
of different LULC types that possess 16 biomes and provide 17 different ESs. Globally, a considerable
number of research scholarships have evaluated the impacts of LULC dynamics on ESs; many of them
used the valuation coefficient proposed by the author [9] cited in [38]. In Bangladesh, few case studies are
available on the valuation of ecosystem services based on benefits derived by stakeholders on different
landscapes. Specifically, the author of [8] modified the value coefficient based on the “expert-driven
matrix” and conducted a case study on freshwater ecosystem services in the southwestern coastal
region. In addition, the authors of [39,40] conducted case studies on mangrove plantations in the
south-central and southeastern coastal regions of Bangladesh. In this study, we have used a per-unit
economic value coefficient (US$ ha−1 yr−1 in a 2014 exchange rate) calculated in earlier studies [8,39,40]
for relevant proxy LULC types (Table 2).

Table 2. Monetary valuation (US$ ha−1yr−1) of ecosystem services of different LULC types in the Lower
Meghna River Estuary (LMRE).

Function Services
ESV/(US$ ha−1yr−1)

AL a RSv b MG c MF d BU e WB f

Provisioning Food production 922 357 250 135 0 603
Raw material 317 211 27 27 0 423

Regulating Extreme event management 78 78 2500 272 78 233
Climate regulation 426 533 1140 853 0 533
Water regulation 958 1277 579.3 2555 0 2555

Supporting Biodiversity protection 333 499 4400 499 0 499
Soil formation and retention 141 141 1650 212 0 141

Waste treatment 1103 1103 760 1930 0 2206
Cultural Recreation, culture and tourism 261 261 550 392 392 457

Total 4539 4461 11,856 6874 470 7649
a Agricultural land, b Rural settlement with vegetation, c Mangrove forest, d Mudflat, e Built-up, f Water body.

2.6. Calculation of ESV

ESV of the LMRE was calculated using the following equations [1,3,10,35]:

ESVa = Aa ×VCa (1)

where ESVa is the ESV of land use type ‘a’; Aa is the area of land use type ‘a’ as ha, and VCa is the value
coefficient of land use type ‘a’ as US$ ha−1yr−1.

ESVb =
n∑

a=1

Aa ×VCab (2)

where ESVb is the ESV of ecosystem service function ‘b’; VCab is the value coefficient of land use type
‘a’ as US$ ha−1yr−1 with ecosystem service function type ‘b’.

ESVc =
n∑

a=1

Aa ×VCa (3)

where ESVc is the total ESV in US$.
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3. Results and Analysis

3.1. LULC Changes during 1988–2018

LULC dynamics of LMRE during 1988-2018 revealed that agricultural land constituted the
largest proportion (38.07% to 48.68%) of LULC types (Figures 3 and 4, Table S3), followed by water
bodies and RSv, representing 26.44%–26.15% and 15.06%–28.38% of the study area, respectively.
Consequently, the remaining three LULC types—mangrove, mudflat, and built-up—constituted about
7.40%–9.82% of the total landscape.

Among the different LULC types, the RSv and built-up areas exhibited rising trends from 1988 to
2018. Precisely, the largest increase of a single LULC was evident for RSv (1050 km2), while the growth
of RSv from 2008 to 2018 was higher than that of the previous two-time intervals, such as 1988 to
1998, and 1998 to 2008. Although the proportion of the built-up area is very small, it has increased
tremendously (almost ten times) during 1988 (2.247 km2) to 2018 (23.73 km2). However, the proportions
of the remaining four LULC types declined with fluctuations. Unlike the RSv, the area of agricultural
land has decreased by 777 km2 from 2008 to 2018, significantly more faster than that (61 km2) from
1988 to 2008. Both the mangrove forest and mudflat land have declined by 65 km2 and 147 km2,
respectively, during 1988-2018, with a significant decrease between 1998 and 2008 (32 km2 and 70 km2,
respectively). The area of water body decreased by 21 km2 during 1988 to 2018, with a preliminary
rapid decline accompanied by a slightly less decline in the middle and a sharp increase at the end
(Figures 3 and 4).
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3.2. LULC Changes during 2018–2038 under Different Scenarios

Under the various land development scenarios (Table 3), the LMRE will continue to be dominated
by agricultural, RSv, and water body uses, in 2038. The areas of these three major land cover types
will always be greater than 2.5 × 103 km2 (32.31%), 2.4 × 103 (30.65%), and 2.4 × 103 km2 (24.87%),
respectively, and the total area of these three land cover types will still account for more than 87% of
the study area.

Considering the BAUD scenario, land cover pattern in 2038 revealed that agricultural land,
mangrove plantations, and water bodies will be reduced by 211, 31, and 99 km2, respectively, while
the RSv, mudflat, and built-up areas will be increased by 229, 93, and 19 km2, respectively, in 2038.
The spatial distribution (Figure S3) of LULC change revealed that agricultural, RSv, and built-up areas
will be more frequent near urban areas, roadsides, and riverbank areas with no specific clusters in
the study area. However, the removal of mangrove forests will be more apparent on the Hatiya and
Manpura islands, while other wetland ecosystems, such as mudflats and water bodies, will be unevenly
distributed along the riverbank areas. Overall, the rate of deforestation, reclamation, and urbanization
processes will continue in the LMRE under this land management scenario, leading to increased
settlement areas, and decreased agricultural land, mangrove forests, and waterbody areas.

Moving towards the EDP scenario, the LULC patterns in 2038 (Table 3) indicated a decrease
in 454 and 33 km2 of agricultural and mangrove forest lands, respectively, while an increase of 368,
26, 100, and 8 km2 of RSv, mudflats, built-up, and waterbody areas, respectively. Essentially, under
this land management scenario, the LMRE will accommodate regional settlement constructions and
other economic development activities keeping pace with national agenda of becoming a developed
country by the year 2041, which in turn will exert tremendous pressure on agricultural land, mudflats,
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mangrove forests, and water bodies. A critical analysis of the 2018-2038EDP LULC transfer matrix
revealed that the conversion of agricultural land to the various settlements would be 663.8 km2, while
agricultural land reclamation from mangrove forests would be 30.9 km2. Therefore, it is evident that
that conversion of the settlement area does not visibly occupy the mangrove forests directly but mostly
occupies the agricultural land nearby the urban and rural road network; afterward, the loss of these
agricultural land will be compensated, leading to further reclamation from the mangrove forests.

Table 3. Transfer matrix of LULC between 2018-2038 under different scenarios (km2).

Scenarios LULC Type
2038

AL a RSv b MG c MF d BU e WB f

BAUD 2018 AL 2353.5 279.0 33.1 78.5 1.4 45.7
RSv 572.0 1848.9 40.6 1.9 1.2 1.1
MG 1.5 0.3 115.4 27.8 0.0 14.1
MF 5.2 0.1 0.1 261.3 0.0 196.8
BU 8.3 14.0 0.0 0.0 20.8 0.1
WB 59.9 94.5 0.5 1.3 0.2 1803.2

EDP 2018 AL 2211.4 245.7 30.9 37.6 0.9 21.9
RSv 663.8 1910.9 17.1 9.2 1.4 2.4
MG 1.1 0.7 136.1 15.0 0.0 3.8
MF 11.5 0.1 1.6 305.1 0.0 153.0
BU 11.9 15.9 0.1 0.2 21.3 0.2
WB 100.7 63.4 3.7 3.8 0.1 1879.7

EPP 2018 AL 2309.2 279.5 0.0 0.0 1.4 33.0
RSv 569.9 1843.6 0.0 0.0 1.2 0.7
MG 24.8 2.9 189.4 29.7 0.0 13.9
MF 29.8 3.0 0.1 340.9 0.0 206.7
BU 8.3 14.0 0.0 0.0 20.8 0.1
WB 58.5 93.8 0.2 0.3 0.2 1806.6

ADP 2018 AL 2331.9 280.2 0.0 0.0 1.4 33.2
RSv 569.9 1844.9 0.0 0.0 1.2 0.7
MG 9.9 1.2 189.3 160.5 0.0 52.5
MF 21.8 2.7 0.0 210.0 0.0 168.3
BU 8.3 14.0 0.0 0.0 20.8 0.1
WB 58.7 93.8 0.3 0.3 0.2 1806.3

a Agricultural land, b Rural settlement with vegetation, c Mangrove forest, d Mudflat, e Built-up, f Water body.

The LULC change patterns from 2018-2038EPP (Table 3) revealed that agricultural land and water
bodies will be reduced by 379 and 99 km2, respectively, while RSv, mangrove forests, mudflats,
and built-up areas will be increased by 179, 71, 210, and 19 km2, respectively. The spatial
distribution (Figure S3) of LULC change revealed a more apparent change in the Hatiya and
Subornochar sub-districts of the Noakhali and Manpura sub-districts of Bhola. Under this land
management scenario, the LMRE is supposed to protect its wetland ecosystems and allow a subsequent
conversion of agricultural lands to mangrove forests, leading to a decrease of 12.64% agricultural land.
Consequently, mangrove forestland and mudflats will be increased by 37.44% and 56.52%, respectively.

Taking into account of ADP scenario, the LULC patterns in 2038 (Table 3) indicate that agricultural
land and water bodies will be reduced by 356 and 99 km2, respectively, while RSv, mangrove forests,
mudflats, and built-up areas will be increased by 180, 224, 32, and 19 km2 respectively. Under the ADP
scenario, the LMRE will convert previously restored mudflats to mangrove plantations, under the
government’s afforestation program, and will allow transforming previously reclaimed agricultural
land to mangrove forests regeneration, leading to a 13.36% decrease in agricultural land and 54.14%
and 7.93% increases in mangrove forestland and mudflats, respectively. From the spatial perspective
(Figure S3), the expansion of mangrove plantation land could be distributed in the Charland areas of
Ramgati, Daulatkhan, Tajumuddin, Manpura, Hatiya, Subarnachar, and Companiganj sub-districts.
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A critical analysis of the 2018-2038ADP LULC transfer matrix (Table 3) revealed that 71.71% of the
mangrove forest area expansion will occur on the mudflats, and another 23.47% on the water bodies.

3.3. Changes in ESV during 1988–2018

The findings (Figure 5, Table S4) reveal that over the past 30 years, total ESV of LMRE decreased
by US$105.34 million, with an annual average of US$3.51 million and a mean decreasing rate of 0.05%,
the majority of which ensued from decreasing agricultural land, and a significant proportion from
decreasing wetland ecosystem services, such as mangrove forests and mudflats. Specifically, ESV in
agricultural land decreased by US$380.86 million compared with 1988, a shift mainly attributable to
the conversion of agricultural land to settlement area (both rural and urban) to accommodate rapid
population growth and economic development of the region. The second-largest decrease of ESV was
found in mudflats (US$100.83 million), followed by mangrove forests (US$77.28 million) and water
bodies (US$15.72 million). By 2018, two-thirds (66.52%) of total ESV is estimated to be converted
from agricultural land (30.85%) and water bodies (35.67%), mostly because these two land cover types
comprised 64.20% of the study area and partly due to comparatively higher ESV in per unit area of
water bodies than built-up areas and rural settlements. Although mangrove forests comprised only
2.41% of the study area in 2018, they contributed 5.09% of total ESV. Correspondingly, ESV in RSv and
built-up areas increased by US$468.34 million and US$1.01 million, respectively.
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Among the different ecosystem functions, except for water regulation, ESVs of all other functions
decreased during 1988–2018. In particular, food production, extreme event management, and soil
formation decreased by 8.36%, 11.48%, and 7.28%, respectively (Table S5).

3.4. Effects of Future Land Management Scenarios on Subsequent Changes in ESVs

The total ESVs of the LMRE in 2038 is anticipated to alter both positively and negatively, depending
on the various land management scenarios. Specifically, the ESVs under the BAUD and EDP scenarios
will be decreased by US$41.37 million and US$16.38 million, respectively, while ESVs under the EPP
and ADP scenarios will be increased by US$60.61 million and US$130.95 million, respectively (Figure 5,
Table 4). Under the BAUD scenario, 46.05%, 3.62%, and 36.56% of the total ESV loss will be attributable
to decreases in agricultural land, mangrove forests, and water bodies, respectively, while under the
EDP scenario, the contributions of agricultural land and mangrove forests to the total ESV loss will
be 82.15% and 15.51%, respectively (Table S6). By contrast, under the EPP scenario, the increases in
mangrove forests and mudflat land will contribute 27.25% and 46.65% of the total increase in ESV in
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2038, while under the ADP scenario, an increase in mangrove forest land alone will contribute 72% of
the total ESV increase in 2038.

Table 4. Changes of LULC, associated ESVs, food grain output, and potential food gaps in 2038.

LULC
Scenarios

LULC Type Changes during 2018–2038 (km2) ESVs Change
(106 US$)

Food Grain Production
Reduced (million ton)

Food
Gap (%)AL a RSv b MG c MF d BU e WB f

BAUD −211.17 229.03 −30.51 92.66 19.48 −99.49 −41.37 −0.14 −1.65
EDP −453.88 368.06 −32.82 100.40 25.88 −7.62 −16.38 −0.30 −10.21
EPP −379.22 178.65 70.98 209.62 19.45 −99.49 60.61 −0.25 −7.58
ADP −355.67 179.95 223.82 31.94 19.45 −99.49 130.95 −0.23 −6.75

a Agricultural land, b Rural settlement with vegetation, c Mangrove forest, d Mudflat, e Built-up, f Water body.

The prediction of ESV changes to individual ecosystem functions revealed that (Table S7)
food and raw material provision will be decreased (3%–6%) under all LULC change scenarios.
However, by implementing the EPP and ADP scenarios, some important ecosystem functions can be
improved, such as extreme event management (13%–36%), climate regulation (3%–4%), biodiversity
and habitat (8%-22%), and soil formation and retention (8%–24%).

4. Discussion

4.1. Trade-offs between ESVs and Regional Food Security

The findings from simulations of LULC under different land management scenarios in 2038
(Table 4) revealed that ESV will decline by US$41.37 and US$16.38 million if the LULC change
pattern continues following the BAU and EDP scenarios, respectively. However, it is possible to
increase the total ESV by US$60.61 million and US$130.95 million by following the EPP and ADP
scenarios, respectively.

A critical analysis of LULC change between 2018 and 2038 under different scenarios (Table 4)
revealed that the area of agricultural land under EDP, EPP, and ADP scenarios will be decreased
to varying degrees compared to the BAUD scenario. In this connection, the maximum decrease
of agricultural land is predictable under the EDP (454 km2) scenario, which was followed by
EPP (379.22 km2), ADP (355.67 km2), and BAUD (211.17 km2) scenarios, respectively (Table 4).
Since agricultural lands are a prime source of food grain supply, preservation of agricultural farmlands
could ensure sustenance of regional food and livelihood security [20,23]. Therefore, it is imperative to
undertake systematic policy analysis and discussions before targeting agricultural land as a source of
reclamation for any developmental activities.

Analysis of food grain production and consumption habits in LMRE revealed that certain cereals
(rice, wheat, and maize) and pulse grains (lentil, mung bean, black gram, and cowpea) are major
consumed staple food grains and total production of food grains in the LMRE was recorded 1.98 million
tons in the year 2018 with an average yield rate of 6587 kg ha−1 yr−1 [16,41]. Hence, if agricultural
production practices of LMRE until 2038 remain unchanged, i.e., no progresses to plant varieties,
cropping pattern, and crop yield, it is predictable that by 2038, there will be the highest decrease
(0.30 million ton) of major food grain harvest under the EDP scenario followed by EPP (0.25 million
ton), ADP (0.23 million ton), and BAUD (0.14 million ton) scenarios, respectively (Table 4).

In order to estimate the total food grain requirements of LMRE in 2038, we first considered
the population growth rate between 2018 and 2038 as similar to that from 2001 to 2016 [16,23].
Consequently, the estimated total population of LMRE is expected to be 9.48 million in 2038.
Considering the usual per capita food grain consumptions (197 kg/per capita) in Bangladesh [41],
the demand for total annual food grain will be approximately 1.87 million tons by 2038 to feed the
local population of LMRE. Therefore, under each of the four land management scenarios, there will
be varying degrees of shortage in the required food supply for the local population of LMRE in 2038.
The maximum shortage of food grain supply is predicted under the EDP scenario (10.21%) followed by
EPP (7.58%), ADP (6.75%), and BAUD (1.65%) scenarios, respectively (Table 4).
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It is very common for ecological protection to cause a risk of food security [6]. Hence, before
implementing future land development plans, the local government should carefully consider a
cost-benefit analysis considering all aspects of the project, paying special consideration to the food
security problem [6]. Therefore, with the limited land resources and high population pressure,
Bangladesh will face a significant challenge in attaining a balanced target of restoring ecological values
and ensuring food security in the coming decades [23]. Nonetheless, a specific area may be given food
subsidies to support ecological and environmental protection, since it will provide various invaluable
regulatory and supporting services to create a buffer zone protecting the interior coastal ecosystem from
climatic disasters [20,23]. Another region far from the exposed coast may be targeted for producing
a surplus amount of food grains to balance the shortage in areas that require to strictly restore its
ecological value by restricting agricultural expansion. Consequently, the exchange of foods between
the different locality of a country can instantaneously secure the human well-being and ecological
protection, and develop resilience to climate change at the national scale [6]. These issues must be given
priority as Bangladesh is becoming one of the fastest economic growth countries in the Asian region,
and the coastal zone will be targeted for reclamation to establish new infrastructure and settlements,
which will require LULC change projects and programs [23].

4.2. Implications for Future Land Management in the LMRE

The BAUD and EDP scenarios in this study show that ecologically high-value land cover
(mangroves and water bodies) will be decreased, leading to a decrease in the ESVs. On the other hand,
by controlling the artificial land cover expansion to the natural ecosystem and initiating a mangrove
afforestation program, the ESs of the LMRE could be increased under the EPP and ADP scenarios,
mainly by the expansion of mangrove forest land.

The pattern and changes of LULC under the BAUD scenario have several potential threatening
factors. Under this scenario, the coastal communities might endure their traditional form of subsistence
agricultural farming by manipulating the scarce natural ecosystem to compensate for the farmland losses
brought about by rural and urban settlement. Moreover, climate change could cause more land erosion
and accretion (Figure S4), which may damage the well-being of coastal communities and lessen their
food and livelihood security because of their dependence on land-based income generation activities [20].
The decline of biodiversity in mangrove forests as a result of the reclamation of agricultural land is
another very serious limiting factor of the BAUD scenario. Furthermore, the reduction of socio-ecological
systems having a high capacity of carbon storage and sequestration could lead to higher emissions of
CO2 [4].

The EDP scenario also has some significant limiting factors. The greatest loss will be in agricultural
land and mangrove forests, under this scenario. Hence, on the one hand, the EDP scenario will
decrease food supply by 10.21%, while on the other hand, it will decrease the ecological value by
US$16.38 million. It is a matter of concern that the vision of the Bangladesh government to transform the
country to a developed nation by 2041 could lead to more threats to farmland and natural ecosystems,
to accommodate tremendous new settlement establishments in the LMRE, potentially damaging the
river channels that connect the entire country.

The EPP and ADP scenarios, by contrast, offer large enhancements to the ESVs, as a result of
strategies planned by the Bangladesh government in its latest delta development plan, 2100 and
commitment for reduction of GHG emissions through REDD+ activity [29]. Intensification of agriculture
through improved inputs, adoption of new technologies, and management efficiency, along with
compact settlement expansion in the EPP and ADP scenarios, could moderate the extensive burden
from the natural ecosystem and enhance their ecosystem services and minimize the food supply
gaps to ensure food security. Specifically, these two land management scenarios have the immense
potentiality to safeguard the land and water-related resources by creating a resistant mechanism
to control the water discharge and, consequently, the accretion and erosion processes, which could
help to preserve habitat biodiversity and improve soil fertility. As a result, in the EPP and ADP
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scenarios, extreme event management, climate regulation, biodiversity and habitat preservation,
and soil formation and retention capacity are enhanced, compared to the BAUD and EDP scenarios
(Table S7). However, the key challenges for the implementation of the EPP scenario could be financial
issues as it requires a large amount of investment capital [23]. Specifically, the cost of improved
agricultural practices would require to offer some subsidies by the government to afford the agricultural
inputs such as seeds, fertilizer, pesticide, irrigation, post-harvesting management tools, and obviously
to arrange training programs for developing the skills of those actively being involved with farming
practices [20,42,43]. Moreover, the installation of fuel-efficient stoves or alternatives to reduce the
harvest of fuelwood from forest vegetation, increasing competency in value chain management would
require a large amount of capital [24,25]. In addition to the challenges of the EPP scenario, the ADP
scenario presents other challenges, such as the costs of creating mangrove plantations, including
their management and the enforcement of regulations restricting the use of mangrove resources and
reclamation on newly developed wetlands for the purpose of settlement or agriculture.

4.3. Limitations of the Study and Potential Uncertainties

This study faced some limiting factors that need to be highlighted. Firstly, the land cover
map was created using maximum likelihood classification systems, but the land use pattern in
Bangladesh is very complex and diversified, and this disparity may have led to substantial error or
misclassification of the Landsat images [19]. To overcome this limitation to the maximum level possible,
we administered the post-processing function of SCP plug-ins in QGIS software [28] with the help of
historical changes of landscape in high-resolution Google Earth maps and knowledge gathered from
the field visit. Secondly, the CA-Markov model administered in simulating LULC prediction might not
have considered all potential driving factors during the creation of a suitability map or simulations
of land use patterns [5]. Although the geomorphology of the study area is very dynamic because of
continuous erosion and accretion processes [21,22,27], appropriate indicators to control these factors
were not considered. Future studies should consider these driving factors while creating suitability
maps and simulations of land use. Moreover, the CA-Markov itself is not an error-free model and,
hence, substantial errors may have occurred in its use [5]. Finally, the ecosystem service valuation
technique we used might have underestimated the contributions of corresponding land biomes [44].
The ecosystem services for identical LULC types could differ when the landscape structure is complex,
just as the LMRE could affect the ecosystem functions, such as availability and quality of groundwater,
and habitat biodiversity [45]. Hence, the landscape structure of an ecosystem should be taken into
consideration for any future studies focusing on the evaluation of ESVs. Nonetheless, the valuation
coefficient proposed by the author [9] and the modifications made by other authors [8,38,39] and
applied in our study should provide sufficient information to the relevant stakeholders to consider
policy changes. Despite the aforementioned limitations, the results of this study are feasible for
planning the sustainable development of the Meghna River estuary and can help in incorporating the
ecosystem service approach to land management decisions.

5. Conclusions

This study examined the future dynamics of LULC change scenarios and forecasted the subsequent
variations in ESVs. The validation of our ecological engineering model with actual LULC data from
2018 demonstrates satisfactory results, indicating that the CA–Markov model used in this study is
suitable for generating future LULC scenarios by linking suitability maps of different LULC types,
based on various constraints and influencing factors.

The projected LULC change analysis indicated increases in rural and urban settlement areas but
decreases in agricultural land, mangrove forests, mudflats, and water bodies. The results of LULC
prediction revealed that under all of the four land management scenarios, agricultural land and water
bodies will be decreased while rural and urban settlements, along with mudflats, will be increased.
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Mangrove forest land will be decreased under the BAUD and EDP scenarios but increased under the
EPP and ADP scenarios.

The total ESV of the LMRE decreased by as much as US$105.34 million during 1988-2018, of which
66% is attributable to agricultural land loss while 13%, 17%, and 3% are from the losses of mangrove
forests, mudflats, and water bodies, respectively. The predicted ESV results indicated that if the LULC
change pattern in 2038 continues following the BAUD and EDP scenarios, the total ESV will decline by
US$41.37 and US$16.38 million, respectively, while under the EPP and ADP scenarios, total ESV will
increase by US$60.61 and US$130.95 million, respectively.

The predicted food security results revealed that the losses of food grain supply would be highest
under the EDP scenario (10.21%), followed by EPP (7.58%), ADP (6.75%), and BAUD (1.65%) scenarios.
Hence, considering the trade-offs between ESVs and regional food supply gaps, the ADP scenario could
be a better option for future land management, but it requires further consideration by policymakers
and governmental bodies.

The ecological engineering methods and land use management scenarios proposed in this study
will afford essential guidance for further enhancement of ecosystem services of the studied landscape,
and the methodology can be implemented in other low-elevation developing countries.
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