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20.1

Introduction

In coastal Bangladesh, land use has historically been an indicator of the
principal livelihood source for the resident population. The most significant land use intervention has been the development of a system of polders since the 1960s, where areas of land are enclosed by embankments
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and water levels are managed using drainage. The widespread development of polders encouraged agriculture but, over the long term, has
degraded soil quality by preventing new fertile sedimentation from being
deposited and promoting subsidence. Subsidence makes drainage more
difficult and increasing potential flood depths when dikes fail (Auerbach
et al. 2015). Land use change has also interacted with changes in the balance between sea water and freshwater (Clarke et al. 2015; Lázár et al.
2015) which varies seasonally, inter-annually and spatially in response to
changing patterns of precipitation, sea levels, extreme events and water
management (Islam et al. 2015).
In order to capture land use changes and provide underlying base for
the integrated modelling, two land use maps have been created for the
study area (see Chap. 4, Fig. 4.2). The area comprises one of the world’s
largest lowlands with an elevation up to three metres, one metre above
normal high tides, which is subject to tidal exchange. Hence it is the area
within Bangladesh most exposed to sea-level rise (Milliman 1991; Huq
et al. 1995; World Bank 2010). There are numerous islands near the
Meghna River with resident communities. It also includes the Bangladeshi
portion of the Sundarbans, the largest mangrove forest in the world.
The first set of land use maps are a historical series from 1989, 2001
and 2010. These compliment the decadal census data and allow for the
identification of the change in land use and land cover over a 20-year
period, providing a land use trend for the generation of land use scenarios
out to 2050. A second set of maps uses the most recent data from 2010;
these are composed of the 2010 map used to generate the trend but with
additional characteristics derived from secondary data sets available only
for this year. The more detailed 2010 map allows detailed identification
and analysis of the rise of the aquaculture sector as one major recent land
use change.

20.2

The Development of Land Use Maps

The land use maps are based on Landsat satellite images. Four scenes were
required to cover the whole study area, and scenes with the least cloud
cover from January of each selected year were acquired. Four numbers of
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scenes were downloaded to cover the whole study area of each year (1989,
2001 and 2010 of Landsat 5 TM Satellite sensor with a resolution of 30
metres).
To rectify and standardise the classification of the Landsat images for
change analysis, radiometric standardisation (Duggin and Robinove
1990; Song et al. 2001) is undertaken along with atmospheric correction
to reduce the errors. In this research, Landsat visible and near-infrared
(VNIR) bands are atmospherically corrected. The bands are radiometrically calibrated to transform the DN values into top of the atmosphere
(TOA) radiance (LTOA) using sensor calibration function (Eq. 20.1)
(Chander et al. 2007). The radiance of VNIR bands are transformed to
correct surface reflectance based on image-based atmospheric correction
model developed by Chavez (1996) (Eq. 20.2).
Lmaxλ − Lminλ


LTOA = 
 × ( DN − QCAL min ) + Lminλ
 QCAL max − QCAL min 

(20.1)

Where, Lmaxλ and Lminλ are maximum and minimum radiance (in W/
m sr−1 μm−1), QCALmax and QCALmin are maximum and minimum
DN value possible (255/1).
−2

(L
ρ=

TOA

− L p )π d 2

ESUN λ cosθ zTz

(20.2)

Where
ρ = surface reflectance,
d = Earth sun distance (in Astronomical Units),
ESUNλ = band pass solar irradiance at top of the atmosphere (TOA),
θz = Solar zenith angle (deg).
TZ = atmospheric transmission between ground and TOA. The values of
the TZ for band 4 and 5 were taken as 0.85 and 0.95 respectively
(Chavez 1996).
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Lp = radiance resulted with the interaction aerosol and atmospheric particles and estimated based on Song et al. (2001), Chavez (1996) and
Sobrino et al. (2004). All related atmospheric correction was completed using ATCORE Module of ERDAS imagine software.

20.3

Image Classification for Historical Maps

Nine major land use types were considered in this study as they are the
predominant land cover classes of the study area: (i) agriculture, (ii) vegetation with rural settlement, (iii) wetland/bare land, (iv) aquaculture, (v)
water, (vi) mudflat, (vii) mangrove, (viii) sand and (ix) urban settlement.
In order to assess the change in land classes, the Landsat imageries of
1989, 2001 and 2010 were initially analysed using an unsupervised classification which generated 100 classes. This was followed by a supervised
classification using maximum likelihood classifier (MLC), one of the
most recognised parametric classifiers (Lázár et al. 2015; Melesse and
Jordan 2002; Otukei and Blaschke 2010), using training data gathered
from the field using handheld GPS. The first five bands of Landsat TM
were used in the classification. The algorithm calculates the likelihood of
belonging to one of the known classes. The benefit of this method is that
it takes into account the variance-covariance matrix within the class distributions (Scott and Symons 1971). It is extensively used where a pixel
with the determined likelihood is classified into the consistent class. This
classification process was carried out for the three years of data (Fig. 20.1),
allowing for the identification of land use change over time, along with
trends and rates.
Analysis of the prepared land use land cover maps (Fig. 20.2 and
Table 20.1) showed vegetation with rural settlement, aquaculture and
urban settlement have been increasing steadily whereas agricultural land
shows a large decrease, particularly in the north-west side of the study
area where it appears to have been displaced by growing areas of aquaculture. Mangrove areas show a small but steady decreasing trend over the
20-year period.
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Fig. 20.1 Land use land cover maps for 1989, 2001 and 2010 illustrating changes
in the seven predominant land use land cover classes
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Fig. 20.2 Change in area (km2) for the land use land cover classes in the study area

Table 20.1 Table showing the changing trend of the land cover classes of the
study area from 1989 to 2010
Class

1989 area (km2)

2001 area (km2)

2010 area (km2)

Agriculture
Vegetation with
rural settlement
Wetland/bareland
Aquaculture
Water
Mudflat
Mangrove
Sand
Urban settlement

10,240
3,524

9,059
4,003

5,517
6,490

717
362
8,190
198
4,098
81
196

494
947
8,233
610
4,037
12
207

989
2090
8,247
21
3,925
3
215

20.4

 xtraction of Aquaculture and Trend
E
Analysis

Aquaculture in the Ganges-Brahmaputra-Meghna delta significantly
impacts on livelihoods, employment and land tenure (Belton et al. 2011;
Little et al. 2012; Kamruzzaman 2014) and is an important and growing
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land use within the study area. Since the infrared band is mostly absorbed
by water, areas featuring water will be darker than surrounding areas in
the satellite images. Indices used in this study for classifying water bodies
were the Normalised Difference Water Index (NDWI) and Modified
Normalised Difference Water Index (MNDWI) (Acharya et al. 2016). In
both the water indices used, water pixels have a positive value, but differentiation between aquacultural and non-aquacultural ponds is unclear.
An object-oriented image classification was therefore utilised within the
study to take advantage of the fact that aquaculture ponds tend to have a
specific shape and size.
Figure 20.3 indicates the spatial distribution of aquaculture and its
persistence between 1989 and 2010 as calculated by the number of years
identified (maximum of seven). For example, the orange colour denotes
that this land has been classified as aquaculture five of the seven times.
This type of analysis shows the progressive growth of aquaculture notwithstanding small areas where land has alternated in use. The growth of
the shrimp industry over the last 20 years (Fig. 20.4) would appear to be
associated, at least initially, with the development of the main road systems radiating out from the Khulna city south-west.
Aquaculture is replacing rice fields throughout the region that can no
longer produce sufficiently in the increased saline environment. The
exchange of shrimp for rice has socio-economic impacts with reductions
in the localised population density, as rice farming is lost as well as the
potential reduction in employment associated with the more intensive
farming methodologies being associated with migration.

20.5

 ifferentiating Saline and Freshwater
D
Aquaculture

Differentiating between saline and freshwater aquaculture is an important aspect of the Landsat analysis. A new method is applied to the most
recent Landsat 5 TM images from January 2010 which involves field
verification. The Landsat scenes are initially processed using ENVI 5.0
(Exelis Visual Information Solutions, USA). They are passed through the
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Fig. 20.3 Persistence of aquacultural land use over the period 1989–2010 in the
north-west of the study area

radiometric calibration tool and then atmospherically corrected using the
FLAASH tool with all downstream processing carried out in ArcGIS
10.2. Three Landsat bands (4, 5 and 3) are combined to make a composite image. This combination shows up water as a deep purple and vegetation as shades of brown and orange colours. This composite is the base
layer for all subsequent processing. The 4-5-3 composite image is then
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Fig. 20.4 Area under aquaculture in the study area derived from Landsat data.
The reduction in area suggested by the 2009 data point is potentially due to cloud
cover in the imagery

run through an isocluster tool which is an unsupervised classification
technique and is set to create ten initial classes. The grid is then clipped
back to the area of interest by the Union dataset to reduce the amount of
data that needed processing, and a majority filter was run on the clipped
image to subsume individual pixels.
The base layer is then modified to account for inaccuracies. A separate
raster using the NDWI equation (McFeeters 1996) is created from the
ENVI output and river pixels are extracted. As this would include flooded
land, this dataset is vectorised and a manual pass of identifying rivers
done. The aim of this is to distinguish between what are clearly rivers and
temporarily flooded fields. The identified rivers are then rasterised and
mosaicked or “stamped” back onto the majority-filtered grid. The perimeter of the urban areas Khulna and Barisal are also digitised and stamped
back onto the grid. Areas of irrigated agriculture were distinguished from
mangrove areas using a manually digitised mask to reclassify pixels that
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are erroneously classified by the isocluster tool into the mangrove class. A
separate dataset that distinguished between irrigated and non-irrigated
agriculture is also utilised. The newly identified irrigated agriculture polygons are also rasterised and stamped back onto the grid. These cells corresponded well to what was being classified as simply agriculture by the
isocluster tool.
A further modification of the base layer uses a land use dataset for
2014 created by CEGIS in Bangladesh which differentiates between
saline and freshwater aquaculture. This is supported by stakeholder evidence (see Chap. 10) and reference to available literature. The resultant
map, Fig. 20.5, provides the basis for other research as well as the integrated model (e.g. Chaps. 21, 22 and 28).

Fig. 20.5 Classification of 2010 Landsat Imagery of the study area into nine land
use classes using remote sensing supported by ground truth data relating to the
saline shrimp farming in the west of the study area (Reprinted under Creative
Commons Attribution 4.0 International License from Amoako Johnson et al. 2016)

Land Cover and Land Use Analysis in Coastal Bangladesh

20.6

377

Scenarios of Future Land Use

Rather than simply extrapolating historical trends, future land use scenarios were developed for the study area based on stakeholder’s scenario
narratives for 2050 under the business as usual (BAU) scenario (e.g.
brackish shrimp area slightly increased due to conversion of natural vegetation). The narratives are quantified through a process of qualitative to
quantitative translation by experts and, after a final stakeholder workshop, the quantifications were projected to 2050 using agreed per cent
changes from the 2011 land use baseline. The analysis does not extend
beyond 2050, not least due to the large uncertainties in social and political trends more than 40 years into the future.
The land use scenarios were therefore linked to the expert demographic
and socio-economic scenarios. Land use scenarios utilised in this context
are a novel way to unify socio-economic and biophysical scenarios with
changes in land use and land cover acting as a main driver of the scenario
modelling process. Whilst such an approach allowed for land use to act as
a central driver for modelling the relationship between people and ecosystem services, it also critically allows stakeholders to envisage a future in
terms with which they are familiar, land use being an aspect of the day-
to-day lives of the local population and decision makers.

20.7

Discussion

The land use base map and scenarios outlined here are fundamental to
integrated analysis of ecosystems, environmental change and social sustainability in the delta. The land use information, for example, can be
used to establish the role of tenure, or exposure to environmental stress,
as a constraint on livelihoods and the spatial distribution of poverty (see
Chap. 21). The maps developed show a picture of rapid change over the
past two or three decades in the delta, notably the consolidation of polders and agriculture within them, and a significant increase in the prevalence of brackish shrimp farming with aquaculture mainly replacing rice
fields. This is a process that might reasonably be set to continue into the
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future and almost certainly within the context of the development of the
Bangladesh Delta Plan 2100 (BDP2100 2015), which will see substantial
coastal infrastructural development raising the value of land and formalising agricultural structures. This is likely to include the further development of current polders and possibly see the introduction of further water
and sediment management processes.
The trend of conversion for aquaculture has occurred concurrently
with an increase in salinity which itself has been associated with a rise in
poverty across the study region (Amoako Johnson et al. 2016). Indeed
this region has shown a substantial growth in shrimp farming in the last
20 years as shown in the land use maps. This process is often associated
with the presence of salinity and is thus highly likely to continue with
future levels of salinity (see Chaps. 17 and 18). The growth of the
shrimp-based aquaculture appears to be associated with both the intrusion of salt but also the proximity of a substantial settlement, in this case
of Khulna, where rapid processing of the perishable product can be
undertaken. This association is supported by access to main road systems
which can be seen to be associated with the main hotspots of shrimp
industry development.
At one level this growth might be viewed as a useful adaptation to
increasing salinity intrusion in the region (Belton et al. 2011; Primavera
1997; Paul and Vogl 2011; Kamruzzaman 2014). Indeed, the high
demand and perceived monetary benefits of shrimp has inspired many
farmers to convert farmlands intruded by saline water into shrimp farms,
whilst others have actively encouraged saline water from marine sources
into their farmlands to produce shrimp (Rahman et al. 2013). However,
the environmental impacts of this intense aquaculture practice (e.g.
increasing soil toxicity) raise concerns over its sustainability. Intensive
aquaculture, as identified in the mapping, has consequences for land tenure, livelihood displacements and income loss, food insecurity and
health, rural unemployment, social unrest, conflicts and forced migration (Hossain et al. 2013; Swapan and Gavin 2011; Paul and Vogl 2011).
As such the monitoring of shrimp farming by remote sensing offers a
valuable insight into changes in socio-environmental context linked via
land use change and offers future scenarios the trend in growth of brackish shrimp farming.
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